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The 4th International Workshop on Immune Tol-
erance was held in August 2001 in Bonn-
Königswinter, Germany and attracted approxi-
mately 160 participants to share and discuss the
most burning and unresolved issues related to
inhibitor treatment in hemophilia. To host all par-
ticipants in Königswinter was a particular honour
because the same year the Hemophilia Center in
Bonn celebrated its 30th anniversary.

Looking back into the history of hemophilia
treatment we have to recognize that it took a very
long time to understand the pathophysiology of
hemophilia and to develop a diagnostic method
such as a simple clotting test.

With the increasing knowledge in coagulation,
treatment could rapidly be developed. Nowadays
safe products are available and treatment schedules
have been established; however, development of
inhibitors remains a major challenge.

We know that genetic defect and factor expo-
sure days play a role in the development of
inhibitors, we know how to induce immune toler-
ance in some of our patients using specific treat-
ment protocols. Nevertheless many questions still

remain to be answered, in particular as regards our
understanding of the mechanism of inhibitor
development. We should therefore focus our
efforts on the most important questions, for
instance the question why some patients develop
inhibitors, why others do not, why immune toler-
ance is successful in some patients and in some
not. Researchers and hemophilia treaters all over
the world are working hard to find those answers.

The agenda of this meeting focused on immuno-
logical topics in association with hemophilia and
inhibitors in order to provide an understanding of
current concepts and new approaches.

The 4th International Workshop was placed
under the same motto that is inscribed at the base
of the Statue of Liberty, welcoming people from all
over the world with the promise of freedom, which
we would also like to give to all our patients: «Give
me your tired, your poor, your huddled masses, yearn-
ing to be free».

Hans-Hermann Brackmann
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screened for mutations elsewhere in their FVIII
gene using conformation sensitive gel elec-
trophoresis followed by direct DNA sequencing
and mutations were characterized in 51 of the
55 patients. As found previously by Schwaab et
al., 33% of patients with a FVIII inversion devel-
oped an inhibitor and of the other four patients
with a stop codon or large deletion mutation,
half developed an inhibitor. The HAMSTeRS
database (2001) details 117 patients with stop
mutations, and overall 35% of them have devel-
oped an inhibitor. The distribution of the stop
mutations throughout the FVIII gene identified
in inhibitor patients is very uneven; only 13% of
patients with stop mutations in the A1, a1, A2
and B domains developed an inhibitor, whilst
69% of patients with stop mutations in A3, C1
and C2 domains did so.

Interestingly, in the Recombinate PUP study,
none of the 11 patients with a small deletion or
insertion of one or a few nucleotides developed
an inhibitory antibody. Five of these patients had
an insertion or deletion of an A nucleotide into
a run of As. A possible mechanism whereby such
patients may produce very small quantities of
FVIII mRNA and protein, thus avoiding inhibitor
formation, has been presented.3 These findings
were compared with patient data available on
the HAMSTeRS database. Of patients with an
insertion or deletion of an A nucleotide into a
run of As, 3 of 29 (10.3%) had developed an
inhibitor, compared with 14 of 64 (21.9%) with
insertions or deletions into other sequences.
Development of inhibitors in patients with
insertions or deletions into runs of A nucleotides
therefore appears relatively rare.

Virtually all cases of moderate and mild hemo-
philia A result from missense mutations and very
few cases develop inhibitory antibodies. The
HAMSTeRS database details 29/606 patients
with moderate and mild hemophilia A and an
inhibitor (4.8%). Again, the distribution of the
mutations resulting in inhibitors is uneven
throughout the FVIII gene with the majority
(72%) of the mutations resulting in inhibitors

There are several genetic influences upon
inhibitor formation in hemophilia A. In
addition to HLA type and race these include

factor VIII (FVIII) mutation type and mutation
location within the FVIII gene.

This article will consider two sources of evi-
dence for the genetic influence on inhibitor for-
mation; the Recombinate PUP mutation study1

and an analysis of the hemophilia A mutation
database; HAMSTeRS:

(http://europium.csc.mrc.ac.uk/usr/WWW/W
ebPages/main.dir/main.htm).

The first evidence that mutation type deter-
mines risk of inhibitor formation in hemophil-
ia A was presented by Schwaab and colleagues in
1995.2 A study of locally recruited patients, plus
those then reported to the international hemo-
philia A mutation database showed that large
deletions, FVIII inversions and stop mutations
were each associated with an inhibitor incidence
of around 35%, whilst the incidence in patients
having missense mutations and short deletions
was only around 5%. The patients included in
the study had been treated with a variety of dif-
ferent FVIII products on a variety of different
treatment regimes. Therefore a study was under-
taken to examine the relationship between
inhibitor incidence and mutation type in a
cohort of previously untreated hemophilia A
patients, each having the same severity of hemo-
philia A; severe disease, treated with the same
product; Recombinate, and each examined for
inhibitor development following the same pro-
tocol, with the testing being performed at a sin-
gle center.1 DNA analysis was performed on 55
of the 73 patients enrolled in the study. Each
was examined for the presence of the FVIII gene
inversion mutation using Southern blotting.
Where the mutation was absent, patients were

[Molecular Genetics]

Genetic determinants of inhibitor
formation in patients with hemo-
philia A
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residing in the C1 and C2 domains. 
These observations show that both the muta-

tion type and its location within the FVIII gene
influence the propensity of patients to develop
inhibitory antibodies. The observations of
Schwaab and colleagues2 were replicated to an
extent by the Recombinate PUP study, although
inhibitor and mutation data from further such
studies will help to enhance understanding of the
mutation-inhibitor relationship. The HAMSTeRS
database, although the inhibitor information
available is incomplete, also provides a useful
source of information on previous patients’ expe-
rience. Newly diagnosed patients with hemo-
philia A can now be analysed for their mutation
type and location within the FVIII gene and this
information can be used to predict inhibitor risk.
In the future, this may enable treatment alter-
ation in an attempt to reduce inhibitor forma-
tion.
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The prevalence of inhibitors to FIX in hemo-
philia B patients varies from 1,5% to 23% in
the literature,1-5 but most studies show a fre-

quency of approximately 4% for patients with
severe hemophilia B. This is considerably lower
than the corresponding figures for hemophilia A.
The reason for this is not known. One could
speculate that factors of importance could be the
size of the gene/protein, the concentration of
the protein in plasma, the distribution in the
body of the protein etc. Table 1 shows the dif-
ferences and similarities in inhibitor develop-
ment between hemophilia A and B. Inhibitors in
hemophilia B affect all ethnic and racial groups,
the type of mutation is known to be of impor-
tance, modulators of immune response may be of
importance and certainly genetic factors other
than type of mutation and immune response are
of importance.

The factor IX gene
The FIX gene is located in the distal part of the

long arm of the X-chromosome (Xq27.1).
Yoshitake and coworkers have elucidated the
entire nucleotide sequence, which is 33.5 kb
long, has 8 exons (a-h) and manifests strong
homology with other vitamin K-dependent coag-
ulation factors.6 The factor IX protein is a serine
protease synthesized in the liver via a vitamin K-
dependent process and occurs in plasma as a sin-
gle glycoprotein of 415 amino acids and a mol-
ecular weight of 57,000 Daltons.7 The normal
FIX plasma concentration is 5 mg/mL which is
considerably higher than the normal FVIII plas-
ma concentration of 0.1 mg/mL.

Hemophilia B is caused by a wide variation of
mutations distributed over the entire FIX gene.
Since 1990, an annually updated database has
been published of characterised point mutations,
small deletions and insertions.8,9 In the 2001
update of the database, a total of 2,421 muta-
tions are listed, of which approximately a third
are unique molecular events while the remain-
der are repeats.9

The factor IX inhibitor
Inhibitors to FIX in hemophilia B may be of the

high responding type or low responding type. A
high responder manifests a marked increase in
inhibitor titer 4-10 days after exposure to FIX,
that normally takes 6-12 months to return to its
original level. During this period it is not possi-

The prevalence of inhibitors to FIX in hemophilia B
patients varies from 1.5% to 23% in the literature,
although in most series around 4% of the severe
cases. The vast majority of inhibitors are of the high-
responding type and of the IgG4 subclass type. The
nature of the mutation in the FIX gene is an impor-
tant factor in determining whether or not a patient
with hemophilia B will develop an inhibitor. Differ-
ences in the frequency of inhibitors between popu-
lations can be due to differences in the spectrum of
mutations. Up to 30% of patients with with gross
deletions, nonsense and frameshift/stop codon
mutations develop inhibitors in contrast to virtually
none of those with missense mutations. Genetic fac-
tors other than the type of mutation are of impor-
tance for inhibitors as suggested by the concordance
between brothers with hemophilia.

©2003, Ferrata Storti Foundation
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ble to saturate the inhibitor by increasing doses
of FIX. A low responding patient manifests only
a slight increase in inhibitor titer after exposure
to FIX and it is possible to neutralise the inhibitor
by giving higher doses of FIX. By definition the
peak titer is <5 Bethesda Units (BU) for a low
responder and >10 BU for a high responder
(some authors use 10 BU). Some patients may
have very strongly neutralising inhibitors with
>1000 BU. Most inhibitors in hemophilia B are
of the high responding type, 82% in the survey by
Sultan,1 58% in the survey in North America by
Katz5 and all patients in a survey in Japan.10

The inhibitors (allo-antibodies) to Factor IX are
of the IgG type and mainly of the subclass IgG4.
In the series of Sawamoto (n=10) all samples
were positive for IgG4, however, three were also
positive for IgG2 antibodies.11 In an early work,
Örstavik and Miller also found all inhibitors to
be of the IgG4 subclass, although some patients
had a heterogenous nature of the inhibitors
including also IgG1 and IgG2 subclasses.12 The
IgG4 subclass is specific since it does not bind
complement.

The epitopes of the inhibitor have been mapped
in a few cases in a few studies and were found to
be amino acid 168 to amino acid 182.13 It has
also been shown that synthetic peptides includ-
ing this epitope and sorrounding regions are
capable of neutralising some FIX inhibitors.13

Non-neutralising inhibitors to FIX has also been
discussed.14

FIX inhibitors and genetics
Before the genes for FVIII and IX were charac-

terised, it was suggested by several studies that
there may exist a genetic predisposition for
inhibitor development.15 It was the fact that
inhibitors developed mainly in severe hemophil-
ia A and B and the observed concordance
between brother pairs that led to this conclusion.
In 1983 Giannelli and coworkers found that

three out of four hemophilia B patients with
inhibitors had gross deletions of the FIX gene.16

In subsequent larger studies it has been clearly
shown that the nature of the mutation in the FIX
gene is an important factor in determining
whether a patient with hemophilia B will devel-
op an inhibitor.17-18 In a recent overview of the
International database of hemophilia B muta-
tions by Peter Green, UK at the ISTH congress
2001, 39 patients with inhibitors were reported
worldwide in whom the type of mutation was
characterised. All but 2 had mutations abolishing
protein synthesis. There were only two reported
missense mutations, Q191K and S365G, in
Hemophilia B patients with inhibitors. It is rea-
sonable to assume that exogenous FIX are more
immunogenic if the patient is totally devoid of
the protein: i.e. carrying a deletion, nonsense,
frameshift/stop codon mutation. Most patients
with missense mutations have a circulating, but
in many cases, functionally less active protein.
There were 76 reported patients with large dele-
tions (Aug. 2001) of whom 20 (26%) had devel-
oped inhibitors. However, one has to take into
consideration that the material in the Interna-
tional database may be biassed since some cen-
ters report all cases and many centers do not
report at all.

Table 2 shows details of the patients reported
who had point mutations and developed
inhibitors. As can be seen there is a cluster of
inhibitors for the mutation C 6460 T,
Arg29→stop although this a frequent mutation
per se. Furthermore, 4 of the other point muta-
tions are in the same part of the gene, i.e. nc.
6383-6402.

The International database is not representative
for a certain population and may be biassed due
to the mode of inclusion of patients (random on
a volontary basis from different centers/coun-
tries). The most representative population based
figures on record are from UK and Sweden.

In UK the mutation has been characterised in
421 families which represent 75% of the total
number of families (P Green, personal communi-
cation at the ISTH Congress 2001). Only 8
patients developed inhibitor of whom 3 had total
deletions, 1 partial deletion, 2 frame-shift stop
codon and 2 Arg 29→stop. Thus the frequency of
inhibitors in hemophilia B in UK is very low.

In Sweden the mutations have been charac-
terised in all 77 families with hemophilia B.19 Ten
of the mutations recurred in 1-6 other families.
Haplotype analysis by study of polymorphisms
revealed that at least 65 families had unique
mutation, i.e. almost all families had their own
unique mutation. In this population based study,
11/48 (23%) patients with severe hemophilia B
developed inhibitors, and all of them had dele-
tions or nonsense mutations. If one looked at the
patients with severe hemophilia B due to dele-
tion/nonsense mutation, 11/37 (30%) devel-
oped inhibitors, as compared to 0/11 of the
patients19 with missense mutations. One may
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Table 1. Differences between inhibitors in Hemophilia A and
B.

Hemophilia A Hemophilia B

higher prevalence (15-52%) lower prevalence (1.5-23%)
high and low responders mainly high responders
type of mutation predisposing factor type of mutation predisposing factor 
but less than in hemophilia B more than in hemophilia A

no anaphylactoid reactions anaphylactoid reactions

good response to ITI poor response to ITI

no nephrotic syndrome during ITI nephrotic syndrome during ITI



speculate on whether the high incidence of
inhibitors in hemophilia B in Sweden compared
to other studies on record, is accidental, due to
the limited number of cases, or is real and due to,
for example, the choice of concentrate or mode of
delivery of concentrate. One important factor is
probably the fact that the frequency of large dele-
tions (>30 bp) seems to be higher in Sweden (8%
of the families, but 13% of the total number of
patients with severe hemophilia B) than else-
where (2-5% of reported cases)17, 20, 21 bearing in
mind that we do not have reliable data on the fre-
quency of large deletions in the International
database since they have only been included dur-
ing the last years. As mentioned, in the British
series, large deletions were only found in 7/412
families (1.7%).22

Prophylactic treatment, started at an early age
and used since the beginning of the ‘70s in
hemophilia B in Sweden, does not result in a
higher frequency of inhibitors.23 Furthermore,
the age distribution of the inhibitor patients does
not indicate a higher frequency since high puri-
ty concentrates became available.24 It is reason-
able to assume population specific differences in
the frequency of various types of mutations
which may have clinical implications for that
population. A similar finding was recently report-
ed in a small series of sporadic cases in Mexico.25

On the other hand in our series one family with
a total deletion had three affected members of
whom none developed inhibitor.26 The question
why these patients have not developed inhibitors
can only be answered through the understanding
that the etiology of inhibitor formation is multi-
factorial.

Genetic factors other than the type of muta-
tion

Although it is obvious that the type of muta-
tion is an important genetic predisposing factor,
other genetic factors must be involved. A rea-
sonable factor are the modulators of immune
response and markers in the major histocom-
patibility complex have been investigated in sev-

eral studies27 in hemophilia A. In a study of 176
patients, Hay and coworkers found an increased
frequency of HLA class II antigen in hemophilia
A inhibitor patients, but only HLA DQA1*0102
reached statistical significance.28 This finding was
not supported in other studies.29, 30 There are, to
my knowledge, no studies on record studying
exclusively HLA and inhibitors in hemophilia B.
However, unique features of the immune system
in hemophilia B patients have been found since
many patients with inhibitors have developed
anaphylaxis or severe allergic reactions to FIX and
many of these patients have total deletions.
Another unexplained feature that differs hemo-
philia B from hemophilia A is the poor response
to immune tolerance induction - these topics are
beyond the scope of this review. 

Genetic factors other than expressed by the
type of mutation and the immune response, may
be found in studies like the Malmö Internation-
al Brother Study (MIBS), which was started in
1996. The registry includes siblings with hemo-
philia in Europe and North America, with an
without a history of inhibitors. Data has been
published comprising 460 brother pairs of whom
72 had hemophilia B.31 It was found in the whole
material that the risk for a sibling to develop an
inhibitor was three-fold higher in families with
a previous known inhibitor. However, the spe-
cific situation in hemophilia B can not be eluci-
dated since only 3/29 with severe hemophilia B
in the series had developed inhibitor. As pointed
out in the study it is clear that genetic predispo-
sition exists but the mechanisms are not yet
known.

To sum up, inhibitors are less common in
hemophilia B than hemophilia A although dif-
ferences do exist between different populations.
The nature of the mutation is an important pre-
disposing factor for inhibitor development but
other still unknown genetic factors contribute.
The type of mutation is of importance for pre-
disposing of anaphylactic reactions after FIX
infusion, but does not seem to be of importance
for type of inhibitor (high/low) or the outcome
of immune tolerance induction.
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that among this vast number of new specificities,
there is a real chance that new B-cells with anti-
FVIII specificity soon emerge. The second reason
is inherent to the capacity of B-cells to evolve with
time and with antigen exposure. One of the key
players here is the phenomenon called somatic
hypermutation. For reasons which are still
incompletely understood, breaks occur in the
double stranded DNA coding for the variable
parts of both the heavy and light chains, and in
particular in the region coding for complemen-
tarity determining regions (CDR). Breaks are fol-
lowed by repairs, which take place thanks to an
error-prone polymerase, which, as its name indi-
cates, introduces random substitutions in the
sequence of bases. This process is known to be
driven by antigen exposure and requires a tight
contact with T-cells, which occurs in the germi-
nal zones of secondary follicles. B-cells, and
therefore antibodies, offering the best affinity for
the antigen are selected and emerge in the circu-
lation. These two events should be kept in mind
when exploring the specificity of antibodies
towards FVIII.

From the characterization of specific antibod-
ies, two main research areas can be defined, both
leading to a better understanding of how it
might be possible to modulate the antibody
response in patients presenting with inhibitors.
On the one hand, this is a necessary step towards
the elucidation of the mechanisms by which
antibodies are elicited and, hence, the identifi-
cation of possible mechanisms by which the pro-
duction of antibodies could be interfered with.
On the other hand, antibodies, at least mono-
clonal antibodies and in particular human mon-
oclonal antibodies, are cornerstones in the study
of the structure-function relationships of FVIII.
Numerous examples of this have recently been
described, including the (indirect) involvement
of the C1 domain of FVIII in the binding to von
Willebrand factor (VWF)1 and the identification
of aminoacid residues involved in the binding of
FVIII to phospholipids (PL).2

Over the last ten years or so, much effort has
been devoted to the characterization of fac-
tor VIII (FVIII) epitopes recognized in

hemophilia A patients with inhibitory antibod-
ies. Thanks to, inter alia, the pioneering work of
D. Scandella, a clear idea of the location of the
main clusters of B-cell epitopes soon emerged.
All data, however, have been obtained by ana-
lyzing polyclonal IgG antibodies directly
obtained from the patient’s peripheral blood.
The purpose of this brief review is to summarize
the information gained and identify what the
prospects are in terms of applying all this knowl-
edge to the therapy of patients with inhibitors.

Many different methodologies have been used
to evaluate the anti-FVIII antibody response,
with, as usual, advantages and disadvantages
linked to each of them. Antibodies of different
origin have been characterized. In addition to
the usual sources represented by human periph-
eral blood polyclonal antibodies and mouse
monoclonal antibodies, in recent years there has
been a wave of new data generated by the use of
human monoclonal antibodies and by the use of
novel mouse models such as the hemophilia A
mouse. On the other hand, from the cDNA cod-
ing for FVIII, any possible length of wild type or
mutated FVIII can now be analyzed, allowing the
effect of even single mutations on antibody
binding to be studied. Direct binding immuno-
assays, immunoprecipitation and competition
assays with antibodies of known specificity are
all currently being used towards this end.

The difficulty with antibodies and their charac-
terization is related to the fact that the B-cell
repertoire is constantly modulated. There are two
main reasons for this. First, the bone marrow is
producing hundreds of millions of new B cells
every day, and during the entire life. This means
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Making B-cells unresponsive to FVIII
In terms of possible therapy, two main ques-

tions can be raised: (1) can we interfere with the
processes leading to the production of anti-FVIII
antibodies, and; (2) can we induce a tolerance
state at the level of B-cells?

The induction of tolerance at B-cell level (as
well as at the T-cell level) has emerged as a pos-
sibility in recent years, thanks to huge advances
made in the understanding of the fundamental
mechanisms behind B-cell activation, modula-
tion and deletion. Tolerance at B-cell level is an
active phenomenon, requiring a signaling
process through tyrosine kinase pathways. Such
tolerance is, however,  reversible if the B-cell
environment changes: antigen concentration,
state of activity of specific T-cells and so on.
Although still somewhat unclear, it is currently
thought that B cells are tolerance susceptible at
two distinct stages of their life, i.e. during the
first clonal expansion in the bone marrow and
during the phase of memory cell induction in the
germinal center, together with the somatic muta-
tion described above. 

Activation of B-cells should be viewed as the
result of a subtle equilibrium between triggering
signals and mechanisms by which overstimula-
tion is prevented. An encounter between B-cell
surface immunoglobulin and its cognate antigen
leads to increased expression of MHC-class II
molecules for presentation of antigen-derived
peptides to T-cells. This in turn activates T-cells,
which express CD40-L to interact with CD40 at
the B-cell membrane level. The consequence is an
increased expression of CD80/86 and further
interaction with T-cells via CD28. However, if
the activation goes too far it leads, among other
events, to an increased expression of Fas, through
which cell apoptosis can be induced. Overstim-
ulation therefore leads to cell death. Whether
such a mechanism can be exploited in the treat-
ment of patients producing inhibitors remains
to be established.

At the other end of the activation spectrum is
ignorance. If an antigen is simply not seen by B-
cells, obviously no activation can ensue. This par-
ticular form of unresponsiveness could possibly
be achieved, at least temporarily, if the antigen is
modified in such a way as to elude recognition by
B-cell surface immunoglobulins. Active research
is being carried out in this area, making use of
hybrid molecules of FVIII carrying sequences of
porcine origin.3

An alternative, yet possibly complementary
approach would be to downregulate specific anti-
body production by acting at the level of their vari-
able part. The latter, being specific for a given anti-
gen, carries determinants which form unique epi-
topes — called idiotopes. The ensemble of idiotopes
is collectively referred to as the idiotype. A specif-
ic regulation targeting an antibody idiotype should
in theory offer a means of downregulating the
function and possibly the production of antibod-
ies in an exquisitely specific manner. There is lit-

tle doubt that such regulation can be obtained
when it targets antibodies that are in germ-line
configuration, namely when B-cells have not yet
been through the process of accumulating somat-
ic mutations. It has indeed been amply shown
that autoantibodies, including those raised
towards FVIII, can be regulated by anti-idiotypic
antibodies such as those found in multidonor
pools of gammaglobulins. The key question is
whether or not it is also possible to downregulate
antibodies with somatic mutations and thereby
increased affinity, such as those found in hemo-
philia A patients with long-standing inhibitory
antibodies.

Of course, the question often arises of whether,
due to the large diversity of antibodies formed
towards FVIII and the constant renewal of the B-
cell pool, an idiotype-based regulation could
involve a large number of idiotypes rendering this
approach unpractical. Recent evidence, howev-
er, obtained by both the derivatization of human
monoclonal antibodies from the peripheral pool
of memory B-cells and by phage display of spe-
cific anti-FVIII antibodies,4 seems to indicate that
inhibitor antibodies could derive from a limited
number of precursors. This particularly applies
to light chain specific antibodies, which strik-
ingly derive from the DP5 subfamily, offering at
least the possibility that regulation could be car-
ried out using a limited number of idiotypes.

The seemingly large number of epitopes recog-
nized by antibodies on FVIII could represent
another obstacle to an exquisite regulation at the
idiotype level. This question is unsettled for the
time being. However, much of the information
on the number of B-cell epitopes has been gained
by the use of polyclonal antibodies, many of
which might not be relevant, as they do not exert
any inhibitory activity. Indeed, there is evident
showing that the majority of anti-FVIII antibod-
ies do not interfere with the function of FVIII.5
Answering all these questions will require fur-
ther experiments using suitable animal models.

FVIII structure-function relationships
The second area which has been somewhat

explored with the help of antibodies concerns the
relationships between the function and the
structure of FVIII. This has recently become to be
a fruitful area of research, due to the availability
of human monoclonal antibodies. Earlier, a
monoclonal antibody of mouse origin, ESH8,
was shown to slow down the dissociation of FVIII
from VWF, likely by inducing a conformational
change in FVIII reinforcing its association with
VWF. The epitope recognized by ESH8 was
mapped with some precision, pointing to the
importance of this region of FVIII in the binding
to VWF.

The example of a human antibody to the C1
domain, capable of interfering with the binding of
FVIII to VWF is another example.6 This suggested,
for the first time, the possibility that C1 interact-
ed with VWF, directly or indirectly by inducing a
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conformational change in C2. The recent eluci-
dation of the crystal structure of C2 in combina-
tion with the Fab portion of a human anti-C2
antibody remains to date the best illustration of
the information which can be gathered from the
study of anti-FVIII antibodies.2 The precise amino
acid residues interacting with PL are now fully
understood, opening doors towards the produc-
tion of mutant FVIII molecules carrying single or
only a few mutations, and exhibiting dramatical-
ly changed physiologic properties.

Conclusions
Continuing efforts towards the characteriza-

tion of anti-FVIII antibodies are amply justified
by the crop of information that has been accu-
mulated over the last years. From the early days
of human polyclonal antibodies and immuno-
precipitation assay systems using full length FVIII
or domains of it, to the crystal structure of
human monoclonal antibodies and of FVIII
domains, a long distance has indeed been cov-
ered. 

Therapy-wise, two complementary approaches
can be delineated. The first aims at targeting FVIII
and, through a precise identification of B-cell epi-
topes, at designing FVIII molecules with lower
antigenicity and perhaps lower immunogenicity.
The second approach targets the antibody itself
and/or the corresponding B-cells: specific anti-
body regulation could be achieved by induction
of tolerance through acting on B-cell membrane
receptors and ligands at the time of antigen
encountering, or by exerting regulation at the lev-
el of antibody idiotypes.

References

1. Jacquemin M, Benhida A, Peerlinck K, Desqueper B,
Vander Elst L, Lavend'homme R, et al. A human anti-
body directed to the factor VIII C1 domain inhibits fac-
tor VIII cofactor activity and binding to von Willebrand
factor. Blood 2000; 95:156-63.

2. Spiegel PC Jr, Jacquemin M, Saint-Remy JM, Stoddard
BL, Pratt KP. Structure of a factor VIII C2 domain-
immunoglobulin G4κ Fab complex: identification of an
inhibitory antibody epitope on the surface of factor VIII.
Blood 2001; 98:13-9.

3. Lollar P. B-cell inhibitory epitopes in factor VIII. Haema-
tologica 2003; 88: supplement 12:11-7.

4. Voorberg J. Molecular characteristics of factor VIII
inhibitors obtained by V gene phage display. Haemato-
logica 2003; 88: supplement 12:18-25.

5. Gilles JG, Arnout J, Vermylen J, Saint-Remy JM. Anti-
factor VIII antibodies of hemophiliac patients are fre-
quently directed towards nonfunctional determinants
and do not exhibit isotypic restriction. Blood 1993; 82:
2452-61. 

6. Peerlinck K, Jacquemin MG, Arnout J, Hoylaerts MF,
Gilles JG, Lavend'homme R, et al. Antifactor VIII anti-
body inhibiting allogeneic but not autologous factor VIII
in patients with mild hemophilia A. Blood 1999; 93:
2267-73.



haematologica vol. 88(supplement n. 12):september 2003

tiation of B-cells into antibody - secreting cells or
memory cells. Helper T-cell responses require co-
stimulation by ligation of CD28 on T-cells to
CD80 (B7.1) or CD86 (B7.2) on APCs and
CD40L (CD154) on T-cells to CD40 on APCs.

Initial recognition of antigen by B-cells is made
by surface immunoglobulin (IgM or IgD). It is
important to note that the B-cell epitope recog-
nized by surface immunoglobulin is the native
antigen and corresponds to the epitope that will
be recognized by antibody that is ultimately pro-
duced after differentiation of the B-cell into an
antibody-secreting cell. B-cell epitopes corre-
spond to a patch of surface area, generally about
900 Å2, where an antibody footprint is made.
Because antibody recognizes a surface, discon-
tinuous sequences in the polypeptide chain usu-
ally contribute to the epitope.1 However, a single
continuous surface loop can produce a complete
epitope.2

After antigen is bound to surface immunoglob-
ulin (Ig), it is internalized and processed into
short peptides for presentation on the surface of
an MHC class II molecule. These T-cell epitopes
generally do not contain sequences that are part
of the B-cell epitope. In fact, proteolytic process-
ing of antibody bound antigen tends to produce
peptide — MHC class II complexes that prefer-
entially exclude antibody-bound sequences.3

The B-cell response to an antigen can be divid-
ed into an initial, primary response and a subse-
quent, secondary response upon re-exposure to
antigen. During the maturation of the immune
response, immunoglobulin gene rearrangements
and somatic mutation of Ig genes leads to pro-
duction of antibodies with increasing affinity for
antigen. 

Mapping B-cell epitopes consists of finding
antibody footprints and determining which
amino acids contribute to antigen-antibody
binding energy. Studies using model protein anti-
gens such as lysozyme or myoglobin have led to
the conclusion that the entire surface of a protein
is potentially immunogenic.4 This is based on the
finding that monoclonal antibodies covering
essentially the entire surface topography can be
produced to a protein immunogen, at least when
it is presented denatured in adjuvant. However,
the antibody response in more physiologic (or
pathophysiologic) situations is generally directed

Inhibitory antibodies to factor VIII arise from
an alloimmune response in patients with
hemophilia A infused with factor VIII and as

an autoimmune response in a variety of settings.
The immune response to factor VIII is T-cell
dependent. Helper T-cells recognize numerous
epitopes in the factor VIII molecule. B cell epi-
topes in both the alloimmune and autoimmune
responses are much more restricted, usually
involving two major epitopes in the A2 and C2
domains and apparently minor epitopes in the
light chain activation peptide (ap) region and the
A3 domain. Anti-C2 antibodies inhibit the bind-
ing of factor VIII to phospholipid and may also
interfere with the binding of factor VIII to von
Willebrand factor. Anti-A2 and anti-A3 antibod-
ies block the binding of factor VIII to factor X and
factor IXa, respectively, in the intrinsic pathway
factor X activation complex. The mechanism of
inhibition of anti-ap antibodies is unknown. A
murine hemophilia A model has been developed
to study the immunogenicity of factor VIII. This
model may lead to improved approaches to pre-
vent development of inhibitory antibodies and to
reverse the immune response if it develops. 

The humoral response to proteins
The function of the immune system is to fight

infection by pathogenic organisms. The produc-
tion of neutralizing antibodies to foreign proteins
is usually a major component of this response.
This humoral response can either depend on or
be independent of T-cell help. Independent T-cell
responses are usually directed against antigens
that have large, repetitive structures. Soluble pro-
teins usually require T-cell help. In this process,
the CD4+ helper T-cell receptor binds antigen-
specific peptide that is complexed to a class II
MHC molecule on the surface of an antigen-pre-
senting cell (APC). Initially, dendritic cells pre-
sent antigen to T-cells, which results in prolifer-
ation and further differentiation. Subsequently,
helper T-cells bind to B-cell MCH class II - anti-
gen, which results in proliferation and differen-
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against a limited number of immunodominant
epitopes. For example, the immune response to
the Mr 76,000 influenza A hemagglutinin het-
erodimer is directed against four immunodomi-
nant B-cell epitopes5 that cover only a fraction of
the protein surface.

The mechanisms that produce this restriction
of the immune response are not known. One
view is that T-cells orchestrate the process and
the structure of the antigen itself is relatively
unimportant. However, it is possible that the
potential antibody repertoire is biased to recog-
nize endemic pathogens and to avoid self-reactive
specificities.6 When there is a loss of tolerance,
intrinsic structural properties of the antigen may
influence immunodominance. For example, the
autoantibody response to cytochrome c found in
systemic lupus erythematosus (SLE) and other
disorders is directed to a limited number of sites
which are similar to those recognized by mice that
are immunized with human cytochrome C.7

Analysis of the polyclonal response within a
single immunodominant epitope reveals consid-
erable heterogeneity when the component mon-
oclonal antibodies are studied. An exhaustive
analysis of the number of anti-hemagglutinin
murine B-cell hybridomas produced in response
to infection with an influenza A strain produced
an estimate of 1,500 different antibodies in the
repertoire directed against the four immun-
odominant epitopes.8 Thus, an immunodomi-
nant epitope could be viewed as an area under-
neath an antibody footprint, or set of overlapping
footprints, in which there is considerable varia-
tion at the clonal level in the atomic contacts that
determine the strength of the interaction. 

Structural analysis of antigen-antibody com-
plexes by X-ray crystallography has demonstrated
that typically 20-25 amino acid residues of each
component are buried.9 However, most of the
structural epitope does not contribute signifi-
cantly to the binding energy because most of the
residues in contact with antibody can be mutat-
ed without loss of binding energy.10 However,
mutation of one of a few key residues typically
results in a major decrease in affinity. The set of
these residues has been defined as the functional
epitope.2,10

FVIII structure and function
With this background, we can discuss factor

VIII (FVIII) as a potential target of the immune
system. FVIII is a large, complex plasma glyco-
protein. It contains 2,332 amino acids and is
post-translationally glycosylated and sulfated. The
molecular weight of the mature protein is approx-
imately 300,000. FVIII circulates bound non-
covalently to von Willebrand factor (vWf). vWf
is a huge, multimeric protein that weights sever-
al million Daltons and has a hydrodynamic
radius in the submicron range.11 Thus, the FVIII-
vWf complex may look something like a bacteri-
um or virus to the immune system. Disruption of
this interaction, for example in severe von Wille-

brand’s disease or naturally occurring vWf muta-
tions, results in rapid clearance of FVIII and a sec-
ondary deficiency of FVIII.

FVIII contains a sequence of domains designat-
ed A1-A2-B-ap-A3-C1-C2, where ap is an activa-
tion peptide. FVIII is cleaved intracellularly with-
in the B domain by a protease known as
PACE/furin.12 This results in fragmentation of
the B domain and production of a heterodimer,
which still requires proteolytic activation in the
coagulation cascade. During the activation of
FVIII by thrombin, cleavages occur between A1
and A2 at Arg372, between A2 and B at Arg740, and
between ap and A3 at Arg1689. Consequently, the
B domain fragments and the acidic 41-residue ap
peptide are released, producing an A1/A2/A3-C1-
C2 activated FVIII (FVIIIa) heterotrimer.13 FVIII
also can be activated by factor Xa,14 which pro-
duces a more complex cleavage pattern.15

The only known function of FVIII is to partici-
pate, in activated form, as a cofactor for factor IXa
during intrinsic pathway factor X activation. The
enzymatic complex consists of factor IXa, FVIIIa
and factor X on a phospholipid membrane sur-
face. FVIII is assayed in coagulation or chro-
mogenic assays under conditions in which it is
limiting relative to factor IXa, factor X and phos-
pholipid. Inhibitory antibodies are most com-
monly measured using the Bethesda assay16 or the
Nijmegen modification of this assay.17 These
assays measure the loss of FVIII activity in a coag-
ulation assay and return a single number — the
dilution of antibody sample that produces 50%
inhibition — as a global measurement of inhibito-
ry antibody activity. 

FVIII inhibitors
The FVIII molecule represents the most com-

monly targeted plasma protein for the develop-
ment of inhibitory antibodies. Hemophilia A is
the most common severe hereditary bleeding dis-
order and produces a clinical setting in which
patients are infused with a potentially immuno-
genic protein. Most patients with severe hemo-
philia have gene deletions, insertions, inversions
or nonsense mutations, all of which could possi-
bly lead to complete lack of circulating FVIII. In
this setting FVIII would represent a foreign pro-
tein and would be fair game for the immune sys-
tem. Alloantibodies arise in approximately 25%
of patients with hemophilia A18 and it is perhaps
surprising that the incidence is not higher.
Patients with severe hemophilia usually do not
have detectable levels of FVIII antigen. However,
it is possible that in some of these patients, there
is a small amount of antigen that is sufficient to
produce tolerance. 

It is not possible to predict whether a previous-
ly untreated patient with hemophilia A will devel-
op an inhibitor. However, patients with missense
mutations and circulating levels of FVIII antigen
are less likely to develop inhibitors, either because
of a state of immune tolerance or because the
missense mutation does not produce severe



hemophilia and the frequency of FVIII infusions
is less common. Occasionally, patients with mis-
sense mutations develop inhibitors in response
to increased FVIII usage.

Additionally, FVIII is the most likely coagula-
tion protein to be targeted in autoimmune reac-
tions, producing a condition termed acquired
hemophilia or acquired hemophilia A. The inci-
dence of this condition is very low, being approx-
imately 1 in 5 million people. It usually mani-
fests as a serious bleeding disorder, which anec-
dotally, and for unknown reasons, is more severe
than when inhibitory antibodies develop in
patients with hemophilia A. FVIII autoantibodies
develop in a variety of clinical settings, including
the postpartum period, systemic lupus erythe-
matosus, and chronic lymphocytic leukemia. In
approximately 50% of the cases, acquired hemo-
philia is idiopathic.19

In both hemophilia A and acquired hemophil-
ia, FVIII inhibitors are polyclonal IgG populations
that are usually directed toward more than one
epitope. For unknown reasons, the IgG4 subclass
is more common in plasma of inhibitor patients
than in the normal population. Inhibitors are
classified into two types.20,21 Type I inhibitors
inactivate FVIII completely with second-order
kinetics, which would be expected for a simple
bimolecular antigen-antibody reaction. Type II
inhibitors inactivate FVIII incompletely and dis-
play more complex kinetics of inhibition. Most
autoantibody patients have type II inhibitors. 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 competi-
tion for binding by vWf.22

FVIII domains recognized by inhibitory
antibodies

A comprehensive analysis of the antibody
response to FVIII in either human disease or in
animal models does not yet exist. A hierarchical
analysis would answer whether: 1) the humoral
immune response is restricted to only some of the
FVIII domains; 2) antibody binding to epitopes
in different domains is independent or co-oper-
ative; 3) there are single or multiple immun-
odominant epitopes within a domain; 4) and
whether there is variation in the amino acids
within a single FVIII epitope (corresponding to
an antibody footprint) that contribute signifi-
cantly to antibody binding energy.

SDS-polyacrylamide gel electrophoretic analysis
of FVIII reveals bands corresponding to FVIII
heavy chain (A1-A2-B) and light chain (ap-A3-
C1-C2). After exposure to thrombin, the three
heterotrimer bands, A1, A2, and A3-C1-C2, are
apparent. Initial epitope mapping studies by
Western blotting of purified FVIII revealed that
most patients’ antibodies bound to the A2 and
A3-C1-C2 domains.23 The relative lack of anti-
A1 reactivity was an early indicator that the B-
cell response to FVIII was restricted. Subsequent-

ly, the C2 domain was identified as the most
common target for anti-light chain antibodies by
Western blotting of defined domain fragments of
recombinant FVIII produced in E. coli.24,25 Anti-A3
antibodies were also detected, although less fre-
quently. Some inhibitory antibodies do not bind
denatured FVIII in Western blotting experiments
and can be detected by immunoprecipitation
using soluble FVIII fragments.26

An important complementary method to West-
ern blotting analysis is antibody neutralization, in
which recombinant or plasma-derived fragments
of FVIII are used to block inhibitory antibod-
ies.25,27,28 The sum of neutralization of inhibitory
activity by the A2 domain and FVIII light chain
(ap-A3-C1-C2) fragment approaches 100% in
most cases,28 indicating that antibodies to the A1
domain do not contribute significantly to most
inhibitor titers. By comparing antibody neutral-
ization by the ap-A3-C1-C2 fragment to that by
the C2 fragment, the relative contribution of anti-
C2 antibodies can be assessed. Most anti-light
chain activity is against the C2 domain, although
in some plasmas there is significant activity
against ap-A3-C1. The dominant inhibitors in
most autoantibody plasmas are directed only
against C2 or A2, but not both. In contrast, most
hemophilia A inhibitor plasmas recognize multi-
ple epitopes. However, the similarity between
alloantibodies and autoantibodies is perhaps more
striking than the difference, because the A2 and
C2 domains are immunodominant in both set-
tings, despite the different immunologic back-
grounds from which they arise. 

Mechanism of action of FVIII inhibitors
FVIIIa binds factor IXa,29 phospholipid30 and

factor X31 in the intrinsic FXase complex. Thus,
disruptions of any of these interactions by an
antibody could be inhibitory and all these possi-
bilities have been observed. Additionally,
inhibitors could function by binding to sites that
are recognized by thrombin or factor Xa. Howev-
er, this mechanism of action has not been con-
vincingly demonstrated. 

Anti-A2 inhibitors inhibit intrinsic FXase non-
competitively, i.e., most likely by blocking the
binding of FVIIIa to factor X.31 However, inhibi-
tion of binding of FVIIIa to factor IXa by anti-A2
inhibitors also has been observed.32 Many, if not
all, anti-C2 antibodies inhibit the binding of FVIII
to phospholipid.33 However, the C2 domain also
binds vWf,34,35 at or near the phospholipid bind-
ing site. Thus, vWF could interfere with the bind-
ing of anti-C2 antibodies, producing the type II
antibody pattern described above. Consistent
with this, polyclonal patients’ antibodies that rec-
ognize only the C2 domain are much more com-
mon in autoantibody patients,28 in whom most
type II antibodies are found.20,22

Thus, another possible mechanism of action of
inhibitors could be to block the binding of FVIII
to vWf. In contrast to disruption of the intrinsic
FXase complex or inhibition of proteolytic acti-
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vation, inhibition of vWf binding would not be
detected by the Bethesda assay. Inhibitors have
been described that block the binding of FVIII to
vWf, and this may be a common property of anti-
C2 inhibitors.36 However, the relative contribu-
tion to the bleeding diathesis of inhibition of
binding of FVIII to vWf versus binding to phos-
pholipid is unknown.

High resolution mapping of FVIII inhibitor
epitopes

Homolog scanning mutagenesis using hybrid
human/porcine, human/canine, or human/mu-
rine FVIII molecules has been successful in
obtaining higher resolution maps of the B-cell
epitopes.37,38 This strategy is based on the obser-
vation that inhibitors usually have limited cross-
reactivity with non-human FVIII. A hybrid FVIII
molecule that is less reactive with an inhibitor to
human FVIII localizes the inhibitor to the region
in which the non-human substitution has been
made. Because the hybrids are active, reduction in
antigenicity is unlikely to be due to improper fold-
ing of the protein. In contrast, epitope localiza-
tion by deletion mapping is complicated by the
possibility that loss of antigenicity can occur by
denaturation of the polypeptide chain.

Using this method, the A2 epitope recognized
by most A2-specific antibodies has been localized
to residues Arg484-Ile508. Analysis of several hybrids
containing A2 substitutions indicates that the A2
epitope appears to be confined with the Arg484-
Ile508 linear segment. This is consistent with the
fact that this segment protrudes as a large loop
between β-strands in a homology model of the A2
domain based on the X-ray structure of cerulo-
plasmin. 

The A2 epitope has been mapped further by ala-
nine-scanning mutagenesis. Human A2-specific
polyclonal antibodies recognize several amino
acids in this segment, including Tyr487 and to a
lesser extent Ser488, Arg489, Pro492, Val495, Phe501,
and Ile508.39 There is variability between the anti-
bodies, indicating that although the antibody
footprint may be relatively invariant, individual
amino acid residues recognized by the antibodies
differ. 

The region recognized by several C2-specific
inhibitors has been mapped using a panel of
hybrid human/porcine FVIII molecules to residues
Glu2181-Val2243.37 Recently, an X-ray structure of
the human FVIII C2 domain has been solved, pro-
viding a more detailed approach to the analysis of
C2 inhibitors. The structure reveals a putative
hydrophobic three-prong phospholipid mem-
brane-binding site consisting of Met2199/Phe2200,
Val2223, and Leu2251/Leu2252.40 Additionally, several
basic residues contribute to a ring of positively
charged residues that may contribute to an elec-
trostatic interaction of FVIII with negatively
charged phosphatidylserine. Several active human
FVIII mutants were constructed based on differ-
ences between human, porcine, murine, and
canine FVIII at proposed phospholipid-binding

sites. The antigenicity of the mutants toward C2-
specific polyclonal human antibodies, a human
monoclonal anti-C2 antibody, BO2C11,41 and a
murine C2-specific monoclonal antibody, NMC
VIII-5,42 was measured. The results suggest that
C2 inhibitors frequently target the Met2199/Phe2200

and Leu2251/Leu2252 β-hairpins, which is consis-
tent with the hypothesis that these residues par-
ticipate in binding to phospholipid membranes. In
contrast, mutations at Val2223 increased antibody
binding, indicating that Val2223 may oppose anti-
body binding sterically or through stabilization of
a low-affinity membrane-binding conformation
of the C2 domain. Subsequently, the X-ray struc-
ture of BO2C11 in complex with the FVIII C2
domain was solved and revealed contact with the
Met2199/Phe2200 and Leu2251/Leu2252.43

Delineation of the boundaries of an epitope
using hybrid FVIII molecules can be limited by
sequence identity. For example, human and
porcine FVIII are identical from residues 2243
(the end of the sequence mapped using hu-
man/porcine hybrids) through 2252. Thus, iden-
tification of the epitope extending to residue 2252
was not possible using hybrid human/porcine
FVIII.

Subsequently, we identified four C2-specific
plasmas that do not appear to recognize the phos-
pholipid-binding region (Barrow RT and Lollar P,
personal observations). The functional properties
of these antibodies have not been characterized.
Overall, the analysis of C2 inhibitors appears
considerably more complex than that of A2
inhibitors both with respect to epitope structure
and mechanism of inhibition. 

Regions outside the A2 and C2 domains appear
to be minor targets for inhibitory antibodies
because the inhibitory activity in most plasmas
can be neutralized by the A2 and C2 domains.28

However, three inhibitor IgGs have been identi-
fied that are neutralized by a synthetic peptide
corresponding to residues 1804-1819 in the A3
domain.44 This region encompasses a region
defined by residues 1811-1819 that constitutes
part of the factor IXa binding site.45 Additionally,
several inhibitor plasmas have been identified in
which substitution of the human ap region with
the corresponding porcine segment results in a
reduction of antigenicity. This indicates that the
ap segment also contains an inhibitory epitope.46

Unusual FVIII inhibitors 
Inhibitory antibodies have been described that

recognize epitopes outside the A2, C2, A3 and ap
regions. A human monoclonal antibody, LE2E9,
is an IgG4k antibody that it is directed against the
C1 domain and was derived from a patient with
mild hemophilia A who has an Arg2150His muta-
tion.47 The antibody recognizes wild-type FVIII
but not endogenous FVIII, indicating that the
antibody recognizes Arg2150. The antibody is a type
2 inhibitor and blocks FVIII binding to vWf. Sim-
ilarly, an inhibitor from a patient with mild
hemophilia A due to an Arg593Cys mutation in



the A2 domain has been described that recognizes
wild-type FVIII but not the endogenous FVIII A2
domain.48

An inhibitor with specificity confined to the A1
domain was identified in a severe hemophilia A
patient who had a deletion of the A1 domain, but
nevertheless produced detectable circulating FVIII
antigen.49 Three type II inhibitory autoantibodies
have been identified that recognize the A3
domain, and not the C2 domain, which typical-
ly is the target of type II antibodies.50 These anti-
bodies circulate as immune complexes with FVIII,
which has not been previously described.

It is unusual for previously treated patients with
hemophilia A to develop an inhibitor if they have
not developed one within the first year of treat-
ment.18,51 Outbreaks of C2-specific inhibitors
have been described in previously treated hemo-
philia A patients receiving specific lots of plasma-
derived FVIII.52,53 The C2-specificity is remarkable
because it is unusual in the hemophilia A popu-
lation. The results suggest that exposure to dena-
tured forms of FVIII or generation of a neoepitope
may be immunogenic.

The immunogenicity of FVIII in murine
hemophilia A

The analysis of FVIII inhibitors is man is limit-
ed by the inaccessibility of lymphoid tissue and
the difficulty associated with cloning antigen-spe-
cific B-cells. The polyclonal nature of the inhibitor
antibody population makes functional and struc-
tural analysis of B-cell epitopes difficult. Only two
human monoclonal antibodies have been pro-
duced (vide supra), in contrast to the potential
ease of generation of murine monoclonal anti-
bodies. Thus, the analysis of the immune response
to FVIII in mice holds considerable promise as a
model. There are two strains of FVIII knockout
mice,54 which were produced by targeted disrup-
tion of the FVIII gene at exons 16 and 17 encod-
ing the A3 domain. The E16 and E17 mice have
identical phenotypes in studies to date. The mice
have no measurable FVIII and have a bleeding
diathesis. However, they synthesize detectable
amounts of FVIII antigen due to the fact that the
FVIII gene is disrupted near to the middle of the
sequence encoding protein.55 In contrast, secre-
tion of potentially tolerizing FVIII antigen may be
the exception, rather than the rule, in severe
human hemophilia A. Human hemophilia A is
extremely heterogeneous at the genetic level,
which probably influences the variability in the
immune response to FVIII. There could be similar
differences in the immune responses in hemo-
philia A mice if they are produced by lesions in dif-
ferent regions of the FVIII gene.

When E16 or E17 is infused intravenously with
human FVIII using a dosage schedule and dosage
on a body weight basis that mimics treatment of
severe hemophilia A in man, almost all develop
high titer inhibitors after two or three doses.56

These mice have a T-cell proliferative response to
FVIII, demonstrating that the immune response is

T-cell dependent.56,57 A T-cell proliferative
response has also been demonstrated in human
hemophilia A.58 The murine antibody response is
primarily IgG1-mediated, and to a lesser extent
IgG2-mediated.57 In contrast, when hemophilia A
mice are crossed with B7.2 knockout mice, they
do not develop anti-FVIII antibodies or produce a
T-cell proliferative response.59 The fusion protein
CTLA-Ig, which blocks the B7-CD28 interaction,
prevents the primary response to FVIII.59 These
results indicate that the B7-CD28 co-stimulato-
ry pathway is necessary for the immune response
to FVIII and suggest a possible therapeutic
approach. Anti-CD40L antibodies also block the
primary response to FVIII in this model.60,61

The murine hemophilia A model has been
adopted widely for development of somatic cell
gene therapy of hemophilia A, in which immuno-
genicity of FVIII55,62,63 and potential induction of
tolerance64 are major areas of interest.
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Factor VIII participates in the intrinsic path-
way of blood coagulation. The physiologic
importance of factor VIII is illustrated by the

X-linked bleeding disorder hemophilia A which
is due to functional absence of factor VIII. The
bleeding tendency in patients with hemophilia A
can be corrected by the administration of factor
VIII concentrates. In approximately 20-40% of
patients with severe hemophilia A inhibitory anti-
bodies develop usually after 5-12 exposure days.1
Inhibitor formation hampers further treatment
of patients with factor VIII. Activated prothrom-
bin complex concentrates and activated factor VII
are used for treatment of bleeding episodes in
inhibitor patients.1 Based on internal sequence
homology factor VIII is divided into a series of
homologous domains which are interspersed by
short spacer regions that are rich in acidic amino
acids.2 In plasma factor VIII circulates as a met-
al-ion linked heterodimer. The heavy chain con-
sists of the domains A1-a1-A2-a2-B whereas the
light chain is composed of the domains a3-A3-
C1-C2. Due to proteolysis at various sites in the
B domain the size of factor VIII heavy chain
ranges between 90 and 220 kDa. In plasma fac-
tor VIII is bound to von Willebrand factor (VWF)
which protects factor VIII from proteolytic degra-
dation.2 Upon activation by thrombin or factor
Xa, factor VIII dissociates from VWF and assem-
bly of the factor VIIIa-factor IXa complex on
phospholipid surfaces can occur.2 Activation of
factor X by factor IXa is significantly enhanced by
the non-enzymatic cofactor factor VIII. Func-
tional sites on factor VIII involved in binding to
factor IXa and phospholipids have been defined in
considerable detail.3 Concomitantly, knowledge
on the binding sites for factor VIII inhibitors on
factor VIII has grown rapidly during the last five
years.4 Based on different experimental approach-
es three major epitopes have been defined on fac-
tor VIII. In the A3 domain of factor VIII a bind-
ing site for factor VIII inhibitors has been local-
ized to residues Gln1778-Met1823.5,6 Binding of
inhibitory antibodies to this site in the A3 domain
interferes with complex assembly of the factor
IXa-factor VIIIa which is mediated by this part of
the factor VIII light chain.5-7 Residues Arg484-Ile508

comprise a major determinant of a binding site
for factor VIII inhibitors in the A2 domain.8 Sin-
gle alanine replacements in this part of the A2
domain suggested that Tyr487 is a residue critical
for binding of inhibitory antibodies to this part of

Inhibitory antibodies that develop in patients with
hemophilia A bind to restricted regions in the A2, A3
and C2 domain of factor VIII. Functional studies have
shown that anti-A2 and anti-A3 antibodies interfere
with assembly of the factor VIIIa-factor IXa complex.
Binding of inhibitors to the C2 domain precludes
binding of factor VIII to phospholipids. We have used
phage display to isolate a large number of human
monoclonal antibodies from the immunoglobulin
repertoire of hemophilia A patients with an inhibitor.
Epitope mapping studies suggest that the majority
of human monoclonal antibodies bind to previously
identified epitopes on factor VIII. Inspection of the
amino acid sequence of the variable heavy chain
(VH) domains of human anti-factor VIII antibodies
reveals some striking features. Anti-A2 and anti-A3-
C1 antibodies incorporate VH gene segments that
are frequently used for assembly of human IgG mol-
ecules. This may explain the presence of antibodies
with this specificity in a large number of inhibitor
patients. Anti-C2 antibodies are derived from two
classes of VH gene segments, both belonging to the
VH1 family, that bind to two distinct antigenic sites
in the C2 domain. Our findings suggest that B-cells
expressing immunoglobulin molecules that comprise
VH gene segments with the above-mentioned char-
acteristics are selectively amplified from the total
repertoire following exposure to antigenic determi-
nants in the C2 domain of factor VIII. 



the A2 domain of factor VIII.9 Antibodies direct-
ed toward residues Arg484-Ile508 prevent the stim-
ulatory effect of isolated A2 domain on the cat-
alytic activity of factor IXa.10 The inhibitory prop-
erties of anti-A3 and anti-A2 antibodies are in
agreement with our current model of the assem-
bly of the factor VIIIa-IXa complex. Initial high
affinity binding is mediated by interaction of the
factor VIII light chain with residues present in the
EGF1-and EGF2 domains of factor IXa whereas
stimulation of factor VIII cofactor activity results
from interaction of the A2 domain with the pro-
tease moiety of factor IXa.3 Apparently, factor VIII
inhibitory antibodies can block the interaction of
factor VIIIa with factor IXa via two distinct mech-
anisms. 

Conflicting data have been reported on the epi-
tope for factor VIII inhibitors in the C2 domain.
Recombinant factor VIII fragments expressed in
Escherischia coli revealed the presence of a bind-
ing site within region Val2248-Ser2312.11 Evaluation
of the functional inhibition of a panel of anti-C2
inhibitors against a series of human/porcine
hybrids suggested that residues Glu2181-Val2243 are
involved in binding of factor VIII inhibitors.12 The
apparent discrepancies between the two studies
may be explained by the different approaches
that have been used to characterize factor VIII
inhibitors. Antibodies directed toward the C2
domain interfere with binding of factor VIII to
phospholipids.11,13 Current data suggest that a
restricted number of 3-4 major binding sites for
inhibitory antibodies are present on factor VIII.
At present it is not clear why only a limited num-
ber of sites on factor VIII is targeted by the
immune system. This may be explained by the
use of only a selected proportion of the total
available immunoglobulin repertoire for the gen-
eration of antibodies that interact with immun-
odominant regions on factor VIII. To explore this
issue we analyzed the anti-factor VIII repertoire
of a number of well-characterized inhibitor
patients by phage display. 

Assembly of human immunoglobulin reper-
toires

Immunoglobulins are composed of a light and
a heavy chain that contain both variable and
constant regions. The variable or V-regions are
encoded by two and three gene segments for the
light and heavy chain, respectively. The heavy
chain locus is present on chromosome 14 where-
as loci encoding κ and λ light chains are present
on chromosome 2 and 22, respectively. The indi-
vidual loci contain large numbers of different
gene segments that are assembled into function-
al antibody molecules during maturation of B
cells. The heavy chain locus consists of over 120
variable heavy chain gene segments, 27 diversity
(D) segments and 6 joining (J) segments14,15

which are followed by gene segments that encode
constant parts of immunoglobulin heavy chains
(µ, δ, γ3, γ1, α1, γ2, γ4, ε, α2). The κ light chain
locus on chromosome 2 comprises 91 variable

light (VL) chain gene segments and 5 J segments.
The λ light chain on chromosome 22 contains
>45 variable light chain and four J segments. Not
all variable heavy and light chain segments are
used for assembly of human antibodies. Approx-
imately 50-75% of VH and VL segments are non-
functional. This may be due to the absence of an
open reading frame or lack of recombination
sites flanking the variable segments.16 Assembly
of immunoglobulin molecules proceeds in a
highly regulated manner. The first event that
occurs is the joining of a D segment with a J seg-
ment in the variable region of the immu-
noglobulin locus. Subsequently, a VH gene seg-
ment and a µ constant region is added giving rise
to a functional heavy chain which is co-expressed
together with a surrogate light chain on a B-cell
precursor in the bone marrow.17 Next, a VL seg-
ment is fused with a JL segment resulting in a
functional light chain segment that replaces the
surrogate light chain. Following negative selec-
tion of self-reactive B-cells in the bone marrow,
immature B-cells are transported to the periph-
ery where they express both IgM and IgD.17 Inter-
nalization of antigen via surface immunoglobu-
lins on B-cells is followed by proteolytic process-
ing of antigens into peptides that are amenable
for presentation by MHC class II molecules on
the surface of B-cells. T helper cells specifically
recognizing the presented peptide then help B-
cells to proliferate. Proliferating B-cells migrate to
the lymph nodes where germinal centers arise
that provide an environment for adequate T-cell
help for the generation of high affinity antibod-
ies. Affinity maturation proceeds via amino acid
replacements in the variable parts of the anti-
body, a process termed somatic hypermutation.
Additionally, class switching from IgM to IgA,
IgG or IgE occurs at this stage. Following affini-
ty maturation, B-cells develop into plasma cells
that produce antibodies that are present in plas-
ma. Alternatively, B-cells develop into memory
B-cells, which are present for extended periods in
the periphery thereby facilitating secondary
responses to incoming antigens. 

Analysis of factor VIII inhibitors by phage
display: general outline

Using peripheral B lymphocytes as a source of
RNA we isolated immunoglobulin repertoires of
patients with an inhibitor using a series of poly-
merase chain recations (PCR) that targeted the
variable domains of the immunoglobulin heavy
chain.18 Several restrictions were applied to pref-
erentially amplify the anti-factor VIII repertoire
of these patients. The majority of factor VIII
inhibitors are of subclass IgG4: therefore, an
IgG4 specific amplification step was introduced
in our experimental protocol. The concentration
of IgG4 is approximately 5% of the total quanti-
ty of IgG in human serum. Although this num-
ber does not necessarily correspond to the per-
centage of IgG4 positive B cells in the peripheral
blood, it is anticipated that the resulting
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immunoglobulin repertoires are enriched for
anti-factor VIII antibodies. A further simplifica-
tion involves the use of a immunoglobulin light
chain repertoire that has been amplified from
peripheral blood lymphocytes of healthy individ-
uals.19,20 Different immunoglobulin light chains
can pair to a single heavy chain and therefore it
is anticipated that VH domains derived from
patients with hemophilia A will pair with a suit-
able light chain from the available non-immune
repertoire. Because of our focus on the variable
part of the heavy chain we could only determine
the characteristics of this part of immunoglobu-
lin molecules that bind to factor VIII. The vari-
able heavy chain locus encodes 51 functional
variable heavy chain segments that can be clas-
sified into seven families (see Figure 1). Some
families, such as VH2, 5, 6 and 7 contain only
one or a few members whereas others (VH1, VH3
and VH4) harbor more then 10 members. Usage
of the different families of VH germline gene seg-
ments in the peripheral repertoire roughly corre-
sponds to the number of VH gene segments pre-
sent within a single family (see Figure 1; based on
data in ref. 21). It has been shown that the vari-
able heavy chain gene segments contribute to the
overall fold of the VH domain of immunoglobu-
lins.22 Fusion of a VH gene with a D and a J seg-
ment, a process that involves addition and dele-
tion of nucleotides at the sites of junction, cre-
ates antigen-independent diversity on this initial
fold. Suitably assembled IgG molecules make up
the naïve B cell repertoire. The presence of anti-

gen then stimulates selective outgrowth and mat-
uration of B cells that express surface immuno-
globulins that can interact with antigen. We have
assessed the characteristics of the variable heavy
chain domains of human antibodies directed
against factor VIII. At present we have isolated
human antibodies directed against major
inhibitor epitopes in the A2, A3-C1 and C2
domains of factor VIII.23-27 In the following para-
graphs an initial analysis of the characteristics of
the variable heavy chain (VH) domains of these
antibodies will be presented.

Characteristics of anti-A2 and anti-A3-C1
antibodies obtained by phage display

Since the characteristics of anti-A2 and anti-A3
antibodies display some common features we will
first discuss this subset of human anti-factor VIII
antibodies. Four different human antibodies
directed against the A2 domain have been iso-
lated of which three bind to the residues Arg484-
Ile508, an immunodominant region on factor
VIII.24,27 One anti-A2 antibody, designated VK41,
bound to the acidic region that follows the A2
domain. Two out of four antibodies were derived
from VH segments DP-47 (3-23) whereas the
other ones were encoded by DP-10 (1-69) and
DP-58 (gene segment not yet mapped). Among
the six human antibodies directed against the
A3-C1 domains of factor VIII that have been iso-
lated 5, were directed against residues Gln1778-
Met1823, a major binding site for factor VIII
inhibitors in the A3 domain of factor VIII.5,6,25

Figure 1. (A) Schematic representation of a phylogenetic tree of human variable heavy (VH) gene segments. Based on sequence
homology human VH gene segments can be divided into seven families. The number of individual gene segments present with-
in each family is given in brackets (adapted from ref. #16). (B) Variable heavy chain segments found in peripheral IgG-positive
B-cells. VH gene segments are classified into seven families (x-axis). On the y-axis the percentage of IgG-positive B cells express-
ing an IgG with a VH gene segments from one of these families is depicted (data drawn from ref. #21). 
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All isolated antibodies were derived from
germline gene segments of the VH1 and VH3
family. Two of the anti-A3-C1 antibodies were
derived from germline gene segment DP-49 (3-
30), two of DP-77 (3-21), one of DP-14 (1-18)
and one of DP-15 (1-8). At first sight there is lit-
tle to be learned from the origin of variable heavy
chain of the anti-A2 and anti-A3 antibodies.
Germline gene segments used are derived from
both the VH1 and VH3 family which does not
come as a surprise since the VH segments from
these families are used by 70% of peripheral IgG+

B-cells (see Figure 1). Closer inspection of the
occurrence of the different VH gene segments in
the normal repertoire yields some remarkable
features (Figure 2). About 25% of the human
IgG+ repertoire is derived from VH gene segments
DP-47 (3-23), DP-49 (3-30) and DP-77 (3-21).
These findings show that anti-A2 and anti-A3
antibodies use VH gene segments that are pref-
erentially expressed in IgG molecules in the nor-
mal repertoire. The observed preference suggests
that epitopes present in the A2 and A3-C1
domains of factor VIII are accessible for
immunoglobulins that have incorporated VH
segments DP-47 (3-23), DP-49 (3-30) and DP-
77 (3-21). The high concentration of IgG+ B cells
in the periphery that are derived from these VH
gene segments may be due to some inherent flex-
ibility of IgG molecules with these VH gene seg-
ments to bind to antigenic sites on a variety of
proteins. Alternatively, IgG molecules contain-
ing these VH gene segments may more efficient-
ly cope with selective processes that occur during

maturation of B-cells. A relatively large number
of immature B-cells containing surface IgG
derived from these VH gene segments is then
available for incoming antigen. Independently of
the underlying mechanism, the presence of DP-
47 (3-23), DP-49 (3-30) and DP-77 (3-21) gene
segments in anti-A2 and anti-A3-C1 antibodies
suggests that antibodies with this specificity are
frequently observed in plasma of inhibitor
patients. Indeed a large study concluded that
anti-A2 or anti-A3 antibodies are present in vir-
tually all patients with factor VIII inhibitors.28

The above analysis provides an attractively sim-
ple explanation for the frequent occurrence of
anti-A2 and anti-A3 antibodies in inhibitor
patients. However, some caution is warranted.
So far only a limited number of patients has been
included in our analysis. Also, our studies suggest
that the epitopes in the A2 and A3-C1 domains
are more complex then previously anticipat-
ed.24,25 More detailed studies on epitope speci-
ficity and VH gene usage are required in order to
determine unequivocally whether a particular VH
gene segment is preferentially incorporated into
an IgG molecule binding to an antigenic site in
the A2 or A3-C1 domain of factor VIII. 

Characteristics of anti-C2 antibodies
obtained by phage display

The plasma of most inhibitor patients contains
antibodies that react with the C2 domain of fac-
tor VIII.28 At present we have isolated 16 differ-
ent scFv reactive with this domain from the
repertoire of patients with mild and acquired

Figure 2. Variable heavy chain gene segments of the VH3 family present in peripheral IgG-positive B cells. On the x-axis the 22
gene segments belonging to the VH3 family are listed. On the y-axis the percentage of IgG-positive B cells expressing an IgG
containing one of these gene segments is depicted (data drawn from ref. #21). Anti-A2 and anti-A3-C1 antibodies are derived
from gene segments 3-21, 3-23 and 3.30 which are commonly expressed in peripheral IgG-positive B-cells.
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hemophilia A.23,26 Independently, Arai and co-
workers isolated 3 human antibodies from a
phage library of an unrelated patient.29 Epstein-
Barr immortalization of peripheral B-lympho-
cytes was used to isolate a human monoclonal
antibody directed against the C2 domain of fac-
tor VIII.30 Sequence analysis of the VH domain of
these clones reveals some interesting features.
Germline gene segment DP-5 (1-24) of the VH1
family is used by about half of the anti-C2 anti-
bodies that have been isolated so far.23,26,29,30 The
VH domain of the remainder of human anti-
bodies directed against the C2 domain is derived
from germline gene segments DP-10 (1-69), DP-
14 (1-18) and DP-88 (1-e).23,26 Phylogenetic
analysis of gene segments belonging to the VH1
family shows that DP-10 (1-69), DP-14 (1-18)
and DP-88 (1-e) are present within one branch
of this family.26 Consistent with the more exten-
sive differences in nucleotide sequence, DP-5 (1-
24) is present within a distinct branch of the
VH1 family (see Figure 3). The available data sug-
gest that based on the characteristics of their VH
domains, anti-C2 antibodies can be subdivided
in two different classes. In a previous section it
was proposed that anti-A2 and anti-A3 antibod-
ies are derived from VH gene segments that are
commonly used in the immunoglobulin reper-
toire. Both DP-10 (1-69) and DP-14  (1-18) are
used in approximately 3-5% of peripheral IgG+ B
cells whereas DP-5 (1-24) and DP-88 (1-e)
occur in less then 1% the total IgG+ repertoire
(data extracted from ref. #21). These percent-
ages indicate that these germline gene segments
are not dominantly expressed in IgG+ peripheral
B-cells. The restricted usage of VH gene segments
DP-5 (1-24), DP-10 (1-69), DP-14 (1-18) and
DP-88 (1-e) for assembly of anti-C2 antibodies
suggests that B cells expressing human antibod-
ies with these VH gene segments are positively
selected following exposure of naïve B-cells to
factor VIII. 

Structural elements present within the VH gene
families may facilitate interaction of antibodies
containing these gene segments with the C2
domain. Based on the three-dimensional struc-
ture of a large collection of antibodies an overall
topology of antigen binding sites has been pro-
posed by Chothia and co-workers.22 Six antigen
binding loops derived from both heavy (H1, H2,
H3) and light chains (L1, L2, L3) have been
defined that partially overlap with the hypervari-
able complementary determining regions
(CDRs)15,31 (Figure 4A). Both the H1 and H2
region are contained within the VH gene seg-
ment of an antibody. For region H1 three so-
called canonical structures have been defined that
differ in the number of amino acids contained
within the H1 region. Similarly, the existence of
four different canonical structures for the H2
region has been proposed.22 Interestingly, both
germline gene segments DP-10 (1-69), DP-14
(1-18) and DP-88 (1-e) possess the H1-H2
canonical structure 1-2. This combination of
canonical structures is observed in only 7 out of
51 VH gene segments. Four of them [DP-3 (1-f),
DP-10 (1-69), DP-14 (1-18) and DP-88 (1-e)]
belong to the VH1 family whereas DP-73 (5-51),
5-a and DP-21 (7-4.1) belong to the VH5 and
VH7 family.15 Although regions H1 and H2
determine only part of the architecture of an
antigen binding site, the presence of canonical
structure 1-2 may facilitate interactions of VH
domains with antigenic determinants present in
the C2 domain. A canonical structure for the H2
region of germline gene segment DP-5 (1-24),
could not be defined due to the presence of an
glutamic acid instead of the more usual threo-
nine, alanine or leucine at position 71.22,32 Inter-
estingly, in three of out of four human antibod-
ies that are encoded by the germline gene seg-
ment DP-5 (1-24) amino acid substitutions have
taken place at this position26,30 (Figure 4A).
Replacement of the glutamic acid for an alanine

Figure 3. Phylogenetic tree of the VH1 family. Anti-
C2 antibodies are derived from two classes of VH
gene segments. The first class comprises VH gene
segments DP-10 (1-69), DP-14 (1-18) and DP-88 (1-
e). The second class of anti-C2 antibodies incorpo-
rates VH gene segment DP-5 (1-24).



at position 71 may affect the canonical structure
of the VH domains of the DP-5 (1-24) encoded
antibodies which now becomes identical to that
of the VH domains of the other anti-C2 anti-
bodies (i.e. 1-2). The above analysis suggests that
restricted usage of VH segments may endow anti-
C2 antibodies with unique structural features
that may play a role in creating an appropriate
paratope. 

In the previous section evidence was presented
for the existence of two classes of human anti-
bodies that bind to the C2 domain of factor VIII.
The first class contains VH domains that are
derived from the closely related VH gene seg-
ments DP-10 (1-69), DP-14 (1-18) and DP-88
(1-e) whereas the second class of human anti-
bodies is characterized by the presence of
germline gene segment DP-5 (1-24).26 Epitope
mapping studies using a series of human/porcine
and factor V/VIII hybrids reveals that these two
classes of antibodies bind to distinct sites within
the C2 domain of factor VIII. Residues con-
tributing to the epitope of human antibodies
encoded by VH segments DP-10 (1-69), DP-14
(1-18) and DP-88 (1-e) resides in the carboxyl
terminal part of the C2 domain (residues 2243-
2332). In contrast, human antibodies containing
VH segment DP-5 (1-24) interact with residues
at the amino- and carboxyl terminal part of the
C2 domain. Recently, the three-dimensional
structure of the C2 domain of factor VIII was
determined.33 Based on the structure it was pro-
posed that three loops containing hydrophobic
residues intersect the phospholipid bilayer where-
as a layer of positively charged residues can inter-
act with negatively charged phosphate moieties
of phosphatidylserine.33 In a follow-up study the
three-dimensional structure of a complex of the
human monoclonal antibody BO2C11 and the
C2 domain was determined at 2.0Å34 (Figure 4B).
The VH domain of BO2C11 is encoded by VH
gene segment DP-5.30 Figure 4A shows an align-
ment of the amino acid sequence of BO2C11
with the DP-5 (1-24) encoded antibodies we
have recently isolated.26 All four DP-5 (1-24)
encoded antibodies have a relatively small CDR3
which comprises 8-11 amino acids. The pattern
of somatic hypermutation varies considerably
between BO2C11 and the clones isolated by
phage display, which is not surprising, since these
antibodies were derived from different patients.
A common replacement between 3 of the 4 anti-
bodies is a substitution of glutamic acid at posi-
tion 71 for an alanine. This suggests that clones
harboring this amino acid replacement are pref-
erentially selected from the total pool of C2
domain reactive B-cells. A possible structural
basis for this selective enrichment has been dis-
cussed in a previous paragraph. Based on the
three-dimensional structure of BO2C11 and the
C2 domain, multiple atomic contacts have been
detected between the heavy chain of BO2C11
and the C2 domain (Figure 4A/4B).34 Compari-
son of the amino acid sequence of the WR clones

with that of BO2C11 reveals that the majority of
contact residues are conserved in the sequence of
the WR clones (see Figure 4A). This suggests that
the interactive surface of the complex between
BO2C11 and the C2 domain is representative for
other DP-5 (1-24) encoded anti-C2 antibodies.
Small differences between binding of individual
DP-5 (1-24) encoded antibodies to the C2
domain can, however, occur. The DP-5 (1-24)
encoded residue Asp52 of BO2C11 that interacts
with Arg2215 in the C2 domain has been substi-
tuted for an asparagine or alanine in the VH
domains of the WR clones (see Figure 4A). Also
residue Asp99 present in the CDR3 of BO2C11
(indicated by an arrow; Figure 4A) is not con-
served among the WR clones. Since several addi-
tional negatively charged amino acids are present
in both CDR2 and CDR3 of WR1, WR16 and
WR17, the effect of these substitutions on the
overall architecture of the interactive surface is
most likely limited.  Single amino acid substitu-
tions in the C2 domain have recently been eval-
uated for their reactivity with factor VIII
inhibitors.35 A reduction in functional inhibition
of human antibodies was observed when residues
Met2199/Phe2200 (Loop I; Figure 4B) and Leu2252

(Loop II; Figure 4B) were substituted for an Ile,
Leu and Phe, respectively.35 Combination of these
substitutions resulted in a further decrease in the
antigenicity of the C2 domain. The significance
of electrostatic interactions mediated by Arg2210

and Arg2215 for binding to factor VIII inhibitors
has not yet been assessed. Residues Arg2210 and
Arg2215 are not critical for binding of factor VIII
to phospholipids.36 Factor VIII variants harboring
substitutions at these sites may, therefore, dis-
play a reduced antigenicity while maintaining
their phospholipid binding properties. 

Conclusions and implications
Overall, our data show that phage display is a

useful technology for isolating large numbers of
human monoclonal antibodies from the reper-
toire of patients with inhibitors. Inspection of
the primary amino acid sequence of these anti-
bodies suggest that only a restricted number of
variable heavy chain segments is used for the
assembly of human antibodies that react with
the C2 domain. In contrast, less restriction is
observed for anti-A2 and anti-A3 antibodies, at
least at the level of VH gene segments. The avail-
ability of a large panel of human antibodies
derived from different patients is likely to
increase our knowledge on the number and com-
plexity of B-cell epitopes on factor VIII. Subse-
quent modification of antigenic sites within the
A2, A3 and C2 domains may provide a basis for
the reduction of the antigenicity and perhaps also
immunogenicity of factor VIII.4 Alternatively, it
may be possible to develop antibody-based
reagents that interfere with the binding of
inhibitory antibodies to factor VIII. In this respect
it is worth mentioning that the majority of vari-
able domain antibody fragments do not interfere
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with factor VIII co-factor activity. We have pre-
viously shown that the non-inhibitory single
chain variable domain antibody fragment EL-14
can partially neutralize factor VIII inhibitors in
an in vitro assay.18 Further study is required to
establish whether the concept of masking anti-
genic sites on factor VIII by antibody-derived
reagents can be translated into a new therapeu-
tic option for treatment of patients with
inhibitors. 
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The Feiba NovoSeven
Comparative Study (FENOC)
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The incidence of inhibitors in patients with
severe hemophilia A is around 30% in
recent prospective studies,1-3 although a

range from zero up to 52% has been reported.4,5

There are two main options in the treatment of
an inhibitor patient, the main goal being to ren-
der the patient tolerant to replacement therapy
with factor VIII by induction of immune toler-
ance. The other option, which can also be used
during immune tolerance induction before the
tolerated state has been achieved, is to treat acute
hemorrhages using by-passing agents, which to
some extent improve hemostasis. Among these
agents, the activated prothrombin complex con-
centrate Feiba has been widely used for many
years.6,7 More recently, recombinant factor VIIa
(NovoSeven) has been added to the therapeutic
armamentarium.8,9 Both these products have
been found to be effective in up to 80-90% of all
hemorrhages in non-randomized studies. The
exact by-passing hemostatic mechanism(s) for
each product is not fully understood and the
dosing also needs to be further explored. The
number of injections given for a bleed has
ranged greatly in different reports and it is
unknown so far whether one of the products
might have a better effect in certain patients.
Treatment with by-passing agents is costly.
Therefore, it is important to perform controlled
studies with these products. As yet, a compara-
tive in vivo study of effect as well as cost-effica-
cy is lacking. The FENOC study is designed to
assess the hemostatic effects of Feiba and Novo-
Seven in a randomized, controlled study. The
study is multi-center, multi-national and is orga-
nized from Malmö with the authors as principal
investigators. Additional principal investigators
have been appointed for Italy (Alessandro
Gringeri, Milan) and North America (Donna Di
Michele, New York City, USA).

Study material
Sixty patients with congenital hemophilia A

with an inhibitor and the need for by-passing
agents in the case of joint bleeds will be recruit-
ed. The expected bleeding frequency is at least
three joint bleeds per year. The lower limit of age
for eligibility is two years. Exclusion criteria are
other congenital and acquired bleeding disor-
ders, symptomatic liver disease with an INR >1.5

The development of an inhibitor is still the main
threat to the health of hemophiliacs. By-passing
agents, such as activated prothrombin complex con-
centrate and recombinant factor VIIa, are widely
used to treat acute hemorrhages in hemophilia A
inhibitor patients. The efficacy of these products
varies among patients and the treatment is expen-
sive. In the Feiba NovoSeven Comparative Study
(FENOC) a comparison is made between the acti-
vated prothrombin complex concentrate Feiba and
recombinant factor VIIa NovoSeven. The study is a
prospective, randomized, multi-center study, in
which two bleeds in each of 60 patients will be ran-
domized and treated with the products. The prima-
ry end-point is evaluation of the hemostatic effect at
6 hours. Dose and dose interval will be as recom-
mended by the manufacturers. Using an in vitro
thrombin generation test, an attempt to predict effi-
cacy of the product will be made. The FENOC study
should be considered as a basic study in order to
gain more knowledge about by-passing agents and
has the potential to create a platform for future stud-
ies on the treatment of acute bleeds in inhibitor
patients.
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and/or a platelet count <50,000×106/L and a life
expectancy of <12 months.

Study products and treatment
The doses used will be those recommended by

the manufacturers. Feiba (Baxter) will be given at
a dose of 75-100 units/kg with a target dose of
85 IU/kg and NovoSeven (Novo Nordisk) 90-
120 µg/kg with a target dose of 105 µg/kg. The
treatment will be given as home treatment or
hospital treatment and must be initiated imme-
diately or at least within four hours after the start
of symptoms of bleeding.

Study objectives and design
The study objectives are:

— To assess and compare the hemostatic effect of
a single dose of Feiba with that of two doses of
NovoSeven on joint haemorrhage 

— To evaluate the average number of infusions
required for each concentrate to stop joint
hemorrhage

— To calculate the cost-efficacy of each treatment 
— To compare the predictive value of in vitro

assays for each concentrate with regard to clin-
ical hemostatic effect. The in vitro test used
will be a modification of the thrombin gener-
ation test reported by Hemker and Beguin.10

The study is a prospective, open-label, ran-
domized, cross-over, multi-center study. Each
patient will be treated with one dose of Feiba and
two doses of NovoSeven in a randomized fashion
with a cross-over between the options for the fol-
lowing bleed. Two joint bleeds will be evaluated
in each patient. The location of the bleeds can be
in the ankle, knee or elbow and the bleeds in each
single patient can be in different locations. The
hemostatic effect will be evaluated by the patient
2, 6, 12, 24, 36 and 48 hours post-infusion
whether he thinks the bleeding has stopped or
not and how he estimates the treatment (effec-
tive, partially effective, poorly effective or not
effective). The pain will be evaluated using a visu-
al analog scale at the same time points as those
for the hemostatic effect. After six hours the
treatment will continue at the discretion of the
investigator. Any re-bleed within 48 hours after
start of treatment will be recorded. Drugs for
immunosuppression, including steroids as well
as antifibrinolytics, will be allowed after six
hours. Patients on an immune-tolerance proto-
col are eligible for the study, but should not be
given any factor VIII during the first 12 hours
after the first dose of Feiba or NovoSeven. No
prophylactic treatment is allowed with Feiba or
NovoSeven during the last 24 hours prior to
treatment with the study drug. 

Statistical analysis
The primary endpoint is evaluation of the

hemostatic effect in terms of effective, partially
effective, poorly effective and ineffective treat-
ment at 6 hours. There are several secondary end-

points, i.e. the difference in pain score before
treatment and up to 48 hours; evaluation of the
hemostatic effect in terms of effective, partially
effective, poorly effective and ineffective after two
hours (before the second NovoSeven dose), and
12-48 hours; the average number of infusions
required for each concentrate to stop the bleed-
ing; the use of analgesics. Additional secondary
endpoints are the number of re-bleeds within 48
hours post-infusion; cost-efficacy analyzed on
the basis of clinical response; correlation between
the in vitro thrombin generation with each con-
centrate added to the test and the in vivo clinical
response.

The statistical hypothesis is that there is no dif-
ference between the products, i.e. they differ by
less than 15% in efficacy. Sixty pairs of bleeds
will give a power of 95%. 

Discussion
The development of an inhibitor is still the

main threat to the health of hemophiliacs. The
treatment of these patients is a continuing chal-
lenge and there is still no general consensus
either on how to treat acute bleeds or on the
intriguing issue of immune-tolerance induction.
There is no doubt that by-passing agents may
exert a hemostatic effect in joint bleeds, but clin-
ical experience tells us that the effect is unpre-
dictable and we do not know whether the treat-
ment will have any impact on joint disease pro-
gression. The treatment is expensive, the optimal
dosage is not known and it may also be the case
that the clinical response to different concen-
trates is different in specific patients. The FENOC
study is a first attempt to address several of these
questions. The study has merits in that it is
prospective, randomized and uses doses and dose
intervals that are based on previous studies and
recommended by manufacturers. There are
thoughts that NovoSeven should be given at
higher doses,11 but as both Feiba and NovoSeven
have been reported to be effective in up to 80-
90% of all hemorrhages, a figure similar to what
has been reported for factor VIII in non-inhibitor
patients,12-14 we consider it logical to use these
recommended doses in the FENOC study. 

The study is not blinded and this may intro-
duce a bias. Blinding can be done in a study like
this, but would be a complicated process as
NovoSeven and Feiba are very different with
regard to volume, time of administration and
dose frequency. One option would be to give the
study drug and the blinded placebo at each treat-
ment occasion, but this would make the study
very laborious to run. The placebo design will def-
initely require hospital treatment, which is diffi-
cult to achieve as treatment has to be started ear-
ly after signs of a bleed. The type of bleeds eval-
uated in the FENOC study are bleeds in the most
frequent locations, i.e. elbows, knees and ankles.
Ideally, the same joint should be studied in each
patient. We have considered this to be unfeasible
because more study material would be needed
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and the scheduled 60 patients is still a substan-
tial sized cohort for this kind of disease. Anoth-
er approach to gain more study material would
be to study more than two bleeds in each patient.
This approach, however, would introduce anoth-
er bias as the patient then would have previous
experience of both drugs provided that each bleed
is randomized and, depending on the response to
the treatment, the patients may prefer one of the
products when the third and forth bleeds occur.

The FENOC study should be considered as a
basic study in order to gain more knowledge
about bypassing agents, their effects and the pos-
sibility of predicting efficacy based on in vitro
assays. The FENOC study, which is in progress in
a number of sites in Europe and the US, has the
potential to provide a platform for future studies
on the treatment of acute bleeds in patients with
inhibitors.
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Development of inhibitory antibodies in
patients with hemophilia still represents
a major challenge in regard to both erad-

ication of the inhibitor and treatment of bleed-
ing episodes.1,2 In the case of major bleeds, by-
passing agents such as activated prothrombin
complex concentrates (e.g. Feiba®‚ and Auto-
plex®, Baxter) or recombinant factor VIIa
(NovoSeven‚® Novo-Nordisk) are needed and
both agents seem to be effective in 80-90% of all
hemorrhages in inhibitor patients. However,
some patients still do not achieve an adequate
hemostatic response.3-7 The reason for this is not
yet known.

Factor IX is structurally very similar to the oth-
er vitamin K-dependent procoagulant factors  i.e.
factor VII, factor X and prothrombin.8 In addi-
tion, inhibitory antibodies that may develop in
patients with hemophilia in response to given
treatment are known to be synthesized by dif-
ferent clones. Thus, from a structural point of
view, it would not be surprising if antibodies
against factor IX in patients with hemophilia B
were to cross-react with one or more of the oth-
er vitamin K-dependent coagulation factors and
thereby to some extent possess the capacity to
reduce the hemostatic effect of factor VIIa
and/or activated prothrombin complex concen-
trates (aPCCs). We conducted an investigation
to ascertain whether Ig fractions from hemo-
philia B patients with high-responding factor IX
inhibitors exhibit antibody reactivity to other vit-
amin K-dependent proteins including factor
VIIa. We also evaluated the effect of these anti-
bodies on the formation of factor Xa and throm-
bin in vitro before and after immunoaffinity
chromatography.

Materials and Methods

Materials
Recombinant factor VIIa (NovoSeven®) was

from Novo Nordisk A/S. Recombinant albumin-
free factor VIII was kindly provided by Dr. V. Fos-
ter, Baxter, and BeneFIX® and Feiba® were pur-
chased from the same company. Purified recom-
binant factor VIIa was a generous gift from Dr.
Persson, Novo Nordisk A/S. Intravenous immu-
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Antibody reactivity to factor
VIIa may impede the effect of
by-passing agents in patients
with hemophilia B
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We studied patients with hemophilia B and high-
responding factor IX inhibitors to detect possible
cross-reactivity with other vitamin K-dependent pro-
coagulant factors due to the structural similarity of
the proteins. The aim was to explain why the hemo-
static effect of by-passing agents such as activated
prothrombin complex concentrates (aPCC) and
recombinant factor VIIa is inadequate in some
patients. Immunoglobulins (Igs) from three patients
were separately purified on protein A sepharose and
then subjected to immunoaffinity chromatography
on factor IX- and factor VIIa sepharose. All three Ig
fractions, but not commercially available Ig, con-
tained antibodies that bound to both gels. The Ig
fractions and the immunoaffinity purified anti-factor
IX and VIIa antibodies inhibited thrombin formation
in a plasma system using Feiba‚ (12 mU/mL) as
active enzyme, but had little effect in the presence
of NovoSeven‚ (18 U/mL). Minor inhibition of factor
Xa formation also occurred in a system containing
purified proteins. The divergent effect of the two
products may be due to the availability of varying
amounts of factor VIIa for neutralization by the anti-
bodies. Our findings are of unknown clinical signifi-
cance but may suggest characterization of the anti-
body profile of individual inhibitor patients to opti-
mize the type and dose of the agent used to treat
severe bleeds.
©2003, Ferrata Storti Foundation
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noglobulins and CNBr-activated sepharose 4 B
were obtained from Pharmacia & Upjohn.
Sepharose 6B coupled with factor IX was kindly
provided by Dr. Freiburghaus, Excorim. Recom-
binant factor X was purchased from Enzyme
Research Laboratories and prothrombin from
ICN Biochemicals Inc. Recombinant lipidated
tissue factor was obtained from American Diag-
nostica Inc. The fibrinogen polymerization
inhibitor H-glycine-proline-arginine-proline-OH
(GPRP) was from Calbiochem. The chromogenic
substrates S-2238 and S-2222 were purchased
from Haemochrom Diagnostica AB, factor IX-
depleted plasma from Biopool AB and human
serum albumin from Sigma.

Samples
Immunoglobulin fractions were isolated from

plasma from three patients with severe hemo-
philia B (designated P1, P2 and P3) and a high-
responding inhibitor at the age of 5-6 years using
protein A sepharose as previously described.9 The
eluted fractions were dialyzed against 0.008 mM
Hepes containing 0.139 M NaCl, pH 7.3. The
Malmö inhibitor titer was determined as
described elsewhere;10 one Malmö inhibitor unit
(MU) is approximately equal to three Bethesda
units. Western blotting was performed using
standard techniques.11

Immunoaffinity purification of factor IX anti-
bodies was performed using sepharose 6 MB to
which factor IX had been coupled as previously
described.12 Factor VIIa antibodies were isolated
using CNBr-activated sepharose 4B to which 3
mg of human recombinant factor VIIa was cou-
pled according to the instructions of the manu-
facturer. The factor VIIa gel was pre-eluted with
0.1 M Tris-HCl containing 0.5 M NaCl, pH 2.2,
and then equilibrated in the same Tris-buffer, pH
7.0, before mixing with the antibody fraction
overnight at 4°C. The gel was washed with Tris-
buffer and then eluted using a low pH. The elu-
ate was immediately neutralized to pH 7.0 and
then dialyzed against the Hepes buffer described
above.

In vitro assays
Formation of thrombin was studied in a plas-

ma system at 37°C essentially as described by
Gallistl et al.13 In short, we used 2 mM GPRP, 50
mL of factor IX-deficient or patient’s plasma and
recombinant relipidated tissue factor at a final
concentration of 0.5 ng/mL in 0.008 M Hepes
containing 0.139 M NaCl, pH 7.3. The final con-
centration of NovoSeven®‚ was 18 U/mL corre-
sponding to approximately 50% of the expected
peak value after bolus injection of 100 µg/kg.14,15

The final concentration of Feiba®‚ was titrated to
give a similar amount of thrombin formed in the
absence of antibodies as that for NovoSeven®.
The various antibody preparations and/or Hepes
buffer were added to a final volume of 218 µL
and the reaction was started by adding 0.1 M
CaCl2 to a final concentration of 5 mM. Samples

were collected at various time points for up to 30
min and added to the chromogenic substrate S-
2238 (final concentration of 0.22 mM). After
five minutes the reaction was terminated by
adding 160 µL of 50% HAc and the absorbance
was measured at 405 nm. The amount of throm-
bin formed at each time point was expressed as
a percent of the maximal amount of thrombin
formed in the factor IX-deficient control plasma.
Each experiment was repeated three times on dif-
ferent occasions.

Formation of factor Xa was studied in a system
containing purified proteins (total volume 1 mL)
in 0.008 M Hepes containing 0.139 M NaCl, pH
7.3, using factor VIII and factor X at a final con-
centration of 1 U/mL and 5 µg/mL, respectively.
The concentration of recombinant relipidated
tissue factor was 0.5 ng/mL, NovoSeven®‚ 0.25
U/mL and Feiba®‚ 0.5 U/mL. The various anti-
body preparations and/or Hepes buffer were
added and the reaction mixture  incubated for
20 min at 37°C. The reaction was started by
adding 0.1 M CaCl2 to a final concentration of 5
mM and then terminated by retransferring 150
µL of the mixture to tubes containing EDTA
(final concentration 10 mM) at 5,10, 20, 30, 40
and 60 min. S-2222 was used at a concentration
of 0.6 nM and the amount of factor X formed
measured by the absorbance at 405 nm. The
amount of factor Xa formed at each time point
was then expressed as a percent of the maximal
amount of factor Xa formed in the control mix-
ture without antibodies. Each experiment was
repeated three times on different occasions.

Results
Ig fractions from three patients with high-

responding factor IX inhibitors, i.e. a historical
peak titer of >10 BU/mL, had been collected
before the start of immune tolerance induction
(ITI) according to the Malmö model using pro-
tein A sepharose. After dialysis, the inhibitory
effect of each Ig fraction at a final inhibitor titer
of 1 MU was measured in a thrombin assay based
on factor IX-deficient plasma. All three Ig frac-
tions were found to exert an inhibitory effect on
thrombin formation in the presence of Feiba®,
whereas no major effect was seen when Novo-
Seven®‚ was used as active enzyme (not shown).
Each Ig fraction was then subjected to immuno-
affinity chromatography on a factor IX- and a
factor VIIa sepharose. Antibodies were eluted
from both gels, and Western blotting confirmed
the reactivity of the eluted antibodies to each fac-
tor (Figure 1). None of the purified preparations
exhibited any reactivity to factor VIII, X or IIa. 

In the pure system with Feiba®, using a factor
IX inhibitor titer of 1 MU, factor Xa formation
was inhibited 30% by the anti-factor IX antibod-
ies from patient P2 but was only slightly curtailed
by the antibodies from the other two patients
(not shown). In the presence of NovoSeven®,
no major inhibition was seen. All three isolates
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inhibited thrombin formation in the presence of
Feiba®, but only patient P3 had a minor effect in
the presence of NovoSeven®‚ (Figures 2A and B).

The immunoaffinity-purified antibodies
against factor VIIa were used at a final concen-
tration of approximately 0.1 mg/mL. Factor Xa
formation in the pure system with Feiba®‚ was
slightly inhibited by the antibodies from patients
P1 and P2 but not by those from the third patient
(Figures 3A and B). None of the anti-factor VIIa
preparations exerted any inhibitory effect in the
pure system with NovoSeven®. In the plasma-
based thrombin assay, all three preparations had
an inhibitory effect on Feiba®, but no impact in
the presence of NovoSeven® (Figures 3A and B).

No antibodies to either factor VIIa or factor IX
were isolated from 200 mg of commercially avail-
able intravenous immunoglobulins.

Discussion
In clinical practice, the two by-passing agents,

Feiba® and NovoSeven®, do not always seem to
have an immediate hemostatic effect, despite an

effective response in a majority of the treated
patients. In at least 10-20% of the cases, the
patients continue to bleed and occasionally
require multiple doses. So far there have been no
reports of the appearance of antibodies that
interact with the two therapeutic agents. None-
theless, considering that the vitamin K-depen-
dent factors VII, IX and X, and to some extent
prothrombin, are highly similar in structure, the-
oretically, it is possible that polyclonal antibod-
ies to factor IX cross-react with and thereby
impede the hemostatic effect of the others.
Therefore, we wanted to ascertain whether plas-
ma from hemophilia B patients with high-
responding factor IX inhibitors show antibody
reactivity to the other vitamin K-dependent pro-
coagulant factors.

As expected, reactivity to factor IX was found in
all three Ig fractions, but not in commercially
available intravenous Ig. However, antibodies to
factor VIIa were also isolated by immunoaffinity
chromatography. The anti-factor VIIa antibodies
cross-reacted with factor IX (Figure 1), which is
not surprising considering the structural simi-

Figure 1. Western blots of the antibody reactivity to Novo-
Seven® (rFVIIa) and BeneFIX® (rFIX) exhibited by the protein
A sepharose isolate (A) and immunoaffinity-purified anti-fac-
tor IX (B) and anti-factor VIIa (C) antibodies from patient
P2. Molecular weight (MW) markers are shown to the left.

Figure 2. Thrombin formation in the absence (�) and pres-
ence of factor IX antibodies isolated from Ig fractions from
patients P1 (�), P2 (�) and P3 (�), respectively. The final
concentration of Feiba® was 12 mU/mL (A), NovoSeven®

18 U/mL (B) and tissue factor 0.5 ng/mL. The reactions
were initiated by adding 5 mM CaCl2. The amount of throm-
bin formed was measured using a chromogenic substrate
and expressed as a percent of the maximal amount of each
enzyme formed in control plasma without added inhibitor.
The antibodies were added to a final anti-factor IX inhibitor
titer of 1 MU/mL in Hepes buffer.
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larity between the two factors. We do not know
whether the antibodies may have developed sec-
ondary to treatment with factor VII(a) or factor
IX concentrates, since all three subjects had been
extensively treated with blood products before
starting ITI.

The antibodies exerted only minor inhibitory
effects in the system that used purified proteins
to measure the amount of factor Xa formed. On
the other hand, pronounced inhibition was seen
with both the immunoaffinity-purified anti-fac-
tor IX and the anti-factor VIIa antibodies in the
plasma-based thrombin assay when using Feiba®

as the active enzyme. Minor or no effects were
seen in the presence of factor VIIa. Considering
that the reaction was dependent on the addition
of tissue factor and that Feiba® contains much
less factor VIIa than NovoSeven® it is possible
that the amount of antibodies in the assays with
NovoSeven® were saturated with an excess of fac-
tor VIIa, whereas the smaller amount of factor
VIIa in Feiba® was not enough to saturate and to
overcome the neutralizing effect of the antibod-

ies. This would also explain the lower degree of
inhibition seen in the factor Xa assay, since the
amount of Feiba® used was approximately 40-
fold higher than in the thrombin assay. More-
over, the 70-fold lower concentration of Novo-
Seven® used in the factor Xa assay may have been
responsible for the inhibitory effects that we
observed in this system but not in the corre-
sponding thrombin assay.

Little is known about the hemostatic mecha-
nism(s) of Feiba® and the amount of thrombin
generated in our in vitro assay may be dependent
not only on the amount of factor VIIa present,
but also on the activity of factor IX in the con-
centrate. Therefore, the inhibition of thrombin
formation that occurred in the presence of the
factor IX antibodies may have been due to direct
inhibition of factor IX.

Taken together, our data support the concept
that antibody reactivity to factor VIIa might occur
in the plasma of hemophilia B patients with
high-responding inhibitors. These antibodies
could be developed in response to treatment with
factor VII(a) containing products and/or identi-
fied due to cross-reactivity. Theoretically, the
extent to which such antibody reactivity to fac-
tor VIIa might influence the hemostatic effect of
both Feiba® and NovoSeven® could depend on
the epitope profile of the patient being treated. It
is difficult to estimate the exact concentration of
the activated factor(s) at the site of bleeding.
Therefore, it is possible that the amount of anti-
bodies actually present in vivo at a site of injury
is sufficient to exert an inhibitory effect that ren-
ders some patients less responsive to therapy or
that the pharmacokinetic profile of the infused
factor VIIa could be affected. Our findings sug-
gest that screening for antibody reactivity to vit-
amin K-dependent coagulation factors other
than factor IX might be informative in hemo-
philia B patients with high-responding inhibitors
in order to optimize and individualize the type
and dosage of the therapeutic agent used.
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[Round Table on Immune Tolerance Treatment]

Twenty years of experience with
low dose immune tolerance
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The Netherlands

pendent of their inhibitor titer. Initially in very
young children in whom venous access was dif-
ficult, factor VIII was injected twice weekly. Since
1990 in these patients an intravenous catheter
(Port-a-Cath system, PAC) is implanted in order
to obtain adequate venous access.)

When factor VIII treatment was started
because of an operation or life-threatening
bleeding and the inhibitor was less than 10
BU/mL, an initial high dose of factor VIII was
given to neutralize the antibodies. The neutral-
izing dosage was calculated as follows:11

2 × BW 80 x (100-Ht) × I
100 

where BW is body weight in kilograms, Ht is
hematocrit, and I is inhibitor in Bethesda
Units/mL.

The initial high dose was followed by infusion
25 U FVIII/kg bw twice daily for one or two
weeks, depending on the clinical status of the
patients and the anamnestic response to factor
VIII. After this period factor VII was continued 3
times a week or every other day in a dosage of
25-50 U FVIII/kg bw.

Dose adjustment
When factor VIII antibodies decreased and fac-

tor VIII recovery was restored, or when an
anamnestic response was lacking, factor VIII was
tapered down each time the absolute factor VIII
recovery was higher than 30% until a standard
prophylactic dosage of 10-15 units FVIII/kg bw
was reached. Since 1997 standard prophylactic
dose in children may be, depending of its clini-
cal effect, a similar doses of 25 U FVIII/kg bw 3
times a week.12

In patients in whom the inhibitor titer showed
no tendency to decrease over a period of 6
months or longer and in patients with a high
bleeding frequency, the factor VIII dosage was
increased to 50-100 U factor VIII 3 times a week
or every other day. In those patients in whom
the inhibitor remained high despite 2 years of

Some patients with inhibitors develop a high
titer antibody, having a brisk anamnestic
response following infusion with any factor

VIII material. In some of these patients the
inhibitor disappears spontaneously after stop-
ping factor VIII, but will relapse after the next
factor VIII infusion.1,2 For this reason factor VIII
therapy was stopped as soon as a hemophilia
patient developed an inhibitor until 1980.

In 1974 Brackmann made a first serious pro-
tocol for the irradiation of inhibitors in hemo-
philia A by designing the so called Bonn proto-
col for induction of immune tolerance in these
patients.3 The protocol originally daily infusions
with high dose factor VIII were given in combi-
nation with activated prothrombin complex
concentrate (APPC, FEIBA). This regimen was
successful in patients with low and extreme high
titer inhibitors. Since the beginning of the 1980s
various regimens for the introduction of
immune tolerance were introduced.4,8 Some-
times plasmapheresis, cyclophosphamide, gam-
maglobulin or corticosteroids were added to
these regimens.9,10 All these strategies had in
common that they were not based on any quan-
titative research and that nobody understood the
mechanism of successful treatment.

Low dose immune tolerance therapy
Low dose immune tolerance therapy was

developed because this was thought to be less
demanding for patients and staff because
patients have to be infused only 2-3,5 times
weekly. Also the amount of factor VIII infused is
low, making it for economical reasons more
attractive.

In the Netherlands this low dose immune tol-
erance regimen was first introduced in 1981 in
three young patients with life threatening bleeds.

Dosage regimen
In patients in whom factor VIII was started

with the only aim of obtaining immune toler-
ance, the factor VIII dosage was 25-50 Units fac-
tor VIII per kilogram bodyweight (U FVIII/kg
bw) every other day or three times a week, inde-
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low dose ITT, high dose ITT was started accord-
ing to the Malmö protocol.10

Choice of product
The choice of factor VIII product varied with

time. Different factor VIII products were used:
cryoprecipitate and intermediate purified prod-
uct, with and without vonWillebrand factor, as
well as monoclonal-purified and recombinant
factor VIII.

Patients
Patients are considered to have a type A

inhibitor when recovery of 50% or less is mea-
sured, with or without the clinical evidence of an
inhibitor. Patients are considered to have tran-
sient (type B) inhibitors when the second sam-
ple tested negative for antibodies and a normal
recovery was found.13 Type B inhibitors were
excluded from the study. Twenty-seven patients
with persistent antibodies were included into the
study.

Informed consent
From all patients informed consent was

obtained.

Laboratory Assays
Plasma sampling. Plasma samples for factor VIII

and inhibitor assays were collected according to
standard techniques; 4.5 mL of venous blood was
drawn with a disposable needle into a silicone
treated Vacutainer in which 0.5 mL of 3.8%
(0.13M) sodium citrate was added. Immediate
after collection, samples were carefully mixed
and centrifuged at 3000 × g for 15 minutes at
4°C. The platelet poor plasma was carefully
pipetted off and stored in a plastic tube at minus
20°C. All samples were analyzed at the coagula-
tion laboratory of the University Medical Center
Utrecht (head Prof. dr. JWN Akkerman).

Inhibitor assay
Inhibitor measurements were performed using

the Bethesda method as described by Kasper et
al.14 Inhibitor titers of 1 Bethesda Unit per milli-
liter (BU/mL) or more were considered positive.5
After 1997 inhibitor measurement were per-
formed using the modified  Nijmegen assay.15

Using this method, inhibitors higher than 0.3
BU/mL are considered positive.

Stored blood samples from all patients toler-
ized before 1997 were tested  for inhibitors using
the Njmegen method. The results were compa-
rable with those using the original Bethesda
inhibitor assay.

In patients with positive inhibitor tests, blood
samples for inhibitor measurement were subse-
quently taken every 4-8 weeks.

Factor VIII assay
Factor VIII assays were performed using the one

stage method based on the kaolin-activated par-
tial prothrombin time and expressed as a per-

centage of factor VIII present in pooled human
plasma.16

In vivo recovery
Blood samples for factor VIII assays were tak-

en before and 15 minutes after infusion with fac-
tor VIII. Recovery was defined as the percentage
of factor VIII measured and the expected level
calculated by the method according to Lee et al.17

Definition of success
Originally immune tolerance was considered

to be clinically successful when the inhibitor
decreased to < 2 BU/mL, with a factor VIII recov-
ery of at least 50% of normal and a half-life of 6
hrs or more and the absence of an anamnestic
response after infusion with factor VIII. Since
1997, after the introduction of the inhibitor
measurement according to the modified
Nijmegen method, an inhibitor of less than 0.4
BU/mL was taken as cut-off. Clinical success was
chosen as an endpoint because these patients can
be treated with prophylaxis to prevent bleeds, and
bleeds can be treated adequately with factor VIII. 

Complete success was defined as absence of
inhibitor, normal recovery and half-life time.

Follow-up
After start of ITT patients were seen at least

every month. During follow-up visits samples for
antibody test were taken. When the inhibitor was
less than 2 BU/mL recoveries were also per-
formed after infusion with the dosage factor VIII
a patient was currently using for ITT. When the
inhibitor was less than 1 BU/mL (Kasper) or less
than 0.4 BU/mL  in the Nijmegen assay, and a
recovery of more than 50% was measured, half-
life was performed after infusion with 50 U/kg
bw. Once a patient was tolerized, blood samples
for inhibitor measurement and recovery were
taken at least twice a year. The date of the last
inhibitor assay was taken as the end-point for
evaluation.

Treatment of bleeds during ITT
Bleeds in patients with active inhibitors were

treated with 50 U/kg bw APCC (FEIBA) or  90 µg
factor VIIa (NOVOSEVEN). When a patient had
a factor VIII recovery, bleeds were treated with
(increased) doses of factor VIII. Infusion with
clotting factor was repeated depending on the
clinical situation of the patient.

Statistical analysis
Probabilities of disappearance of the inhibitor

over time were estimated with the product limit
of Kaplan and Meier and were compared using
the log-rank statistic. The time lapse until disap-
pearance of the inhibitor was also examined by
univariate stepwise Cox regression analyses. All
variables found to have p values of less than 0.10
in univariate were considered candidate variables
for multivariate analyses.
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Results
The group consisted of 27 patients with severe

hemophilia A. Patient data are summarized in
Tables 1 and 2. The median age at inhibitor
development was 3 years. Inhibitors developed
after a median of 34 exposures. The median age
at start immune tolerance therapy was 13 years.
The total period of follow-up since start ITT was
336 years with a median of 13 years per patient.
Two patients were lost for follow-up, and 3
patients died from Aids.

In patient 1-11 factor VIII was continued after
an inhibitor developed, whereas in patient 12 –
27 factor VIII was discontinued for at least one
year. 

During immune tolerance induction patients
were seen at least every month. We checked the
diaries kept by the patients against the amounts
of factor VIII supplied to them. Based on these
data compliance was almost 100%.

In 21 patients (78%) success was obtained
with low dose therapy, in 4 patients dose had to
be adjusted to 75-100 U FVIII/kg bw 3 times a
week before success was seen. They were consid-
ered to be failures. In 2 other patients therapy
failed completely.

Success was obtained after 2–28 months. The
Kaplan Meier plot of the presence of inhibitor is
almost linear in the first two years of ITT, indi-
cating a constant chance of disappearance of
inhibitor. Even after 3 years of therapy there is a
chance the inhibitor will disappear. So far
immune tolerance therapy totally failed in two
patients after 48 and 50 months respectively. In
these two patients therapy failed even when ther-
apy with high dose factor VIII, intravenous gam-
maglobulin and cyclophosphamide as described
by Nilsson et al.10 was given.

Logistic regression analyses revealed (Table 3)
that there existed a relation between the highest
inhibitor level and successful ITT and the time
needed before success was obtained. Patients
with low inhibitor titers did better. All patients
with an inhibitor level of less than 40 BU/mL
were treated successfully. Patients in whom ther-
apy completely failed or in whom the dose was
adjusted had inhibitors between 44 BU/mL and
753 BU/mL. In patients with maximum inhibitor
titer of less than 40 BU/mL success was obtained
within 10 months (median 6 months). In
patients with maximum titers over 40 BU/mL
the median time before success was obtained was
18 months , but even after 36 months ITT was
successful.

Whether therapy was started directly or many
years after the inhibitor development did not
seem to make much difference in this group of
patients. Treatment with a neutralizing dose at
start of immune tolerance induction did not
improve the results. Furthermore the type of
product used to obtain immune tolerance did not
affect the results. Tolerance was also obtained
using monoclonal purified and recombinant
product (Table 2).

Complications
The most frequent complication during ITT was

the occurrence of bleeds. In the beginning bleeds
were treated with APCC, and since 1998 with
factor VIIa. When the inhibitor was low and a
factor VIII recovery was measured bleeds were
treated with factor VIII. Venous access was prob-
lematic in some small children. Therefore in five
patients Port-a-Cath systems (PAC) were
implanted at start of ITT when the inhibitor was
low or during ITT under coverage with increased
dose of factor VIII, porcine factor VIII, APCC or
continuous infusion with factor VIIa. During ITT
we have seen in 3 patient 6  PAC infections. Four
PACs were replaced for this reason.

Until 1985 seven of 12 patients treated with
ITT were infected with HIV, 3 of them died from
Aids related diseases. 

In one patient (patient 4) a relapse of the
inhibitor was observed one year after he was
tolerized. During this period a maximum
inhibitor titer of 1 BU/mL was found, with
absence of factor VIII recovery. This patient was
treated with a second course of low dose ITT with
good result. Ten years later he has had no second
relapse, is on normal dose prophylaxis and has
no spontaneous bleeds.

Present status
At their last visit (Table 4) all patients were

treated with prophylaxis, in most patients bleeds
are prevented adequately. In one patient with
severe arthropathy  high bleeding frequency is
observed, which probably is caused by the poor
physical condition of this patient. Also in young
patients with risk behavior a higher bleeding fre-
quency is seen. However these patient do not suf-
fer from spontaneous bleeds.

In one patient prophylaxis was stopped during
a period of 10 years without recurrence of the
inhibitor.  After successful ITT 27 surgical inter-
ventions were performed in 12 patients under fac-
tor VIII coverage. Bolus injection as well as con-
tinuous infusion was used with good hemostatic
effect. In none of the patients post operative
bleeding occurred.
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Table 1. Demographic data of patients on immune tolerance
therapy.

median range

Age at inhibitor development (years) 3 0,5 – 23

Number of exposures before inhibitor development 34 8 – 53

Age at start ITT (years) 13 1 – 43

Period of follow-up (years) 13 4 – 20
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Discussion
Low dose immune tolerance therapy is success-

ful. The duration of treatment is determined by
the maximum inhibitor level. Within 10 months
after start of ITT 100% success was seen in
patients with a maximum inhibitor titer of less
than 40 BU/mL.5, 18 Also in patients with a high
titer inhibitor success was obtained. However in
these patients time needed for success was
longer. But even after more than 24 months of
treatment success could be obtained.

Low dose ITT is less demanding for a patient
and his parents. A disadvantage of low dose ITT
may be the longer period of time needed before
tolerance is obtained as compared to the ITT reg-
imens that use daily high dose FVIII.19 This may
be a problem for patients with a high bleeding
tendency or for patients in whom surgery is
required.

Since the introduction of ITT in the beginning
of the 1980s success has been obtained with dif-
ferent dosage regimens. Mostly 100 U FVIII per
day are given, with or without the addition of
corticosteroids, gammaglobulin or plasmaphere-
sis.4-10 Success rates varied between 76 and 89%
and success was obtained after 1 – 18 months. In
some studies doses were compared. Haya et al
found that doses < 100 U FVIII/kg bw per day
did better than higher doses.20 But in general,
success rates in various studies are the same, only
the median time to success is different.19 How-
ever, definitive conclusions about the schedule
of preference in relation to the inhibitor titer can
only be drawn after prospective, randomized con-
trolled studies. Hopefully the study as proposed
by Hay et al will give an answer to this.21

Table 2. Course of inhibitor before, during and after immune tolerance therapy (ITT).

Pat. 1st inhibitor Highest inhibitor level Inhibitor level Highest anamnestic Time needed Product used Follow-up
in BU/mL before ITT at onset ITT response at ITT for success for ITT since start ITT

in BU/mL in BU/mL in BU/mL (months) (years)

1 * 1.3 8.7 8.7 None 6 Intermediate purified 15
2 * 1.1 1.1 1.1 None 2 Cryoprecipita-te 18
3 #,** 8.1 8.1 4.0 11 6 Intermediate purified conc 16
4 ** 2.5 2.2 2.2 68 24 Intermediate purified conc. 16
5 ** 3.9 3.9 3.9 None 3 Cryoprecipita-te 19
6  * 4.2 4.5 4.5 4.6 8 Intermediate purified conc. 15
7 * 1.1 1.3 1.3 11.0 6 Interm purified conc with vW 8
8 ** 9.7 9.7 9.7 24 6 Intermediate purified conc 10
9 ** 8.0 8.0 8.0 220 36 (dose adjusted) Intermediate and mono-clonal conc 10
10 * 2.0 25 5.0 753 24 (dose adjusted) Recombinant 5
11* 5.0 5.0 5.0 None 6 Recombinant 4
12* Pos 23 0.6 2.3 6 Monoclonal 4
13 #,* Pos 177 0.4 17 12 (dose adjusted) Intermediate purified conc. 18
14 #,* Pos 160 4.6 66 27 (dose adjusted) Intermedied purified conc 11
15 #,* Pos 3.5 0.7 3.3 10 Intermediate purified conc. 16
16 #,* Pos 94 2.8 34 12 Intermediate purified conc. 6
17 #,* Pos 15.5 2.5 None 6 Intermediate purified conc 20
18 * Pos 15.6 1.0 2.7 9 Intermediate purified 20
19 #,* Pos 164 1.2 1.6 14 Intermediate purified 16
20 #,* 52 76 1.7 8.5 18 Intermediate purified 18
21 #,* Pos 83 5.7 83 18 Intermediate purified conc. 15
22 * 8.0 10.4 0.3 None 3 Cryoprecipitate 19
23 * 5.0 64 7.3 31 28 Intermediate purified 13
24 #,* 3.0 3.0 1.1 None 2 Intermediate purified conc. 4
25 #,* 4.3 51 1.5 19.3 8 Monoclonal purified 8
26 #,* Pos 33 2.8 450 Malmö protocol failure Intermediate purified and monoclonal 5
27 * Pos 25 0.6 44 Malmö protocol failure Intermediate purified and monoclonal 7

#= initial high doses of factor VIII to neutralise the antibodies, followed by twice daily 25 U/kg bw factor VIII for 1 –2 week; *= Factor VIII 25-50 U/kg bw 3 times a week or
every other day; **= Factor VIII 25-50 U/kg bw 2 times a week.
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Conclusion
Low dose ITT (25-50 u FVIII/kg bw 3 × week)

is appropriate for patients with low titer
inhibitors, for young children in whom an
inhibitor just has developed and for patients with
high titer inhibitors who have a low bleeding fre-
quency. Also for patients in whom ITT has not
been attempted due to the high costs of other
schedules low dose ITT may be indicated.18
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inhibitors.6-8 This waiting phase (delay of ITI)
allow transient inhibitors to be excluded and the
optimal moment to start the ITI to be reached:
the often difficult venous access of the children
can be improved, and if necessary a port-system
can be installed before starting ITI. All persons
involved, including the family of the patient, can
be thorougly prepared for the treatment.9,10

Finally, the inhibitor can be allowed to fall,
hopefully to a titer of 10 BU or less, before  treat-
ment with a high-dose ITI-regimen according to
the Bonn-protocol is initiated. 

This protocol is intended to optimize  ITI by
preventing further boosting of the inhibitor titer
and by delaying the start until an uninterrupted
course can be expected. Starting at a low level of
the inhibitor probably additionally improves the
outcome of the treatment and might optimize
the costs by reducing the duration and thus the
consumed quantity of FVIII product.7,11 To date
there are only a few documented cases treated
according to such a protocol.8,12 To prove this
hypothesis more cases would be necessary. 
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After the detection of an inhibitor in a
patient with hemophilia A , the immediate
start of an immune tolerance induction

(ITI) is usually recommended.1 This can be dif-
ficult to carry out for smaller centers, lacking the
required experience with this type of treatment.
The registry of the Immune Tolerance Study Group
(ITSG) shows  that about 40% of these patients
have, in fact,  only been placed on ITI after a
longer delay. No details are known about the
therapeutic measures used in the time of delay.2
The question will be discussed of how an ade-
quate protocol could not only keep the patients
in good health during this waiting phase but per-
haps might even be of some advantage for them.

Retrospective evaluations from ITI registries
have shown a number of variables positively
affecting the duration and the outcome of ITI.
Some of them are:
— low inhibitor titer at the onset of ITI;2-4

— no repeated boosting of the inhibitor or low
historical inhibitor titer;2,3,4

— no interruptions of ITI;5
— High-dose ITI-regimen.2

These variables can be influenced by an appro-
priate treatment protocol: early detection of an
inhibitor by frequent testing during the first  days
of treatment. This prevents further boosting
from being given, which could, at least in some
patients, lead to increasingly high titers of the
inhibitor. Therefore, in case of a positive result,
the administration of standard factor concen-
trates has to be immediately stopped and treat-
ment on demand with recombinant factor VIIa
(rFVlla) has to be started. This product usually
shows a very good efficacy in the type of bleeds
seen in young patients mostly affected by
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occasions the ports were inserted in the subcla-
vian vein, 6 were inserted in the external jugu-
lar, and 2 more in the saphenous. There were
one or more infections in 20 out of the 20 ports
(66%). The rate of first infection per 1000 days
of use and per port was 2.24. The most frequent
germs, on order of frequency, were Staphylococ-
cus epidermidis, Staphylococcus aureus, Pseudo-
monas, Klebsiella, Proyteus and Escherichia Coli.

In nine cases, removal and replacement of the
port was required due to the persistence of the
infection, despite local and systemic antibiotic
treatment. Two of the second ports also became
infected. Of the 19 patients who completed the
ITI treatment, 14 successfully achieved tolerance
while the other 5 failed. Out of the 19 cases, the
port presented infections in 9 while 10 remained
infection free. Of the 5 cases in which tolerance
was not achieved, 4 presented infections. Of the
10 cases free from infection, tolerance was
achieved in 9 and there was one failure (Table 1).

Discussion
There is a wide range of results (expressed in

percentage of infected ports) in relation to port
infections in hemophilia, varying from 10 to
60%, and in the infection rate per 1000 days of
port use, varying from 0.14 to 0.76 (Table 2).1–15

It must be born in mind that some studies are

There is no doubt that port-a-caths (ports)
are an extremely useful tool in the current
treatment of hemophilia. Many hemophil-

iac children with problems of venous access are
undergoing a home prophylactic treatment pro-
gramme or have completed immune tolerance
induction (ITI) treatment thanks to these
devices. Their use is widespread in a number of
countries. However, they are not free of certain
complications, of which the most frequent are
infections and thromboses.

In Spain, port use in hemophilia has most fre-
quently been for ITI programmes in patients with
inhibitors. The results presented here, from the
Spanish Registry, are for these pediatric patients,
in whom a high infection rate has been observed.

Aims
To evaluate port use for facilitating ITI treat-

ment to factor VIII in a pediatric population of
hemophiliacs with inhibitors. To evaluate the
presence of infections and their potential influ-
cence in achieving tolerance.

Methods
Completion of a questionnaire on port inser-

tion, use, and associated complications. The
questionnaire is distributed to all treatment cen-
tres in the country for patients with bleeding dis-
orders. It is completed when a port is inserted,
after which it is updated yearly. 

Results
Thirty ports have been used in 21 severe

hemophilia A patients with inhibitors, in order
to carry out ITI treatment. Nine patients required
a second port. Insertion was at an average age of
4.2, ranging from 16 months to 16 years. The
inhibitor titer at the moment of insertion was
between 1 and 789 BU, with an average of 92
BU. Factor VIIa was used for surgical coverage in
16 cases, in a further 8 cases factor VIII was used
and in 6 other cases activated prothrombin
complex concentrates (aPCC) were used. On 22

Table 1. Success and failure of ITI in relation to the pres-
ence of infections in ports.

Patient (%) Infection (%) No infection (%)

Tolerance 14 (74) 5 (36) 9 (64)
No tolerance 5 (26) 4 (80) 1 (20)
Completed ITI 19 9 10
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still at a preliminary stage, so the number of
patients and ports are low and the follow-up
period short, causing values to vary over time and
with the addition of more patients. The results
should therefore be interpreted with caution. On
some occasions, as in the Spanis register, the high
incidence is due to port being used for ITI in
patients with inhibitors. It is well known that in
these cases there is a much higher infection rate,
probably because treatment  involves greater use
of the port and there is no normalization in
hemostasis. This leads to frequent hematomas
where the skin is punctured, which, in turn,
facilitates the presence of infections at this site
and the entrance of germs into the system.16

There is also a wide range of results (50-83%) in
the much higher percentages of infections in
these cases (Table 3).

Although the serious consequences of these
infections have not been described, they must
not be underestimated, as they are bacterial
processes, some of which are potentially very seri-
ous gram-negative germs,19 resistant to local and
systemic treatment, and, in many cases, requir-
ing the removal and replacement of the port.

The role of infection in inhibitor development
and their influence in the results of ITI are a sub-
ject of some debate.20 In the Spanish register, of
the 5 patients who did not achieve tolerance, 4
had presented infections in the port-a-cath, and
of the 10 who did not suffer infections in the
ports, 9 achieved tolerance. Although the num-
ber of cases is low, a negative effect of infections
on the results of immune tolerance can still be
detected. The inhibitor titer before and after
infections may also be worth observing. Throm-
bosis represents a further complication with
ports and one that is of growing concern.

Although no cases have yet been referred to the
Spanish register, a prevalence of up to 18%21 has
been published and there is a general increase in
cases, particularly when the period of use is pro-
longed for more than 4 years.

Conclusions
There is no doubt that port-a-caths are a gen-

uinely efficacious tool in current hemophilia
treatment and especially in ITI. However, the
high rate of complications - particularly infec-
tions - associated with port use in patients with
inhibitors, as observed in the Spanish and other
studies, needs to be evaluated. Infections may
negatively influence the results of ITI and some
of them are potentially serious. It may be wise to
exhaust the possibilities of administration via
peripheral veins before taking a decision on
whether to implant a port for ITI. Should implan-
tation be required then the most thorough anti-
septic measures must be taken.
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The development of inhibitory antibodies
remains an unresolved issue in hemophilia
treatment. Several non-genetic and genetic

factors that could influence the risk of inhibitor
development have been discussed, but so far no
strong correlations have been found.1 Frommel
and Allain suggested as early as 1977 that a
genetic predisposition to inhibitor development
might exist, and this hypothesis has since
received support from studies in North Ameri-
ca.2-4 The nature of this genetic predisposition is
largely unknown, although the underlying factor
VIII mutations are  known to be important.5-7

No clear correlation with the HLA profile has
been found, although HLA DQA1*0102 could
be of some importance.8-12 In an attempt to
study genetic factors predisposing to inhibitor
development, in 1996 we initiated the Malmö
International Brother Study (MIBS), a registry
of siblings with hemophilia in Europe and North
America with and without a history of
inhibitors.13 An up-date of the registry is pre-
sented here.

Design and Methods

Subjects
In 1996 all centers of the Immune Tolerance

Study Group (ITSG)14 were invited to participate
in the Malmö International Brother Study (MIBS).
These centers then received two standardized
questionnaires with a request for information
regarding twins and non-twin brothers. The fol-
lowing information was gathered: personal data,
ethnic background, type of hemophilia, treat-
ment, inhibitor data including titer at discovery
expressed in Bethesda units (BU), peak titer and
current titer as well as methods used to induce
immune tolerance. In the case of twins, data
concerning mono- or dizygosity were requested.
A high-responding inhibitor was defined as a his-
torical peak titer >5 BU and a low-responding
inhibitor was one with a peak titer of ≤ 5 BU.
Severe hemophilia A corresponds to a factor VIII
clotting activity of <1%, whereas moderate and
mild hemophilia correspond to an activity of 1
to 5% and >5%, respectively.

Statistics
χ2 analysis was used for statistical evaluation

of expected versus observed frequencies of
inhibitors. An expected number of inhibitor sub-
jects of at least five was required in each group.
A p value below 0.05 was considered to indicate
statistical significance.

The Malmö International Brother Study (MIBS) was
initiated in 1996 to study the issue of predisposing
factors to inhibitor development in hemophilia
patients. As of August 2001, 528 families have
accrued, of whom 451 suffer from hemophilia A and
77 hemophilia B. Twenty-five of the brother pairs are
twins. The inhibitor incidence in all families with
severe hemophilia A was 29.8%. In 36 of the 110
inhibitor families (32.7%), at least two brothers had
a history of inhibitors. In 24 of these families, the
inhibitor was also of the same type, i.e. either high-
or low-responding. The overall concordance within
249 severe hemophilia A families was found to be
78.3% compared to an expected figure of 68.0%
and 58.0% using an inhibitor incidence of 20 and
30%, respectively (p<0.0001). The corresponding
figure for 17 twins was 88.2%. The risk of inhibitor
development in families with a previous inhibitor his-
tory was found to be 48% (95% CI 35-62%), where-
as the risk in families with no previous known
inhibitor was only 15% (95% CI 11-21%) corre-
sponding to a relative risk of 3.2 (95% CI 2.1-4.9).
In future studies, families within the registry will be
used for the screening of genetic markers that may
predispose to inhibitor development. 
©2003, Ferrata Storti Foundation
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Results
As of August 2001, data concerning 1,108 sub-

jects in 528 families had been accrued (451
hemophilia A and 77 hemophilia B) from 27
hemophilia centers in Europe and North Amer-
ica. The characteristics of these families are
shown in Table 1. Twenty-five are twins of whom
monozygosity was confirmed in 15 pairs. Twen-
ty-one of the twins suffer from hemophilia A (17
severe and 4 mild) and 4 from hemophilia B (2
severe and 2 mild). 

A history of inhibitors was described in 13.3%
of all subjects and in 110 families. Eighty-five of
these families were of Caucasian origin as shown
in Table 2. The inhibitor incidence in all severe
hemophilia A individuals was 20.6% corre-
sponding to 29.8% of the families.

The distribution of low- and high-responding
inhibitors in each family is shown in Table 3. A
history of inhibitor was reported in more than
one sibling in 36 of the 110 inhibitor families. In
24 of these 36 families the same type of inhibitor
response was reported. Six of the 25 twins report-
ed a history of inhibitor. Three of these were con-
firmed monozygotic twins, of whom both broth-
ers had a history of a high-responding inhibitor

in two cases. In the remaining discordant pair,
one brother was a high-responder whereas the
other had no history of an inhibitor.

The observed inhibitor history within 249 of
the families with two siblings suffering from
severe hemophilia was significantly concordant
using expected inhibitor incidences of 20 and
30%, (Table 4), corresponding to an overall con-
cordance of 78.3%.13 The corresponding figure
for the small group of 17 twins with severe
hemophilia A was 88.2%. The risk of a sibling
with hemophilia developing antibodies if an old-
er brother had a history of inhibitor was found to
be 48% (95% CI 35-62%), whereas the risk in
the case of no previous known inhibitor in the
family was only 15% (95% CI 11-21%) corre-
sponding to a relative risk of 3.2 (95% CI 2.1-
4.9).

Discussion
Characterization of genetic markers affecting

the risk of developing inhibitory antibodies is a
difficult but highly warranted task. So far, the
most significant factor has been the underlying
genetic defect, in that large rearrangements have
been associated with an increased incidence of
inhibitors.5,6 However, even on this matter con-
tradictory data exist.7 In our MIBS registry, we
found significantly more siblings, both twins and
non-twins, with an inhibitor than could be
explained by chance alone. This finding is in
agreement with previous reports.2–4 We also
found that the risk of a sibling developing an
inhibitor was three-times higher in families with
a previous known inhibitor (CI 95% 2.1-4.9). As
in all retrospective studies of inhibitor incidence,
some transient low-responding inhibitors might
have been missed and the true number of patients
with inhibitors among the MIBS siblings is prob-
ably underestimated. The issue of why some
patients develop high- and others low-responding
inhibitors is also unresolved, but is of major
importance since the clinical and economic
impact, as well as the outcome, is so different.

Table 1. Characteristics of
the 528 brother pairs.

Table 2. Incidence of inhibitor families stratified according
to type of hemophilia and ethnicity. The number of families
in each subgroup is shown in Table 1.



47

haematologica vol. 88(supplement n. 12):september 2003

IV International Workshop on Immune Tolerance in Hemophilia

Comparing the genetic profile between siblings
with the same underlying factor VIII/IX gene
defect but a different anamnestic response, may
help to address this issue.

A study protocol to evaluate polymorphism(s)
of genes known to be of importance for the
immune response has been developed and the
collection of samples within Europe will soon be
initiated. In addition, a large genetic screening
of families with hemophilia is being planned
together with the NCI and after the protocol has
been finalized at the end of this year, data and
sample collection will start in the middle of next
year. It is hoped that  these studies will shed some
light on the intriguing issue of inhibitor devel-
opment. 
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Catalytic antibodies to factor
VIII
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Anti-FVIII antibodies arise in 20 to 50% of
patients with hemophilia A following ther-
apeutic administration of exogenous FVIII

to treat bleeding episodes. Some anti-FVIII anti-
bodies, referred to as FVIII inhibitors, neutralize
the pro-coagulant activity of FVIII and preclude
the further administration of FVIII to the
patients. The occurrence of FVIII inhibitors
remains a major therapeutic challenge and
much effort has been dedicated in the last 15
years to understanding the nature of FVIII
inhibitors and the mechanisms by which they
inhibit FVIII activity. 

The antibody response to FVIII in patients with
hemophilia A is highly heterogeneous.1-4 Factor
VIII inhibitors are exclusively of the IgG isotype.
Although early work had suggested that anti-FVIII
alloantibodies are predominantly of the IgG4

subclass, more recent observations using poly-
clonal preparations of affinity-purified anti-FVIII
antibodies indicate that the isotypic distribution
of FVIII inhibitors follows the physiologic profile
of IgG subclasses.3 The inhibitory titer of FVIII
inhibitors is represented as Bethesda units (BU),
1 BU being defined as the inverse of the IgG con-
centration inhibiting 50% of total FVIII activity.
There is evidence to suggest that the occurrence
of inhibitors correlates with the genetic abnor-
mality underlying the disease.5 Thus, 35% of
patients with large gene deletions in the FVIII
gene, gene inversions and stop mutations devel-
op inhibitors whereas inhibitors occur in only 5
to 7% of patients with missense mutations and
small deletions in the FVIII gene.

FVIII epitopes that are targeted by inhibitors
have been mapped by immunoblotting,2,4 by im-
munoprecipitation of conformational epitopes
expressed by recombinant fragments of FVIII6

and by competition experiments between poly-
clonal preparations of affinity-purified human
anti-FVIII antibodies and monoclonal murine
antibodies for binding to FVIII.3,7 Three major
clusters of B-cell epitopes have been delineated
and span the A2 domain on the heavy chain
(amino acids 373-740),8,9 epitopes located in the
A3 domain,3 and in the C2 domain.10-12 A mono-
clonal human FVIII inhibitor has also been

The occurrence of factor VIII (FVIII) inhibitors is the
major complication associated with the administra-
tion of exogenous FVIII to patients with hemophilia A.
FVIII inhibitors have been shown to neutralize the pro-
coagulant activity of FVIII in a passive manner, i.e. by
steric hindrance they prevent the interaction between
FVIII and other molecules of the coagulation cascade.
We have described in multitransfused patients with
hemophilia A, the presence of anti-FVIII IgG anti-
bodies that hydrolyze FVIII. The estimated kinetic
parameters derived for FVIII cleavage by anti-FVIII
antibodies are in line with the previously described
catalytic antibodies. The identified cleavage sites
are evenly spread throughout the FVIII molecule and
are located after an arginine or a lysine in most cas-
es. We have recently shown that the catalytic anti-
bodies are highly prevalent among hemophilia A
patients with FVIII inhibitors. Catalytic antibodies to
FVIII are the first example in which the hydrolysis of
the target molecule by hydrolytic antibodies may be
directly relevant to the etiology of the disease. The
characterization of FVIII inhibitors as site-specific
proteases may provide novel strategies in the design
of therapy against FVIII inhibitors in patients with
hemophilia A. 
©2003, Ferrata Storti Foundation
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shown to recognize an epitope in the C1 domain
of FVIII.13

Most FVIII inhibitors described to date neu-
tralize the pro-coagulant activity of FVIII by
blocking functional epitopes by steric hindrance.
FVIII inhibitors that bind to the heavy-chain of
FVIII prevent the cleavage of FVIII by thrombin or
by activated factor X and the subsequent activa-
tion of FVIII.4,8,14,15 Light-chain specific inhibitors
prevent the interaction of FVIII with activated
factor IX,16 or phospholipids and/or von Wille-
brand factor (vWF).10,17-19 A second category of
FVIII inhibitors bind to neo-epitopes formed by
the association of FVIII and vWF, thus reducing
the dissociation rate of FVIII from vWF.20 In addi-
tion to FVIII inhibitors, the plasma of inhibitor-
positive patients contains anti-FVIII antibodies
directed to non-functional determinants of the
molecule.2,3 Such antibodies, together with anti-
bodies specific for functional epitopes, may be
involved in the formation of immune complex-
es in multitransfused patients with haemophilia
A21 and result in an accelerated in vivo clearance
of FVIII.3 Altogether the latter mechanisms are
passive mechanisms of inhibition of FVIII that
are mediated by the passive binding of antibod-
ies to the molecule. We wondered whether some
anti-FVIII antibodies may neutralize FVIII in an
active manner, may be endowed with enzymatic
activity and behave as catalytic antibodies.

The concept of catalytic antibodies was first
introduced in the early 1940's by Linus Pauling.22

At the time, Pauling hypothesized that if the anti-
gen binding sites of immunoglobulins are ran-
domly generated, which was later to be con-
firmed, then the possibility exists that some of
them may structurally mimic the active site of
enzymes and thus be endowed with catalytic
activity. It was not until the advent of hybridoma
technology in the 1970's that it became possible
to confirm Pauling's hypothesis formally. In
1986, Tramontano et al. demonstrated that it is
possible to raise monoclonal murine antibodies
endowed with esterase activity upon active
immunization of mice using an analog of the
transition state structure of the ester bond cleav-
age chemical reaction. In humans  the presence
of catalytic antibodies with hydrolytic activity has
since been demonstrated in several instances. In
1989, S. Paul et al. purified and characterized
antibodies capable of cleaving the vasoactive
intestinal peptide from the plasma of patients
with asthma.23 Later, antibodies able to hydrolyze
DNA and thyroglobulin were purified from the
plasma of patients with lupus erythematosus and
of patients with Hashimoto's thyroiditis.24,25

Antibodies able to hydrolyze and activate pro-
thrombin into thrombin were found among
monoclonal light chains of patients with multi-
ple myeloma.26 It is interesting to note that in
none of these pathologic manifestations is the
hydrolysis of the target molecules directly rele-
vant to the clinical manifestations. We wondered
whether, if some of the anti-FVIII antibodies of

patients with hemophilia A are able to hydrolyze
the molecule, a direct correlation between the
occurrence of catalytic antibodies and the clini-
cal manifestations could be demonstrated for the
first time.

IgG were isolated from the plasma of patients
with severe hemophilia A who had developed
high titers of FVIII inhibitors following perfusion
of therapeutic FVIII. IgG were purified from plas-
ma by ammonium sulfate precipitation, followed
by chromatography on protein G. In our first
series of experiments, anti-FVIII antibodies were
further purified by affinity-chromatography on a
human FVIII-coupled sepharose matrix. Radio-
labeled FVIII presented a characteristic migration
profile, with protein bands ranging from 300 to
70 kD. Incubation of FVIII in the presence of
anti-FVIII IgG of 2 of 3 patients resulted in the
hydrolysis of high molecular weight bands and
appearance of bands of molecular weight lower
than 70 kD, whereas incubation of FVIII with
IgG of a third patient did not result in FVIII
hydrolysis.27 Similarly, incubation of FVIII with
normal polyclonal human IgG (IVIg, Sandoglob-
ulin®) and with a control human monoclonal
IgG directed to cytomegalovirus did not result in
FVIII proteolysis.

The following lines of evidence confirmed that
FVIII hydrolysis was not due to contaminating
proteases:27 (i) anti-FVIII IgG from patients BO1
and WA1 exhibited different kinectics of FVIII
hydrolysis and different digestion patterns,
whereas that of patient CH1 did not cleave FVIII,
suggesting that FVIII hydrolysis is mediated by
the variable regions of antibodies; (ii) the cat-
alytic activity to FVIII was co-eluted with anti-
FVIII IgG, whereas IgG not retained on the FVIII
matrix did not cleave FVIII; (iii) removal of IgG
from the preparations of affinity-purified anti-
FVIII antibodies by chromatography on protein G
resulted in the complete loss of the hydrolyzing
capacity; (iv) co-incubation of FVIII and anti-
FVIII IgG in the presence of several protease
inhibitors (i.e., E-64, pepstatin, leupeptine) did
not prevent FVIII hydrolysis; (v) size-exclusion
chromatography of urea-treated affinity-purified
anti-FVIII IgG yielded a major peak that was
devoid of contaminants and retained the cat-
alytic activity to FVIII; (vi) F(ab')2 fragments pre-
pared by pepsin digestion of affinity-purified
anti-FVIII IgG were able to cleave FVIII, further
suggesting that FVIII hydrolysis is mediated by
the variable regions of the antibodies.

More recently, we have purified IgG from the
plasma of 24 patients with severe hemophilia A
and FVIII inhibitors.28 The patients' IgG were all
subjected to size-exclusion chromatography in
the presence of 8 M urea followed by renatura-
tion by extensive dialysis. Significant hydrolytic
activity was detected among IgG of 13 patients
out of 24. In contrast, IgG from 4 patients with
severe hemophilia A without detectable inhibitor
did not cleave FVIII, suggesting a correlation
between the presence of FVIII-hydrolyzing anti-

IV International Workshop on Immune Tolerance in Hemophilia
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bodies and that of FVIII inhibitory IgG. Never-
theless, patients were heterogeneous when rates
of FVIII hydrolysis were compared with inhibito-
ry activity: thus, 11 patients presented with FVIII
inhibitory activity in plasma but with no FVIII-
hydrolyzing activity among purified IgG; others
presented with high rates of FVIII hydrolysis and
low inhibitory activity in plasma; a few patients
had both high rates of FVIII hydrolysis and high
inhibitory activity in plasma. A moderate corre-
lation between the rate of FVIII hydrolysis and
the FVIII-neutralizing activity in plasma may
reflect the complex and multiple mechanisms
that participate simultaneously in inactivating
FVIII in vivo.

The cleavage fragments generated among IgG
of different patients ranged between 70 kD and
less than 30 kD. Smaller digestion fragments
were not detected under the experimental con-
ditions used (i.e., 10% SDS-PAGE). N-terminal
sequencing of the generated digestion fragments
of FVIII allowed the identification of the cleavage
sites in the case of four patients with FVIII-
hydrolyzing antibodies. Overall, the cleavage sites
are evenly spread throughout the A1, A2, B, A3
and C1 domains of the FVIII molecule and are
located after an arginine or a lysine in 85% of the
cases (unpublished data). Identification of the
cleavage sites on the available 3 dimensional
models of the A1, A2, A3 and C1 domains indi-
cates that most cleavage sites are located on the
outer core of the molecule and are readily acces-
sible by the antibodies. Using both radiolabeled
FVIII and synthetic peptides coupled to a fluo-
rescent dye as substrates, we have calculated the
kinetic parameters of the anti-FVIII hydrolytic
antibodies. Vmax and Km were between 6 and
600 fmol/min and 10 and 1500 µM, respective-
ly. The estimated catalytic efficiency was in the
range of 0.6 or 60 M-1.sec-1 (unpublished data). In
calculating the kinetic parameters, we overesti-
mated the quantity of hydrolytic IgG, assuming
that all IgG molecules present in the assay are
catalytic. Paul et al. estimated the amount of
antibodies hydrolytic to the vasoactive intestinal
peptide within pools of purified IgG to be equal
to 73.4 fmol/mg of IgG (Paul et al., 1989). The
catalytic efficiency calculated in the case of FVIII-
hydrolyzing antibodies may thus be underesti-
mated by several orders of magnitude. 

Taken together, our data demonstrate that
hydrolytic antibodies are present among anti-
FVIII IgG of inhibitor-positive patients with
hemophilia A. Hemophilia thus appears as the
first human disease in which hydrolysis of the
target molecule by catalytic antibodies may
account for the clinical manifestations. We hope
that the identification of molecules that specifi-
cally block the catalytic activity of anti-FVIII anti-
bodies will provide novel therapeutic approach-
es for patients with inhibitors in the near future.
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expressed on B- and T-cells.3
A good indication of how anti-idiotypîc anti-

bodies can indeed exert a regulatory mechanism
in the periphery is provided by the demonstra-
tion that healthy individuals with normal levels
of FVIII produced significant titers of inhibitory
antibodies to FVIII,4,5 the activity of which is
undetectable in plasma because of the presence
of complementary anti-idiotypic antibodies.
However, such a FVIII inhibitory activity can be
readily detected whenever anti-FVIII antibodies
are purified by a combination of chromatogra-
phy and specific immunoadsorption over an
insolubilized-FVIII column.6 The FVIII inhibito-
ry capacity of these Abs was demonstrated to be
equal to that of anti-FVIII Abs purified from
hemophilia A patient’s plasma with high level
of inhibitors, as measured by the Bethesda
assay.6

Such neutralizing anti-Id activity has also been
detected in a group of patients successfully
desensitized by administration of high doses of
FVIII.7 The study demonstrated that the concen-
tration of anti-FVIII antibodies, purified by the
same procedure as for healthy donors, did not
change during desensitization and that antibod-
ies maintained their capacity to inhibit the pro-
coagulant function of FVIII, even though Bethes-
da unit titration in plasma was reduced to unde-
tectable levels. This showed the potentially
important function of anti-Id regulation in tol-
erance to the FVIII molecule. Therefore, any new
therapy inducing an increased production of
anti-Id Abs could be a method of choice in the
treatment of inhibitors. A first approach along
these lines has been reported: patients were
treated by injections of immune complexes made
of FVIII and autologous specific antibodies
towards FVIII, which resulted in a significant
reduction in the level of circulating FVIII
inhibitors that were neutralized by correspond-
ing anti-Id Abs.8 Such an approach could open
up the way towards new therapeutic strategies
for FVIII inhibitors, at potentially low cost com-
pared to classical desensitization.

To get further insight into the mechanisms by
which anti-FVIII antibodies are produced and
the role of the second generation of Abs (anti-
Ids) in FVIII tolerance maintenance and/or

The major complication following factor VIII
(FVIII) infusion in hemophilia A patients is
the development of a specific immune

response. It is usually admitted that 20% of
patients under such therapy develop an antibody
response towards FVIII.1 The actual incidence is,
however, difficult to provide, with percentages
varying from 0% to 45% in individual studies,2
depending of the patient population considered,
the method used to detect inhibitors, the detec-
tion threshold level, and the frequency and time
points (transient inhibitors) at which inhibitor
detection is carried out.

An important additional factor that further
complicates the evaluation of inhibitor inci-
dence is the fact that anti-idiotypic antibodies
can neutralize the activity of inhibitors in plas-
ma. Idiotype refers to the ensemble of determi-
nants that are located within the variable part of
antibodies (Abs1) or antigen-specific receptors
of T-cells. Therefore, anti-idiotypic antibodies
(anti-Ids) are second-generation antibodies
(Abs2) directed towards the variable part of
pathogenic antibodies and have the theoretical
capacity to neutralize Ab1 activity and produc-
tion.

It is well established that tolerance to self-pro-
tein is first induced at an early stage by clonal
deletion of self-reactive B- and T-cells in the
bone marrow and the thymus, respectively.
However, not all self-reactive lymphocytes are
eliminated by central deletion. Auto-reactive B-
cells are a common feature of peripheral blood,
as well as low- or intermediate-affinity self-reac-
tive T-cells.

A number of mechanisms by which such auto-
reactive cells are rendered non-functioning or
are deleted in the periphery have been described.

Anti-idiotypic antibodies could represent a
third level of tolerance maintenance in this gen-
eral scheme, with their capacity to fine tune the
function of antibodies and maintain a subtle
equilibrium between complementary idiotypes
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induction, animal models have been developed.
A first model, the FVIII-knockout mouse,9 in
which there is no circulating FVIII molecule,
allowed us to show an immune response upon
injection of human FVIII without the possible
interference due to the cross-reactivity between
mouse and human FVIII. A second model, called
the severe combined immunodeficiency (SCID)
mouse9,10 lacks the enzyme required to rearrange
DNA for immunoglobulin synthesis and antigen
receptor T-cells, can be used to reconstitute an
immune response de novo. For example, it was
shown that by reconstituting mice with cells
from hemophilia A patients, followed by FVIII
injection, it is possible to reproduce a human
anti-FVIII immune response in this strain of
mice.

Based on the results of idiotypic interactions
obtained in healthy donors, hemophilia A
patients and animal models, passive and active
therapies can be envisaged. Passive therapy could
be helpful in the case of emergency and involve
the infusion of anti-Id Abs in patients with
inhibitors. Such anti-Id Abs are present in intra-
venous immunoglobulin (IVIg) solution11 or
could be obtained from enriched or purified
preparations from a healthy donor plasma pool,
since it has been demonstrated that plasma from
healthy donors contains significant amounts of
anti-Id Abs. In this context, one can perhaps con-
sider that the efficacy of IVIg infusion in patients
with auto-immune inhibitors12 is related to its
content of anti-Ids Abs, even though anti-Id lev-
els are usually found to be very low. Anti-Id Ab-
enriched preparations might represent a suitable
alternative for passive immunotherapy. Active
immunization with idiotype has already been
successfully attempted in man in the case of
tumor-specific non-Hodgkin’s lymphomas.13 We
also observed that classical desensitization
towards FVIII inhibitors through infusion of high
doses FVIII induced an increased production of
anti-Id Abs, a result also achievable at the lowest
cost by injection of autologous FVIII/anti-FVIII
Abs complexes.8

The key question is to define what should be
injected to enhance a specific anti-Id immune
response. This question is particularly important
with FVIII, with regard to the size of the FVIII
molecule and the number of recognized epitopes.
In an attempt to address this major question, the
anti-FVIII Abs repertoire is being explored at the
clonal level. In our laboratory, we started pro-
ducing high-affinity human monoclonal Abs
towards FVIII using a method involving cell
immortalization with the Epstein-Barr virus.14,15

Peripheral blood lymphocytes are used to this end
to ensure that the Abs obtained are part of the
patient’s antibody repertoire. Such monoclonal
antibodies have then been sequenced and rele-
vant idiotypes identified.

Thus, Bo2C11, a human monoclonal antibody
to FVIII was injected into Balb/c mice to produce
anti-Id mAbs. Eight clones were selected on the

basis of strong recognition of Bo2C11 insolubi-
lized on a ELISA plate; 2 of such clones (14C12
and 10E9) also inhibited Bo2C11 binding to
insolubilized FVIII in ELISA. More interestingly,
in a chromogenic assay 14C12 and 10E9 neu-
tralized up to 100% of Bo2C11 anti-FVIII activi-
ty at molar ratios varying from 10/1 to 100/1, as
shown in Figure 1. Bo2C11 is representative of
antibodies inhibiting the binding of FVIII to
phospholipids. We, therefore, tested the capaci-
ty of the two anti-Id mAbs to neutralize the anti-
FVIII activity of purified polyclonal antibodies
isolated from the plasma of the Bo2C11 patient.
14C12 and 10E9 neutralized 70% and 20% of
the anti-FVIII activity of the polyclonal antibod-
ies, respectively. 

Based on these data indicating that anti-Id Abs
could be of high specificity and affinity we used
14C12 in a FVIII knockout mouse model, in an
attempt to restore hemostasis after successive
injections of FVIII and Bo2C11. Once again,
administration of anti-Id Abs was able to neu-
tralize the anti-FVIII inhibiting activity and to
fully restore hemostasis.

These data demonstrate that anti-Ids have
functional properties that would be useful in case
of emergency situations for neutralizing anti-
FVIII antibodies. It also indicates that increasing
the production of such anti-Ids by active immu-
nization could be of interest in the regulation of
the anti-FVIII immune response. To this latter
end, further experiments in animal models
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Figure 1. The figure illustrates the capacity of anti-Id mouse
monoclonal Abs 14C12 and 10E9 to neutralize the inhibit-
ing activity of the human monoclonal anti-FVIII in a chro-
mogenic functional assay. At an anti-Id Abs/anti-FVIII Abs
molar ratio from 10/1 to 100/1, for 14C12 and 10E9,
respectively, 100% of the FVIII coagulation activity is
restored.   
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(FVIII-KO mice and SCID mice) are now ongo-
ing to evaluate how anti-FVIII production can be
controlled by an anti-Id immune response, and
more precisely, to design and evaluate new forms
of specific idiotype-base therapies.
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how important the HLA haplotype is in an animal
model, animals with different genetic back-
grounds, e.g. different inbred strains of mice, are
needed.

The application route and dose of an antigen
determines the subsequent immune response. In
patients, FVIII is given intravenously. Therefore,
the spleen is probably the major location for the
development of anti-FVIII immune responses.
An animal model should reflect this and devel-
op detectable anti-FVIII immune responses after
intravenous injection of FVIII doses equivalent to
the doses used for patients.

Factor VIII is a protein antigen with some extra
features that distinguish it from other protein
antigens. In its activated form, activated FVIII
(FVIIIa), is an essential cofactor in blood coag-
ulation. In the presence of negatively charged
phospholipids, FVIIIa directly interacts with the
serine protease factor IXa and forms a complex
that converts factor X into activated factor X
(factor Xa). Factor Xa, in the presence of acti-
vated factor V (factor Va), phospholipids and
calcium ions, is then able to convert prothrom-
bin to its active enzymatic form, thrombin. Apart
from their function in blood coagulation, both
factor Xa and thrombin have been shown in vit-
ro to activate one or more of the protease-acti-
vated receptors (PAR receptors) expressed on
endothelial cells.5-7 This activation induces
proinflammatory stimuli. Therefore, each time
FVIII is given it is possible that it induces proin-
flammatory stimuli that directly influence the
regulation of the immune response to FVIII. An
animal model in which a severe bleeding diathe-
sis is associated with a lack of FVIII would be
optimal for immunological studies.

Given the diversity of the disease and the het-
erogeneity of the genetic background of the
patients with hemophilia A, who develop anti-
FVIII antibodies, no single animal model could
cover all aspects of the immune response against
FVIII. Therefore, different models are needed to
research the various facets of the response.
Murine models in which the mechanism and

Regulation of the immune response to a com-
plex protein antigen like factor VIII (FVIII)
requires interaction between different types

of immune cells and migration of these cells
between several compartments of the immune
system. Access to such cells and the compart-
ments they traverse is limited in humans for obvi-
ous ethical reasons. Hence, in vivo animal mod-
els are needed to understand the mechanisms of
antibody formation and to develop new thera-
peutic approaches for inducing immune toler-
ance to FVIII in humans.  As imperfect as any ani-
mal model is, important advances in human ther-
apy have resulted from appropriate use of such
models. Our present knowledge of how neutral-
izing antibodies develop against FVIII is based pre-
dominantly on clinical findings in hemophilic
patients. The presence of FVIII inhibitors makes
patients refractory to replacement therapy and is,
therefore, a serious complication of modern treat-
ment. The risk of patients with severe hemophil-
ia A developing anti-FVIII antibodies is clearly
associated with the type of FVIII gene mutation
they have. Patients affected with nonsense muta-
tions, large deletions and intrachromosomal
recombinations (inversions) in the FVIII gene
show the highest inhibitor incidence1-3 (HAM-
STeRS: The hemophilia A mutation, structure,
test, resource site: http://europium.csc.mrc.ac.uk).
These mutations are predicted to cause a com-
plete deficit of any endogenous FVIII production.
Therefore, human FVIII is probably a protein for-
eign to the immune system in these patients.
Other mutations such as missense mutations and
small deletions are associated with a much lower
incidence of inhibitor formation.1-3 In these cas-
es, non-functional FVIII antigen may circulate in
the blood4 and render the immune system toler-
ant to the mutant FVIII protein. Native FVIII, pre-
sent in FVIII products could, therefore, be recog-
nized as an altered self protein by the immune
system in these patients. Apart from the type of
FVIII gene mutation, other genetic factors such as
the HLA haplotype seem to be important for the
development of FVIII inhibitors. To investigate
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genetic of the immune response is extremely well
characterized have potential advantages and meet
many of the above requirements.

Factor VIII knockout mice
In 1995, Bi et al. described two murine models

of hemophilia A in which a targeted gene dis-
ruption in exon 16 (E-16) or exon 17 (E-16) of
the FVIII gene resulted in a complete deficiency
of FVIII.8 These mice express a typical phenotype
of hemophilia A9,10 which can be corrected by
human FVIII.11 Qian et al. showed that E-16 and
E-17 knockout mice develop anti-FVIII antibod-
ies after intravenous injection of human FVIII in
therapeutic doses and that this immune response
is dependent on the induction of FVIII-specific T-
lymphocytes.12 Human FVIII is certainly more
foreign to hemophilic mice than to humans with
hemophilia and can be expected to induce a
stronger immune response in mice than murine
FVIII would do. The lack of a convenient source
of murine FVIII limits its use but human FVIII
can be used instead because it interacts with the
murine proteins of the coagulation system13 due
to its sequence homology with the murine
FVIII.14 As mentioned above, this interaction in
an environment of a severe bleeding syndrome
might be important for regulating the immune
response. Therefore, human FVIII can be consid-
ered a suitable model antigen in the search for
new strategies to induce immune tolerance.

We used the E-17 model in a series of different
studies. In our hands, all E-17 mice developed
detectable anti-FVIII antibodies after two doses of
human FVIII (200 ng recombinant FVIII, free
from albumin) that increased in titer after sub-
sequent doses.15, 16 Titers of total anti-FVIII anti-
bodies analyzed by ELISA correlated with titers of
neutralizing anti-FVIII antibodies measured by
Bethesda assays,16 (Figure 1). Anti-FVIII antibody
secreting cells (ASC) first appeared in the spleen
where they were detectable after two doses of
FVIII,17 (Figure 2a). Their appearance correlated
with that of anti-FVIII antibodies in blood plas-
ma (Figure 2b). Anti-FVIII ASC in bone marrow
were detectable after three doses of FVIII (Figure
2a). These cells had probably formed initially in
the spleen and then migrated to the bone mar-
row. We did not see any formation of anti-FVIII
ASC in lymph nodes confirming that the spleen
is the major development location for immune
responses against blood-borne antigens. The IgG-
subclass distribution of anti-FVIII ASC was sim-
ilar in spleen and bone marrow and matched the
subclasses of anti-FVIII antibodies in blood plas-
ma (Figure 3, Table 1), indicating that both
organs contribute to circulating antibodies in the
blood. The IgG1 and IgG2a subclasses dominat-
ed the anti-FVIII antibody response. After FVIII
treatment had terminated, anti-FVIII antibodies
persisted for at least 22 weeks (Figure 2b). The
persistence of antibodies correlated with the
long-term persistence of anti-FVIII ASC (Figure
2a). These ASC could be either long-living ASC as

described by Slifka et al.18 and Manz et al.19 or
cells continuously formed by antigen-driven dif-
ferentiation of memory B cells as described by
Ochsenbein et al.20 Future studies using cell
transfer experiments should be able to show
which model is best for explaining the mainte-
nance of high titers of anti-FVIII antibodies in
hemophilic mice, and possibly also in patients.
The outcome of such studies could have consid-
erable implications for creating new strategies
aimed at inducing immune tolerance to FVIII.
The development of anti-FVIII antibodies in E-17
mice correlated with the appearance of FVIII-spe-
cific CD4+ T cells. Of these, the most prominent
type that could be detected were CD4+ T cells pro-
ducing IFN-γ, followed by T cells producing
IL1016 (Figure 4).

The CD40/CD40L interaction is a key event in
the initiation of humoral immune responses
against T-cell-dependent antigens.21 Previous
studies have shown that a blockade of CD40/
CD40L interactions can achieve prolonged sur-
vival of allografts in rodents and monkeys22,23

and prevent graft-versus-host disease24,25 and
autoimmunity in rodent models.26,27 These effects
are probably due to tolerance induction in the
CD4+ T-cell population28 and tempt the specula-
tion that anti-CD40L antibodies can induce last-
ing T-cell tolerance to FVIII in hemophilia A. As
anti-FVIII antibody formation is T-cell depen-
dent, inducing FVIII-specific T-cell tolerance
should prevent their formation. Using the E-17
mouse model we could show that the blockade of
CD40-CD40 ligand interactions prevents the
induction of an anti-FVIII immune response,29

B. M. Reipert et al.56
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Figure 1. Relation of total anti-FVIII antibody titers (ELISA
titer) to titers of FVIII-neutralizing antibodies (Bethesda
titer) in plasma obtained from hemophilic mice after one
dose (��), two doses (��) or four doses (�) of FVIII. Each
point represents values for an individual mouse. Blood sam-
ples were obtained 1 week after each dose. ELISA titers and
Bethesda titers were analyzed as described (16). From Sas-
gary et al.16 with permission. 
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(Figure 5). This initial prevention did not, how-
ever, induce a permanent tolerance to FVIII,29

(Figure 5). These results confirm earlier data pub-
lished by Qian et al.30 Rossi et al.31 suggested that
treating hemophilic E-16 mice with FVIII accom-
panied by anti-CD40L antibodies induces last-
ing immune tolerance to FVIII under certain cir-
cumstances, at least in some animals. Their data
do not, however, indicate if the immune toler-
ance would really be long lasting with frequent
FVIII treatment. In another study, Qian et al.32

explored the importance of the B7-CD28 inter-
action for the anti-FVIII immune response. They
were able to show that blocking this interaction
completely prevented anti-FVIII antibody devel-
opment in hemophilic E-16 mice. Initial block-
ing of the co-stimulatory interaction between B7
and CD28 did not, however, induce lasting
immune tolerance to FVIII. We believe, therefore,
that the blockade of a single co-stimulatory inter-
action might not be sufficient to induce a stable
tolerance to FVIII.

Hemophilic FVIII knockout mice certainly
resemble the situation in patients in some

aspects, but not in others. Sarkar et al.33 recently
showed that E-17 mice produced nonfunctional
FVIII heavy chain proteins. Such heavy chain pro-
teins might induce immunological tolerance to
epitopes of the heavy chain of murine FVIII.
Therefore, the disruption of the FVIII gene in
hemophilic E-17 mice might not be severe
enough to stimulate the full repertoire of
immune responses against murine FVIII.  Con-
sequently additional knock-out models, which
lack any endogenous FVIII synthesis, have to be
developed. Likewise it is essential that a recom-
binant protein is developed to provide a conve-
nient source of murine FVIII. Even with better
knockout models and the availability of murine
FVIII, the genome of a mouse is not that of a
human. Therefore, we have to be aware that there
will always be differences between hemophilic
mice and patients with hemophilia A.

Normal mice and rats
Before the hemophilic mouse model existed,

different groups tried to use normal mice34 or
rats35,36 to study FVIII inhibitors. Dazzi et al.34 did

Figure 2. Long-term persistence of anti-FVIII antibody-secreting cells in spleen and bone marrow and of anti-FVIII antibodies in
blood plasma of hemophilic E-17 mice after treatment with human FVIII. From Hausl et al. (17) with permission. Figure 2a: Kinet-
ic of anti-FVIII antibody-secreting cells in spleen and bone marrow of hemophilic mice after one, two, three or four doses of FVIII
as well as 14 and 22 weeks after the fourth dose of FVIII. Cells were analyzed by Elispot as shown in Figure 3. Presented are
the medium values and standard deviations, calculated from the results obtained with three different cell dilutions.

A
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not find any anti-FVIII antibody response after
intravenous application of human FVIII in nor-
mal mice, but detected anti-FVIII antibodies after
intraperitoneal application. This antibody
response was dependent on the induction of
FVIII-specific T cells. Jarvin et al.35 and Levin et
al.36 used normal rats and immunized them with
human FVIII in adjuvant. This treatment sched-
ule resulted in the induction of an anti-FVIII
immune response that was characterized by neu-
tralizing antibodies that recognized some of the
epitopes that were also found in patients with
FVIII inhibitors. The application route that
induced the anti-FVIII immune response in these
studies cannot, however, be compared to that for
FVIII in patients. Furthermore, treating normal
mice and rats with mouse or rat FVIII should not
induce any immune response at all because the
murine proteins represent a self protein. Analyt-
ical comparison of the amino-acid sequence of
murine and human FVIII has shown that the

homology in the functionally important A and C
domains is 84-93%, but only 42-70% in the
nonfunctional B domain and the acidic regions.14

Therefore, anti-FVIII antibodies developed
against human FVIII can be expected to be direct-
ed predominantly against the more divergent
regions and, accordingly, not to reflect the whole
repertoire of possible antibody responses that
would be seen in FVIII knockout mice.

Another major disadvantage is the lack of a
bleeding syndrome in normal mice. As men-
tioned above the cross-talk between the immune
system and the coagulation system might be
important for regulating the immune response to
FVIII and should, therefore, be considered in an
animal model.

Nevertheless, recent experimental study using
normal mice should be mentioned. Chao and
Walsh reported the loss of neutralizing anti-FVIII
antibodies in normal C57BL/6 mice after sus-
tained expression of human FVIII.37 Antibodies

Figure 2. Long-term persistence of anti-FVIII antibody-secreting cells in spleen and bone marrow and of anti-FVIII antibodies in
blood plasma of hemophilic E-17 mice after treatment with human FVIII. From Hausl et al. (17) with permission. Figure 2b: Kinet-
ic of anti-FVIII antibody titers in blood of hemophilic mice after one, two, three or four doses of FVIII as well as 5, 10, 14 and
22 weeks after the fourth dose of FVIII. Anti-FVIII antibody titers were analyzed by ELISA as described in Hausl et al. (17). Each
point represents the result obtained from an individual mouse. Three mice were analyzed per time point.

B
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Figure 3. Representative Elispots showing the frequency of anti-FVIII antibody-secreting cells (total IgG) as well as the IgG-
subclass distribution of anti-FVIII antibody-secreting cells (IgG1, IgG2a, IgG2b, IgG3) in bone marrow and spleen of hemophilic
mice after four intravenous doses of 200 ng FVIII (80 U/kg). Serial dilutions of cell samples were incubated with FVIII immo-
bilized to the solid phase of PVDF-bottomed Multiscreen-IP filtration plates. Each spot represents an individual anti-FVIII anti-
body-secreting cell. Analyses of antibody-secreting cells were done as described.17 From Hausl et al.17 with permission.
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developed within 7 to 14 days of intraportal
injection of adeno-associated virus (AAV) carry-
ing human FVIII. Bethesda titers of anti-FVIII
antibodies (>100 BU/mL) persisted relatively
unchanged for 9 to 10 months. At 10 months
after injection of the virus, FVIII inhibitors dis-
appeared and FVIII protein became detectable in
the blood. These results suggest that immune tol-
erance to human FVIII can be induced by sus-
tained expression of human FVIII in a mouse
model.

SCID mice and SCID/Factor VIII knockout
mice

Mice  with severe combined immunodeficien-
cy (SCID) lack functional B and T cells38 due to
an arrest of B and T lineage committed cells in
early development. This arrest is caused by a gene
mutation that impairs the recombination of
antigen receptor genes. The SCID-related gene
encodes a DNA-dependent protein kinase cat-
alytic subunit and is located in chromosome
16.39 The SCID mice are unable to produce anti-
bodies or to reject allogeneic skin grafts38 and,
therefore, do not develop a functionally active
immune system. Furthermore, spleen cells of
SCID mice fail to show a proliferative response to
B-cell and T-cell mitogens.38 Other hematopoi-
etic cells such as macrophages and NK cells
develop and function normally. Because of their
severe immune deficiency, SCID mice are able to
accept xenotransplants and can, therefore, be
reconstituted with peripheral blood mononuclear
cells isolated from human blood donors.38 The
major advantage of such a model is the possibil-
ity of studying at least part of the human

immune system in a mouse model. The major
disadvantages are the lack of functional lym-
phoid organs and difficulty in eliciting primary
immune responses.

Laulan et al.40 grafted SCID mice with periph-
eral blood mononuclear cells from healthy
donors or donors with hemophilia A. They inject-
ed reconstituted mice intraperitoneally with 100
U (10 mg) of human FVIII. A specific response to
FVIII only developed in mice that received blood
cells from patients with hemophilia who had
FVIII inhibitors and not in those that received
cells from healthy donors or patients with hemo-
philia but no FVIII inhibitors. These results sug-
gest it is possible to induce secondary but not pri-
mary immune responses against human FVIII in
reconstituted SCID mice. The mice received,
however, only one FVIII injection and this was at
a dose (100 U per mouse equals about 4000
U/kg) which is not comparable to that used in
patients with hemophilia A. In similar experi-
ments by Vanzieleghem et al.41 SCID mice were
reconstituted with peripheral blood mononuclear
cells from healthy blood donors and treated with
one intraperitoneal injection of 50 U (5 mg)
human FVIII followed by three of 25 U (2.5 mg).
All reconstituted mice spontaneously produced
anti-FVIII antibodies in the absence of any treat-
ment with FVIII. These antibodies were only
detectable after affinity purification. Treating
mice with up to four doses of FVIII did not induce
an increase in antibody titers detectable after
affinity purification. Furthermore, treatment
with FVIII did not stimulate antibodies detectable
without affinity purification. When SCID mice
were reconstituted with peripheral blood mono-
nuclear cells from patients with hemophilia A
who had FVIII inhibitors, treating the mice with
FVIII induced a detectable secondary immune
response.42 In an attempt to improve the SCID
mouse model, Gilles et al. created a SCID/FVIII
knockout mouse by cross-breeding SCID mice
with FVIII knockout mice.42 Future studies will
reveal the advantages and limitations of this new
model.

To summarize the results obtained with SCID
mice, this model might be suitable for investi-
gating specific questions of secondary anti-FVIII
immune responses in an environment that con-
tains parts of the human immune system.

Discussion
An animal model suitable for developing new

approaches for inducing immune tolerance to
FVIII should encompass features that as much as
possible resemble those found in patients with
hemophilia A while still accommodating sophis-
ticated analysis and manipulation of the ongo-
ing immune response.  Hemophilia A is a hered-
itary X-linked bleeding disorder caused by the
incomplete function of circulating clotting FVIII
or its total absence due to a mutation in the FVIII
gene. The consequent coagulation deficiency is

Table 1. Median anti-factor VIII antibody titers of different
IgG subclasses in hemophilic E-17 mice (n=3).

Anti-factor VIII antibody titers

IgG1 IgG2a IgG2b IgG3

One dose FVIII n.d. n.d. n.d. n.d.
Two doses FVIII 1280 2560 2560 120
Three doses FVIII 40960 40960 15360 640
Four doses FVIII 122700 122700 61440 5120
22 weeks after the 20480 81920 5120 640
fourth dose

n.d. – not detectable; IgG subclasses of anti-FVIII antibodies were analyzed as
described in Hausl et al.17 Briefly, PolySorp multiwell plates were coated with FVIII
(free from albumin). Plates were incubated with serial dilutions of plasma samples
from mice treated with FVIII. IgG subclasses of anti-FVIII antibodies bound to the
immobilized FVIII were detected by incubation with isotype-specific, horseradish-per-
oxidase-labeled secondary monoclonal antibodies (Southern Biotechnologies, Birm-
ingham, AL, USA) and subsequent substrate development. Antibody titers were
expressed as the highest dilution of plasma samples showing a positive result (opti-
cal density >0.3) in the assay. From Hausl et al.17 with permission.
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Figure 4. Kinetic of FVIII-specific T cells producing IL-2, IFN- γγ, IL-4 or IL-10 in the spleen of hemophilic E-17 mice after treat-
ment with one, two or four doses of human FVIII. Dot plots show intracellular cytokine staining in CD4+ T cells after in vitro
restimulation of splenic T cells with FVIII. Results shown in the upper right-hand corner of each dot plot represent the percentage
of CD4+ T cells that stained positive for the cytokine indicated. The negative cell population (lower left-hand corner) was
defined by using cells that were stained with appropriate isotype-matched negative control antibodies. T cells were isolated,
restimulated and stained as described.16 From Sasgary et al.16 with permission.
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treated with infusions of FVIII concentrates.
Depending on the type of gene mutation, the
FVIII in these concentrates might be recognized by
the patient’s immune system as a foreign protein
or an altered self-protein. In addition, other
genetic factors such as the HLA haplotype are
believed to influence the anti-FVIII immune
response.  Considering this heterogeneous situa-
tion, obviously no single animal model can
accommodate all the different aspects of the anti-
FVIII immune response in patients.

Therefore, we have to be aware that each ani-
mal model that we use, and will use in the future,
to search for new approaches for inducing toler-
ance to FVIII has its advantages and its limita-
tions. Furthermore, it must not be forgotten that
experimental studies in animal models can only
provide new ideas, proof of concepts and strate-
gies for therapeutic approaches and it is the clin-
ical trial that will always be the ultimate tool for
leading to therapeutic advances.
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part of the diversity of B-cells, does not play a
role at the level of T-cells. Controlling the T-cell
arm of the anti-FVIII immune response could,
therefore, result in a long-standing state of unre-
sponsiveness. One caveat is however that the size
of the T-cell repertoire is such that it has the
capacity to respond to any imaginable T-cell epi-
tope in the universe. FVIII being a large mole-
cule, it should always be possible to find a T-cell
reacting towards it.

Evidence for T-cell involvement in the
anti-FVIII immune response

The evidence is two-fold. In animal models,
and in particular in the hemophilia A mouse
model, specific T-cells are already observed 3 days
after the first administration of FVIII, well before
the first antibodies can be detected.1 It is also
known in such models that an interruption in
the B – T-cell dialog by, for instance, antibodies
to a surface molecule such as CD40L expressed
on T-cells, prevents the development of the
response. The second series of data comes from
observations made in patients. A few years ago it
was observed that in HIV infected patients the
titer of anti-FVIII inhibitors declined together
with the number of CD4+ T-cells.2

More direct evidence has been obtained in man
through the demonstration of FVIII-reactive T-
cells in the peripheral blood of hemophilia A
patients with inhibitors. More recently, a very
exhaustive investigation was carried out using a
large number of synthetic peptides covering the
entire FVIII sequence. These peptides were incu-
bated with peripheral blood T-cells of hemophil-
ia A patients with or without inhibitors. A large
number of FVIII peptides activating CD4+ T-cells
were found. However, screening hemophilia A
patients without inhibitor and healthy individu-
als as controls, it was found that individuals with
normal levels of FVIII  also had specific T-cells in
their circulation.3

The latter observation raised questions about
the meaning of these findings. In vivo, the
immune system is confronted by full proteins and
not by peptides derived from them. T cell epitopes
on a protein are organized according to a hierar-
chy. Major epitopes are dominant in the sense
that they are recognized by the large number and
as a first line of recognition; these are also the
epitopes towards which tolerance is established
by selective deletion in the thymus. Minor epi-
topes are recognized less predominantly and often

The immune response towards factor VIII
(FVIII), as for any other soluble glycopro-
tein, requires the participation of B- and T-

lymphocytes. In the absence of specific T-cells no
help is provided to B-cells to allow them to
mature and differentiate into antibody secreting
cells. Somewhat surprisingly, the involvement of
T-cells has been more or less neglected by most
investigators, when at the same time most effort
was been devoted to the characterization of B-
cell epitopes and antibodies.

Why is it so important to characterize specific
anti-FVIII T-cells? First of all, T-cell recognition
of an antigen is the first specific event in the
mounting of an immune response. When an
antigen enters the body, it has to be taken up by
cells specialized in the presentation of it. This
involves the intracellular digestion of the protein
followed by presentation of short peptides
derived from the digestion in the context of
MHC-class II molecules. The T-cell makes the
first specific reading of the antigen, i.e. peptide
bound to MHC class II alleles, which allows it to
become activated and to provide B-cells with the
help necessary for activation and the production
of antibodies.

Second, T-cells recognize the peptide derived
from the antigen only when it is presented in the
appropriate MHC class II molecule. This restric-
tion makes it plausible that some alleles of MHC
class II molecules are preferentially associated
with FVIII peptides. Therefore, it can be assumed
on a theoretical basis that the capacity to pro-
duce inhibitor antibodies is associated with the
expression of a particular set of class II mole-
cules. If so, this could represent a means to iden-
tify patients at risk of producing inhibitory anti-
bodies.

Third, T-cells could represent an ideal target for
the design of an immunotherapy for FVIII
inhibitors. This is inherent to the actual charac-
teristics of the T-cell repertoire. T-cells are pro-
duced by the bone marrow, but must proceed
through the thymus to acquire full maturation.
The T-cell pool is essentially acquired at birth and
most of the thymus function disappears during
infancy. Besides, the mechanism of somatic
hypermutation, which is responsible for a large
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by a more restricted number of subjects. Cryptic
epitopes are not recognized when presentation
starts from the whole protein. However, cryptic
epitopes can be activated by peptides. As the tun-
ing of the T-cell repertoire in the thymus is carried
out by deletion-selection on proteins, T-cells rec-
ognizing cryptic epitopes can be found in the
periphery.

The quest for pathologically relevant T-cells
From the above, it appears that the identifica-

tion of T-cells of pathologic relevance, that is to
say T-cells with the capacity to drive the produc-
tion of inhibitor antibodies, could require further
scrutiny. Nature offers us three situations with
regards to FVIII. Healthy individuals with normal
levels of FVIII have — presumably — had a chance
to eliminate strongly reactive T-cells from their
repertoire during thymus maturation. T-cells to
immunodominant epitopes should, therefore, be
absent in the periphery. On the other hand, in
severe hemophilia A, the absence of FVIII pre-
cludes the negative selection of T-cells in the
thymus: therefore in the periphery all T-cells
reacting to FVIII should be present. There is,  how-
ever, an intermediate situation, in which patients
suffering from a mild degree of hemophilia A pro-
duce inhibitor antibodies towards normal wild
type FVIII, while remaining tolerant to their own
FVIII. Under such circumstances, the immune
system should be purged from strongly reactive T-
cells as for healthy individuals, except for these T-
cells reacting against the site where the amino
acid substitution is located. Starting from such
patients could offer a good opportunity to restrict
the population of T-cells greatly.

T-cells were therefore cloned for the first time
from T-cells of a mild hemophilia A patient car-
rying a mutation in the carboxy-terminal end of
the C1 domain.4 This patient produced inhibitor
antibodies upon administration of wild-type FVIII,
given to help the patient undergo a surgical inter-
vention.

T-cell cloning and characterization
A preparation of dendritic cells was made from

peripheral blood monocytes of the same patient
from which T-cells had to be cloned. The latter
were selected by surface marker to obtain a pure
CD4+ population. After several cycles of stimula-
tion T-cells were cloned and expanded. Once the
clones had been obtained, the search for speci-
ficity was initiated by showing absence of prolif-
eration and/or cytokine production in the pres-
ence of autologous (mutated) FVIII, while strong
activation could be obtained by presentation of

wild-type FVIII.
Synthetic peptides of various lengths centered

on the mutation site in the C1 domain were con-
structed and tested in the activation assay system.
Three T-cell clones reacted towards the same
region with subtle differences in the actual epi-
tope recognized. Recombinant FVIII molecules
carrying mutations within the carboxy-terminal
end of the C1 domain were then tested for reac-
tivity with T-cell clones, some of which reacted
strongly.

FVIII-specific T-cells: perspectives
With such material at hand, it is now possible

to evaluate the MHC class II restriction of the
FVIII recognition by T-cells, and perhaps identify
specific alleles associated with activation of such
cells. This, as described above, could offer a mark-
er predisposing to the development of inhibitory
antibodies. 

A number of strategies aiming at making spe-
cific T-cells ignorant or unresponsive, or even to
deleting such T-cells have been described in ani-
mal models in alternative research fields. It is
hoped that the information gained in animal
models will also hold true for FVIII. This is cur-
rently being tested in mouse models of hemo-
philia A. It can be expected that specific immu-
notherapy for FVIII inhibitors targeting specific
T-cells will become available in the near future.
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[Immunobiology of Tolerance Induction]

Perspectives of immunotherapy
for inhibitor patients

JEAN-MARIE R. SAINT-REMY

Center for Molecular and Vascular Biology
University of Leuven, Belgium

involved in the interactions of FVIII with it phys-
iological partners, such as von Willebrand factor
(VWF), phospholipids (PL), FIX and so. In oth-
er words, reducing antibody binding to FVIII
could be obtained by modifying only the regions
containing the clusters of B cell epitopes. 

We should however keep in mind that the B
cell repertoire is continuosly renewed in man,
over his entire life span, which means that every
day, a number of B cells emerge from the bone
marrow, which have the potential to react with
FVIII. Whatever the situation in practice, the ele-
gant studies carried out by the group of Pete Lol-
lar have convincingly demonstrated that it is pos-
sible to alter and reduce the binding of preformed
antibodies to FVIII, by introducing mutations at
key locations, or by replacing sequences of FVIII
by their homologue sequence taken from anoth-
er mammal, such as pig. We hope to see in the
very next future that such alterations of FVIII
would also lead to reduced immunogenicity,
namely reduced capacity to elicit an immune
reponse upon injection to an animal and, in fine,
to man. 

Ignorance can also be applied at the T cell lev-
el. In fact, this corresponds to a physiological
mechanism. Thus, in healthy individuals,
autoreactive T cells are present in the circula-
tion, which are, however, not activated. Activa-
tion depends on a number of parameters,
including the affinity of the T cell receptor (TCR)
for its cognate peptide, the density of the peptide
a the surface of an antigen-presenting cell
(APC), the type of APC that presents FVIII, etc…
Ignorance is the end result of the lack of suffi-
cient avidity in the recognition of specific pep-
tides by T cells. But ignorance is rapidly lost if an
increase in TCR avidity occurs, as it would hap-
pen in inflammation. 

Whether or not, it would be possible to alter
the FVIII molecule in such a manner as to reduce
T cell recognition is not known. On the one
hand the size of the T cell repertoire is such that
it has the capacity to recognize virtually any epi-
tope in the universe. In addition, the degenerate

The ultimate goal for the problematic of
inhibitor for Factor VIII (FVIII) is to prevent
or suppress an immune response by an

entirely antigen-specific approach. Obviously,
such goal is also identifiable for other common
human pathologies, in particular for immune
diseases. It is therefore no surprise that knowl-
edge is accumulating so rapidly on the mechan-
ims by which it will become feasible to achieve
such a prevention and/or suppression. 

For the sake of clarity, it remains useful to
divide the current attempts towards the elimi-
nation of inhibitors in three broad categories:
immune ignorance, anergy or unresponsiveness
induction, and deletion. Basic knowledge in
immunology tells us that each of these three cat-
egories contains a number of potential
approaches, which are at different levels of elab-
oration and therefore of clinical application. 

Ignorance, anergy and deletion should be con-
sidered at the level of both B and T cells, not to
forget dendritic cells and the fact that B and T
cells exchange signals, which, when interrupt-
ed, can also abort an immune response. 

The concept of ignorance means that FVIII
becomes invisible for the immune system. Thus,
in theory, one could eliminate the main binding
sites for antibodies on the FVIII molecule. In
practice, however, as epitopes recognized are
mostly conformational, any significant change
in B cell epitope is bound to be accompanied by
significant changes in the 3-D conformation of
the FVIII molecule, with the risk of altering its
function and to create novel B cell epitopes. For-
tunately, only a limited number of B cell epi-
topes of FVIII bear a direct relevance for its func-
tion: these are the epitopes which are directly
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nature of the TCR provides a single TCR with the
possibility of recognizing a number of different
peptides (up to 106, according to some authors!).
On the other hand, T cells recognize stretches of
aminoacids with no tertiary conformation. This
means that single mutation/deletion in the FVIII
molecule could significantly alter T cell recogni-
tion with no or only minimal  alteration of the
3-D conformation of FVIII. The experimental
approach of reducing T cell immunogenicity is
nevertheless hampered by the fact that relevant
T cell epitopes are hard to localize. Using sets of
peptides overlapping the entire FVIII molecule
permits the identification of T cell epitopes. How-
ever, the relevance of these epitopes in the for-
mation of inhibitor antibodies is questionable.
In search for relevant T cell epitopes, it is essen-
tial to start from the entire FVIII molecule, i.e. to
mimic as closely as possible what happens in real
life. However, the frequency of T cell precursors
in peripheral blood is very low, at the verge of
detection. 

Anergy should be defined as unresponsiveness
to an antigen administered in a normal
immunogenic manner to an otherwise normal-
ly immunocompetent host. It is therefore anti-
gen-specific and distinct from the general
immune asthenia observed in some diseases or
resulting from therapy. However, even when seen
in this restricted meaning, the concept of aner-
gy covers many different situations, the common
denominator of which being that it results from
active cell signaling. 

Signaling can occur through soluble factors
such as cytokines or by direct cell-to-cell contact.
B cells are physiologically induced to anergy at
two stages. The first is just before they leave the
bone marrow, in process of eliminating func-
tionally B cells reacting with too strong an affin-
ity with autoantigens. The second stage at which
anergy is induced is during the secondary
responses occuring in secondary follicles of
peripheral lymph nodes. During this response, B
cells undergo a process called affinity matura-
tion, which depends on random mutations
introduced in the antibody variable parts, fol-
lowed by selection. As it is random, the process
carries the risk of generating B cells with high
affinity for autoantigens, luckily prevented by
anergy induction. Cross-linking of antibody vari-
able parts at the surface of B lymphocytes is the
main mechanism leading to anergy. 

Another way by which anergy could be
obtained at the B cell level is through recognition
of antibody variable parts (idiotype) by specific
anti-idiotypic antibodies. The occurrence of anti-
idiotypic antibodies in the regulation of the anti-
FVIII response has been amply demonstrated,
both in haemophilia A patients with or without
inhibitor and in healthy individuals. There is lit-
tle doubt that these antibodies exert a selective
pressure on specific antibodies and that they are
associated with the down-regulation of anti-FVIII
antibodies in some autoimmune diseases. How-

ever, their role in the regulation of antibodies
towards allogeneic FVIII is far from being clear.
Recent data have however indicated that it is pos-
sible to generate anti-idiotypic antibodies with
sufficient affinity as to neutralize the inhibitory
activity of inhibitors with the highest affinity.
Anti-idiotypic antibodies are often seen as
reagents for passive administration in a setting in
which they would neutralize circulating
inhibitors. This type of clinical application would
by no means be devoid of interest, for instance
when inhibitor patients have to undergo a surgi-
cal procedure. However, we think that the possi-
ble clinical applications of anti-idiotypic anti-
bodies are much broader. Indeed, anti-idiotypic
antibodies can transduce a signal within cells
carrying the corresponding idiotype at their sur-
face. Such signal involves tyrosine kinases and
protein phosphorylation. There is strong sugges-
tion that the transduced signal can lead to cell
apoptosis, which would then occur in exquisite-
ly specific manner. Genetic engineering of anti-
bodies offers many alternative possibilities: anti-
idiotypic antibodies can be handled in such a way
as to reinforce their affinity, their capacity to acti-
vate the complement system or to interact with
Fcγ receptors at the surface of natural killer cells.
Under each of those three circumstances, the
result could be B cell anergy or death.

Induction of anergy at the T cell level is again
a mechanism of high physiological importance.
Seen from the other side, T cells require a num-
ber of criteria to be activated. These include a
high enough affinity of the T cell receptor, a
threshold density of MHC class II molecules at
the surface of antigen-presenting cell and the
presence of co-stimulatory molecules. Autoreac-
tive T cell, including T cells specific for FVIII, are
present in the peripheral blood of healthy indi-
viduals, despite effective elimination in the thy-
mus. On top of this, haemophilia A patients have
T cells reacting also towards major T cell epitopes
of FVIII. Once a sufficient threshold for activa-
tion is reached, an immune response is initiated.
This can occur whenever a pathological mecha-
nism is triggered by for instance a viral infection
or, possibly, tissue bleeding. Whether induction
of anergy can be used as a strategy to eliminate
FVIII inhibitors remains to be seen. Some possi-
bilities have in fact already been tested, even in
the clinics. They include the use of anti-CD40L
antibodies, antibodies to B7 molecules or CTLA-
4IgG constructs, alone or in association.
Although of interest, the likelihood is weak that
such strategies would lead to long-lasting aner-
gy, the rule being that normal responsiveness is
restored as soon as the inhibiting agent is no
longer administered together with FVIII. 

One promising approach is to use peptides
derived from FVIII and carrying T cell epitopes.
Administration of such peptides could result in
anergy induction, provided co-stimulation is pre-
vented at APC level. Many questions first require
an answer before embarking on this, the main
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one being to decide which epitope to use. As stat-
ed above, the size of the T cell repertoire is such
that a T cell can be found to any possible epitope.
However, only major epitopes have to be hit, and
defining which epitope is a major one is not an
easy task. Peptides have a short half-life, so ways
to increase their resistance to proteolytic enzymes
and/or prolong their half-life will have to be
found. Such peptides also offer the possibility to
produce variants with which it is possible to
modulate the affinity of MHC class II determi-
nants. 

A special case should be made concerning reg-
ulatory T cells, and specifically a recently identi-
fied subpopulation of CD4+ T cells carrying the
CD25 (IL-2) receptor, and which are actively
selected in the thymus. Such CD4+CD25+ T cells
exert their regulatory properties by a combina-
tion of mechanisms including secretion of sup-
pressive cytokines such as IL-10 and TGF-β and
cell-to-cell contact. It is too early to decide
whether such regulatory T cells will be useful in
eliminating FVIII inhibitors, but we can already
anticipate a number of studies in this direction. 

Perhaps the ultimate goal in the therapy of

FVIII inhibitors would be to eliminate FVIII-spe-
cific immunocompetent cells. Actual deletion of
B and T cells occurs as part of the homeostasis of
the immune system. Deletion occurs as a result
of either neglect or overstimulation. An immune
response is triggered only whenever there is a
subtle equilibrium between activation and sup-
pression signals. If activation goes too far, then
specific B as well as T cells are eliminated. The
best example of this is the so-called activation-
induced cell death, which drives T cells into com-
mitting suicide  via the overexpression of FAS and
Fas-ligand. It is however too early to decide
whether it would be possible to master such a
phenomenon for therapeutic purposes. One may
perhaps argue that treating patients with
inhibitor by infusing large doses of FVIII already
represents an example of specific T cell deletion.
Experiments are ongoing to determine whether
this is the case.

This short overview of the prospects for
immune therapy of FVIII inhibitors should leave
the reader with the strong feeling that many pos-
sibilities exist, which, within the forthcoming ten
years, should be reducible to practice. 
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philia B patients without allergy comes from Dr.
Berntrop’s Treatment Center and he will be dis-
cussing that in his paper. A unique complication
of ITI seen in hemophilia B inhibitor patients
with allergy is the development of Nephrotic
Syndrome during ITI.6 This will be discussed in
detail by Dr. Bruce Ewenstein.

The genetics of inhibitor development in
hemophilia B will be discussed by Dr. Lillicrap in
his paper. I will end my short report with a plea
to hemophilia treaters for reporting all the
hemophilia B inhibitor patients to the Interna-
tional Immune Tolerance Registry. The toll free
number for the Registry is 1.888.877.0767.
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FIX inhibitors
Unlike FVIII inhibitors in hemophilia A our

knowledge about FIX inhibitors in hemophilia B
is limited. The main reason for this is the small-
er number of severe FIX deficient patients.
Inhibitor development is also less common with
FIX deficiency.1,2 In addition, anaphylaxis occur-
ring simultaneously with inhibitor development
is a unique problem receltly described in hemo-
philia B patients.3 Since the last ITSG (immune
tolerance study group) meeting in Palermo, Sici-
ly, we have developed a FIX inhibitor registry
from, which is available on the ISTH web site or
can be obtained by calling 1.888.877.0767. The
data presented here is obtained from several pub-
lished reports and questionnaires in addition to
the registry.4,5

When one looks at the data presented in Table
1, it is apparent that FIX inhibitor patients with-
allergy were selectively reported to the registry
and not all patients with hemophilia B and
inhibitors. Thirty of the 46 patients with
inhibitors and allergy had provided information
detailing inhibitor development (Table 2). Some
of the other features included: i)affection of all
ethnic and racial groups and ii) reported use of
various factor concentrates including PCC,
APCC, monoclonal FIX, and rFIX at the time of
inhibitor development and allergy.

Immune tolerance induction
Experience with ITI in hemophilia B inhibitor

patients is limited due to low prevalence, throm-
bogenicity of PCC and APCC, unavailability of
ultrapure products until recently and finally lack
of a standard method for ITI.

From the limited information available, ITI has
been attempted in 21/30 patients (70%). ITI
was successful in only 2/21 patients (9.5%).
Several different protocols were used for ITI
including some with plasmapheresis and treat-
ment with cyclophosphamide and IVIG.

The only published data regarding ITI in hemo-

[New Aspects in Treatment of Hemophilia B Patients]

Immune tolerance induction in
hemophilia B. International
immune tolerance registry

I. WARRIER

Division of Hematology/Oncology, Children's Hospital of
Michigan, Wayne State University School of Medicine,
Detroit, Michigan, USA

Table 1. Inhibitors in hemophilia B.

Total number of inhbitors 81
In USA 52
Outside USA 29

Inhibitors with allergy 46
In USA 24 (46%)
Outside USA 22 (76%)

Table 2. Characteristics of FIX inhibitor patients.

Median age at INH 19.5 months (9-156 months)
Median exposure days prior to INH 11 days (2-180 days)
Peak inhibitor titer 30 BU (1-950 BU)
Complete gene deletion 50%
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[New Aspects in Treatment of Hemophilia B Patients]

The Malmö immune tolerance
experience in hemophilia B

ERIK BERNTORP

Department of Coagulation Disorders, Malmö University
Hospital, Malmö, Sweden

Hemophilia B is a rare disorder compared
to hemophilia A and the incidence of
inhibitors is less: 0-3.8% in hemophilia

B1-4 compared to about 30% in hemophilia A.5-7

Inhibitors in severe hemophilia B are often asso-
ciated with anaphylaxis or severe allergic mani-
festations on exposure to factor IX-containing
products.8 These complications jeopardize the
possibility of applying immune tolerance induc-
tion in hemophilia B. Immune tolerance induc-
tion (ITI) has not been studied in as much detail
in hemophilia B as it has been in hemophilia A.
The reason for this is that the number of
inhibitor patients with haemophilia B is small-
er9 and their treatment has been hampered by
the risk of thromboembolic complications with
prothrombin complex concentrates given in
high doses. The advent of purified factor IX con-
centrates in recent years has probably abolished
this risk. 

Recent experience from immune tolerance
induction in hemophilia B has shown that there
is a risk of nephrotic syndrome developing in
patients who have had allergic reactions to
infused factor IX in close association with the
development of an inhibitor to factor IX.10

Success has been reported with the Malmö
protocol in six of seven patients with high
responding inhibitors to factor IX.11-13

A modified Malmö protocol using continu-
ous infusion of factor IX with a dose of about
300 IU/kg body weight daily for three weeks has
also been tried in two patients without success.14

Today there is less agreement on how to treat
hemophilia B inhibitor patients than on how to
treat hemophilia A ones, but the use of the
Malmö regimen is one option as the course of
treatment is short, which should minimize the
risk of development of nephrotic syndrome. In
this report, an update is given of the experience
in Malmö using the Malmö protocol for
immune tolerance induction in hemophilia B.

Hemophilia B is a rare disorder with a comparative-
ly low incidence of inhibitors. Therefore, the experi-
ence of immune-tolerance induction in hemophilia
B is restricted. The Malmö protocol for immune-tol-
erance induction entails prednisone, factor IX,
cyclophosphamide and intravenous immunoglobulin
and if the inhibitor titer is >10 Bethesda units at the
start of treatment, the titer is lowered by using extra-
corporeal adsorption to protein A. Nine patients with
hemophilia B, complicated by an inhibitor, have
been treated using a total of 13 attempts. Tolerance
was achieved in six of the eight high-responding
patients and one patient relapsed after six months.
The mean dose of factor IX during the treatment
episodes was 182,000 units and the mean duration
of treatment (success) was 25 days. The Malmö pro-
tocol gives a high response rate in the treatment of
high-responding factor IX inhibitor patients and, giv-
en the short treatment time, could be an option in
order to reduce treatment complications such as
development of a nephrotic syndrome.

Key words: haemophilia B, inhibitor, factor IX, immune
tolerance induction
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Materials and Methods

Study material
The characteritics of the patients studied are

listed in Table 1. Nine patients with severe hemo-
philia B (factor IX:C <0.01 IU/mL) have been
treated. In eight of the nine patients the histori-
cal peak titer, in Bethesda units (BU), was at least
100. The age at the first immune tolerance induc-
tion (ITI) attempt varied between 1.6-46 years. 

The Malmö protocol for immune tolerance
induction

The algorithm for the Malmö model for
immune tolerance induction is shown in Figure
1. If the inhibitor titer is above 10 BU at the start
of treatment the patient is subjected to extracor-
poreal protein A adsorption followed by toler-
ance induction according to the following mod-
el. At the start of treatment a single dose of cor-
ticosteriods 50-150 g is given to prevent allergic
reactions. Thereafter, cyclophosphamide is given
intravenously 12-15 mg/kg body weight for two
days and orally 2-3 mg/kg body weight for an
additional 8-10 days. Factor IX is given daily with
the intention of maintaining a plasma factor
concentration of 0.4-1.0 IU/mL for 2-3 weeks.

From the fourth day after the onset of treatment,
gammaglobulin is given intravenously at daily
doses of 0.4 g/kg body weight for 5 days. The
inhibitor usually reappears after 5-6 days, and
the administration of factor concentrates must
be intensified. For persistent inhibitors recombi-
nant factor VIIa (NovoSeven®, Novo Nordisk) is
preferred for treatment of acute bleeds as acti-
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Table 1. Malmö treatment model. Study patients with hemo-
philia B (FIX <1%).

Patient Age at detection (y) Historical peak (BU) Age at first ITI (y)

1 1 >300 5
2 3 150 12
3 14 >300 39
4 4 >600 10
5 38 120 46
6 6 100 22
7 1 >300 5
8 1 429 1.6
9 27 3 29

Figure 1. The Malmö model for Immune Tolerance Induction.
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vated prothrombin complex concentrates should
give a booster effect in factor IX-deficient
patients. The definition of a tolerant state is as
follows: no measurable inhibitor, normal recov-
ery and half-life, and efficient prophylaxis with
standard doses, i.e. 25-40 IU/kg body weight
twice a week in hemophilia B. If tolerance is
achieved and considered successful, the patient
continues on ordinary prophylaxis. If tolerance is
not successful, the treatment can be repeated
after 6-12 months when the inhibitor produc-
tion has leveled out and reached a steady-state.
A new attempt at a shorter interval will consid-
erably jeopardize the possibility of reducing the
inhibitor by extracorporeal protein A adsorption,
increase the cost of the treatment and probably
decrease the possibility of success. 

Concentrates used
Prothrombin complex concentrate was used in

five patients (Preconativ®, Kabi; Prothromplex®,
Immuno). Purified factor IX was used in four
patients (Nanotiv®, Pharmacia; Mononine®,
Aventis Behring; Immunine®, Baxter and Alpha-
nine®, Alpha).

Results
Nine patients were treated according to the

Malmö protocol using a total of 13 attempts. In
six of the patients only one attempt was made.
Protein A adsorption was used in six attempts.
Tolerance was achieved in six of the eight high-
responding patients. One patient relapsed after
six months. This patient was treated again with
a full treatment schedule including protein A
adsorption. A prothrombin complex concentrate
was used. Two weeks after the start of treatment
the patient developed an acute myocardial infarc-
tion and died from heart failure two years later.
Other events associated with the ITI include
headache and one patient also experienced arte-
rial bleeding in connection with puncture of the
radial artery and developed a compartment syn-
drome. The patient recovered. The patients’ fol-
low-up is indicated in Table 3. Thus, four patients
have been in a tolerant state for 10-20 years now.

The treatment during the six successful ITI
episodes reveals that the total dose of factor IX
used was (mean and range) 182,000 IU (92,000-
430,000). The duration of treatment was 25 days
(15-39) and the daily dose per kg body weight
170 IU (91-291).

Discussion
In Malmö, we have treated nine patients with

severe hemophilia B complicated by inhibitors of
whom eight had a high-responding inhibitor.
Tolerance was achieved in six patients after one
treatment attempt. In three patients (one of
whom had a low-responding inhibitor), the
treatment failed using six treatment episodes. In
one of the successful patients, a relapse was seen
after six months. Thus, the Malmö ITI-model
gives a high response rate in the treatment of
high-responding factor IX inhibitor (6/8
patients), although one relapse was seen. These
figures do not include two patients who were
unsuccessfully treated with a modified protocol.14

No serious complications were seen due to the
product treatment during the treatment episodes,
in those cases in which purified factor IX con-
centrates were used and none of the patients
developed the nephrotic syndrome. One patient
reported previous allergic reactions. This patient,
who did not respond to the protocol, was treat-
ed later on with a high-dose, long-term factor IX
regimen and developed proteinuria. Although
aware that our case series is small, we would like
to draw the following tentative conclusion. The
Malmö ITI-model gives a high-response rate in
the treatment of high-responding factor IX
inhibitor patients. Only purified factor IX con-
centrates should be used in order to avoid throm-
boembolic complications and the short treat-
ment time (mean: 25 days) minimizes the risk of
developing a nephrotic syndrome using the
Malmö protocol. The Malmö model for ITI in
hemophilia B may be considered as a starting
point for a larger prospective study to evaluate
and compare cost-effectiveness and the rate of
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Table 2. Malmö Treatment Model. Treatment and results of
ITI in patients with severe hemophilia B.

Patient No. of ITI  Protein A ads Time inhibitor  Tolerance
attempts included detection to first  ITI (y) achieved

1 1 Yes 2 Yes
2 2 Last ITI 9 Yes, relapse

after  6 months
3 1 Yes 24 Yes
4 1 Yes 10 Yes
5 1 No 46 Yes
6 1 No 22 Yes
7 3 First ITI 2 No
8 2 Last ITI 2 No
9 1 No 26 No

Table 3. Malmö Treatment Model. Follow-up of patients with
severe hemophilia B (31 Dec., 2002).

Patient Follow-up time (years)

1 11
2 Relapse after 6 months
3 19.5
4 17
5 Not known
6 12.5
7 Not tolerant
8 Not tolerant
9 Not tolerant
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adverse events of this regimen and those of to
high-dose, long-term protocols.
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20 exposures and before two years of age) and
the appearance of the allergic response usually
coincides with the demonstration of neutralizing
anti-factor IX antibodies in a Bethesda assay. 

In addition to showing differences in clinical
presentation compared to factor VIII inhibitors,
anti-factor IX antibodies also show a distinct
pattern of response to attempts to induce
immunologic tolerance. Whereas approximate-
ly 75% of factor VIII inhibitors may be treated
successfully with a variety of immune tolerance
protocols,9 this treatment strategy is more often
unsuccessful in hemophilia B inhibitor patients
and, in addition, has been reported to induce a
clinically significant nephrotic syndrome in
some patients.10

Genotypic associations with factor IX
inhibitor development

It is now well documented that the hemophil-
ia mutation is one of the major factors that influ-
ences the likelihood of inhibitor generation fol-
lowing exogenous protein infusion.11 This geno-
typic association has been observed in studies of
both hemophilia A and hemophilia B.12,13 The
molecular genetic heterogeneity that underlies
hemophilia B is documented in the Internation-
al Hemophilia B Mutation Database
(http://www.kcl.ac.uk/ip/petergreen/haemBdata-
base.html). In the ninth edition of this database
(which documents all factor IX mutations other
than deletions and insertions >30 nucleotides),
21 patients with factor IX inhibitors are detailed.
These 21 patients have eight different factor IX
mutations: four different nonsense mutations,
three frameshift mutations and a single missense
mutation. In addition to the information derived
from the Mutation Database, several other stud-
ies have also documented the association of par-
tial or complete factor IX deletion mutations with
the development of inhibitors (Table 1 and Figure
1). Thus, as with hemophilia A, the propensity
for inhibitor development is far greater in patients
with factor IX mutations that eliminate or severe-
ly disrupt protein synthesis. In contrast, hemo-
philia B patients with missense mutations very
rarely develop inhibitors.

This pattern of genotype/phenotype associa-
tion is well illustrated by recent studies from
Sweden where all of the hemophilia B patients
with inhibitor had either deletion or nonsense

The development of neutralizing antibodies
(inhibitors) to the infused therapeutic coag-
ulation protein in hemophilia represents the

most serious therapy-related complication
encountered in the clinical management of
hemophilia. In severe hemophilia A, inhibitors
have been reported in 15-50% of patients sur-
veyed in different populations.1,2 In contrast, the
incidence of anti-factor IX allo-antibody gener-
ation in severe hemophilia B patients has been
documented to be <5% in most studies.3 The
explanation for this discrepancy is still unre-
solved but may, at least in part, relate to the pres-
ence in hemophilic plasma of several other pro-
teins with similar structures to that of factor IX
(the vitamin K-dependent proteins, factor X,
protein C, etc).4 These structurally-related pro-
teins may induce immunologic tolerance to
infused factor IX in most hemophilia B patients
and thus prevent the generation of a productive
host immune response against factor IX. Anoth-
er potential explanation of the low inhibitor
incidence in hemophilia B may involve the rel-
ative sizes of the mutational targets provided by
the factor VIII and IX genes.5,6 At 186 kb, the fac-
tor VIII gene is approximately six times larger
than the factor IX locus and thus provides a sig-
nificantly larger target for the types of mutation
that result in an increased likelihood of inhibitor
development.     

Factor IX inhibitors and allergic reactions
In contrast to the allo-antibodies that develop

against factor VIII, a significant proportion of
neutralizing anti-factor IX antibodies are also
associated with allergic reactions to the infused
protein.7,8 For reasons that have yet to be deter-
mined, this type of immunologic response is rare
in hemophilia A. These allergic reactions have
taken the form of anaphylactic or anaphylactoid
responses in most cases, but in other aspects of
their development they do not appear to be sig-
nificantly different to those of anti-factor VIII
inhibitors. They most often occur during the ear-
ly phase of factor IX treatment (often within 10-
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mutations, whereas all patients with severe mis-
sense mutations were inhibitor-free.14,15 Interest-
ingly, and presently unexplained, is the fact that
the prevalence of factor IX inhibitors in the
Swedish population of patients with severe
hemophilia B is 23%, an approximately five-fold
higher prevalence than that reported in other
populations.

Management of factor IX inhibitors
In the light of the severe adverse reactions expe-

rienced by hemophilia B patients who develop

allo-antibodies, a good case can be made for ear-
ly genotyping of new cases of severe hemophilia
B. These studies should most effectively proceed
with polymerase chain reaction amplification of
the eight factor IX exons followed by sequencing
of the amplicons. Failure to amplify one or sev-
eral exons is highly likely to be indicative of a
factor IX deletion mutation. With currently
available information, the risk of factor IX
inhibitor development with a factor IX deletion
mutation is between 25-50%. With a missense
mutation the inhibitor risk is negligible and with
a nonsense mutation the risk is probably between
5-25%.

If a new factor IX deletion or nonsense muta-
tion is detected, two revisions to routine treat-
ment merit consideration. Firstly, that the initial
15-25 infusions of factor IX be performed in a
medically supervised environment with access to
drugs for the treatment of an anaphylactic reac-
tion. The second treatment revision that deserves
evaluation is either the co-administration of
pulse immunosuppressive therapy during the
early phase of factor IX administration or the use
of an alternative hemostatic agent, most proba-
bly recombinant factor VIIa, to treat bleeding
during the first two to three years of life. If a fac-
tor IX inhibitor develops and immune tolerance
induction is attempted, careful monitoring for
the development of proteinuria should be per-
formed. 
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Table 1. Role of factor IX genotype in anaphylaxis (Thor-
land, Hemophilia 1999).

Figure 1. The factor IX gene
and adjacent mcf2 proto-onco-
gene locus.  The extent of thir-
teen, partial and total factor IX
gene deletion mutations is
shown with documentation of
accompanying inhibitor gener-
ation (I) or no inhibitor (NI*).
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Unfortunately, the number of patients who
develop anti-factor IX inhibitors is so small that
an objective evaluation of any of these therapeu-
tic strategies will require the collation of infor-
mation from a multi-center, international study.
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Modified Bonn-Malmö Protocol (MBM
Protocol)

Acquired inhibitors, which are mostly directed
against Factor VIII of the coagulation system, are
an extremely rare disease, with an incidence of
0.2 to 1/million/year,1,2 They are usually oligo-
or polyclonal autoantibodies type IgG I and IV;
however, IgA and IgM inhibitors against factor
VIII have been described as well.3-5

Inhibitor occurrence leads to a decompensation
of the coagulation system, resulting in mostly life-
threatening soft-tissue bleeding. Lethality used to
be 22%.6,7 The fact that according to recent stud-
ies lethality is reduced to 7.5% may be attributable
to the availability of coagulative APCC and factor
VIIa concentrates.8 The treatment regimens
directed against autoantibodies are based on
immunosuppression by cyclophosphamide, pred-
nisolone, azathiophrine, vincristine and others.

Inhibitor formation against clotting factor VIII is a
life-threatening condition with a mortality rate of up
to 22 %. We treated 24 patients between 30 and 89
years of age, all with high-titer factor VIII inhibitor
and life-threatening bleeding, using conventional
therapies and MBM Protocol, respectively. Five
patients were treated using conventional treatment
methods, i.e. immunosuppression or immunomodu-
lation (prednisolone, cyclophosphamide, vincristine,
IgG). Two of these patients received additional
immune tolerance therapy according to the Bonn
Protocol. Permanent inhibitor elimination was
achieved in only one of the five conventionally treat-
ed patients. One patient had inhibitor remission for
a duration of 12 months, followed by another life-
threatening event. Thus, a total of four patients were
unsuccessfully treated with conventional therapies
for nine to 86 months. In three patients, conven-
tional therapy was discontinued, and treatment
according to the Modified Bonn-Malmö Protocol was
initiated (successfully in two patients; one had to
discontinue treatment despite good response due
to secondary diseases).
In total, we treated 22 patients diagnosed with
acquired inhibitor and acute life-threatening bleed-
ing with the Bonn-Malmö Protocol (MPM-P). MBM-
P consists of four treatment elements (immunoad-
sorption, antigen stimulation (factor VIII), immuno-
globulin substitution and immunosuppression). Sev-
enteen patients had completely overcome the
inhibitor after a median of 16 apheresis treatments
and showed normal factor VIII plasma activity. A fur-
ther four patients had to discontinue treatment due
to secondary diseases. Treatment was unsuccessful
in only 1 patient. Median factor VIII consumption
was 384,000 units. At the end of July 2001, the
median follow-up period for the 17 patients suc-
cessfully treated according to the MBM Protocol was

31 months, without any indication of new inhibitor
activities. The follow-up period of conventionally
treated patients was between 13 months and nine
years. Factor consumption in patients treated con-
ventionally was 56,000 to 4.3 million factor VIII units
and 777,000 to 15 million FEIBA units. The MBM
Protocol offers an economical alternative to con-
ventional inhibitor treatment. The advantages of the
MBM Protocol are rapid control of bleeding within
one or two aphereses (24 to 48 hours), quick
inhibitor elimination (median of 16 apheresis treat-
ments), stability of successful outcome (median fol-
low-up of 31 months) and a success rate of 94 %
(17 successful vs. 1 failure). Early application of fac-
tor VIII using apheresis treatment had an early
immunomodulatory effect as well as an early hemo-
static effect. This results in the prevention of sec-
ondary bleeding complications and the causal treat-
ment of existing bleedings.
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Another treatment option is referred to as immu-
nomodulation using immunoglobulin substitu-
tion in order to trigger inhibitor elimination.9 The
potential to treat acquired hemophilia with FVIII
and cyclophosphamide has been apparent for 30
years.10 In a randomized trial various immuno-
suppressive regimens with prednisone and cyclo-
phosphamide reduced inhibitor titers to unde-
tectable levels in 68% of patients.11 However these
results have been partially attributable to con-
comitant therapy with coagulation factor con-
centrates. Furthermore, a complete response to
immunosuppressive therapy in acquired inhibitor
patients may require weeks or months.11-14

Assessment of the current data available is dif-
ficult given the small number of cases as well as
the inconsistent description of the different
treatment protocols and experiences with respect
to end point definitions of a successful therapy,
treatment duration, undesirable effects and espe-
cially the occurrence of secondary bleeding
events and the amount of activated prothrombin
complex concentrate (aPCC) and recombinant
factor VIIa (rFVIIa) concentrate required. The
same applies to cost aspects as far as they have
been considered in publications so far.

Availability of immunoadsorption and thus the
possibility of automated antibody reduction in
the patient´s plasma paved the way for the devel-
opment of new treatment cycles.15,16

Based on our experience in the treatment of
patients both with congenital and with acquired
inhibitors we at the Hemophilia Center in Bonn
developed a new so-called Modified Bonn-
Malmö Protocol (MBM Protocol) from a com-
bination of the Bonn Protocol (also referred to as
Immune Tolerance Therapy, ITT) for the perma-
nent elimination of FVIII inhibitor in patients
with congenital hemophilia A or B,17-19 and a
modified Malmö Protocol (with additional immu-
noadsorption, oral cyclophosphamide and IgG
application).15,20,22 The main focus is on antibody
reduction by means of immunoglobulin columns
which allow adsorption of all IgG classes, as well
as on immunomodulatory treatment by antigen
exposition using factor VIII concentrates22,23 and
application of foreign immunoglobulins under
simultaneous immunosuppressive treatment
with corticosteroids and cyclophosphamide.
Medicinal immunosuppression seemed indis-
pensable given the experience in the history of
the treatment of acquired inhibitor diseases.

In the following, we will for the first time pre-
sent our therapy results achieved in patients with
acquired factor VIII inhibitor, treated using con-
ventional immunosuppressive or immunomod-
ulatory regimens as well as the MBM Protocol.

Methods
The MBM Protocol
The treatment cycle consists of four components

which are applied during the course of one week.
1. From day 1 to 5 long-term immunoadsorp-

tion with daily processing of 2.5 times the

patient’s plasma volume.
2. Application of factor VIII concentrates,

depending on the extent of inhibitor titer and
bleeding situation, at a dosage of 100 units/kg
body weight every six hours (in exceptional
cases up to 200 units/kg). Standard dose
reduction upon exceeding 100% factor VIII
plasma activity within a six or twelve hour
recovery under consideration of the clinical
requirements.

3. On day 5, 6 and optionally on day 7 applica-
tion of immunoglobulins at a dosage of 0.4
mg/kg body weight/day.

4. From day 1 to 7 application of cyclophospha-
mide (2 mg/kg/BW) in combination with
prednisolone (1 mg/kg/BW).

Upon achieving inhibitor elimination immu-
nosuppression was gradually reduced over a peri-
od of six weeks.

The treatment cycle is repeated in accordance
with clinical requirements and laboratory results.
Application of rFVIIa or aPCC was usually per-
formed prior to transportation to our hospital or
prior to the placement of central venous catheters
under difficult anatomical conditions.

Immunoadsorption was accomplished by
apheresis with a dual-column system (Ig-Thera-
Sorb®, PlasmaSelect AG, Teterow, Germany) of
sheep-derived polyvalent anti-human immuno-
globulin bound to Sepharose CL 4B (Amersham
Pharmacia Biotech AB, Uppsala, Sweden).

Conventional treatment strategies 1986 to 1997
Prior to the development of the MBM Protocol

our treatment of patients with acquired
inhibitors was guided by our own experience with
the Bonn Protocol as well as the guidelines and
therapy recommendations of current literature
and the clinical requirements.

We used cyclophosphamide, prednisolone, vin-
cristine, immunoglobulins, factor VIII concen-
trates and FEIBA in mono and in combination
therapies. We also tried induction of immune
tolerance by high-dose factor VIII application in
two patients, following therapeutic experience
with hemophilia patients according to the Bonn
Protocol. Treatment was modified after six
months of unsuccessful therapy at the earliest.

Diagnosis
Acquired inhibitors were diagnosed by single-

factor analysis in combination with a plasma
exchange and the Bethesda assay (BU) using the
Nijmegen method modification.

In all patients and for the entire treatment
cycle, factor VIII was invariably determined using
one-stage clotting assay (Immuno) and chro-
mogenic assay (Baxter). Lupus was excluded by
means of lupus APTT and dRVVT (diluted Russell
Viper Venom Test). 

All treatment decisions were based on the
results of the one-stage clotting assay as due to
the high degree of dilution of the plasma sample



the chromogenic assay yielded a factor VIII activ-
ity which did not reflect in particular the clinical
aspect, i.e. the degree of bleeding diathesis. The
two measuring methods will only converge upon
reaching a normal range of FVIII plasma activity
in the one-stage clotting assay.

The only treatment objective accepted was suc-
cessful inhibitor elimination. Successful inhibitor
elimination was defined, for the above reasons, as
the normalization of factor VIII plasma levels
both in the one-stage clotting assay and in the
chromogenic assay. Factor activity had to be
demonstrated permanently over 100% for both
methods without requiring any supportive factor
VIII substitution or other drug therapy (immuno-
suppression, IgG administration).

A single negative inhibitor test alone was not
included in the definition as negative inhibitor
results were usually measured even at patholog-
ical factor VIII activity.

As soon as the patient’s clinical condition
allowed, diagnosis was performed with regard to
inhibitor-associated disease, the main focus
being on causal tumor disease.

Total patient population
Between 1986 and July 2001, we treated 24

patients suffering from acutely life-threatening
high-titer inhibitor against factor VIII (age: medi-
an 69; mean 64.9; maximum 89; minimum 30
years). Inhibitor titer at the beginning of treat-
ment: median 61; mean 273.3; max. 3556; min.
5 Bethesda units; women: 13, men: 11).

All patients had a life-threatening bleeding
which in most cases consisted in extensive trun-
cal or soft-tissue bleedings. These caused prob-
lems due to displacement symptoms, e.g. com-
partment syndrome, obstruction of the airways,
nerve lesions and secondary infection of hema-
tomas. All 24 patients were examined for
inhibitor-associated diseases. We diagnosed four
collagenoses, three postpartal courses, three car-
cinomas (two prostate and one pulmonary car-
cinoma) as well as one Hashimoto’s autoim-
mune thyreoiditis as inhibitor-associated dis-
eases. In 13 patients there was no indication of
typical inhibitor-associated disease.

Patients treated using conventional strategies
Five patients with high-titer inhibitor against

factor VIII (age: median 79, mean 76.7, maxi-
mum 87, minimum 62) (inhibitors at initiation
of treatment: median 51.5, mean 104, maximum
308, minimum 5) (women: 3, men: 2) initially
received immunosuppressive or immunomodu-
latory treatment only. Two of those patients were
additionally treated according to the Bonn Pro-
tocol. At the beginning of treatment, all patients
exhibited life-threatening bleeding. Three
patients who were refractory or suffered a relapse
were started on a therapy according to the MBM
Protocol (Figure 1).

Patients treated according to the MBM
Protocol

Since 1996 we have treated 22 patients accord-
ing to the MBM Protocol, all of whom had high-
titer inhibitor against factor VIII and suffered
from life-threatening bleeding at the beginning
of treatment (Figure 1). The patient population
consisted of ten men and twelve women with a
mean age of 64.7 years (median 69, maximum
89, minimum 30 years). The highest inhibitor
titer measured during inhibitor treatment was
8,400 BU (median 63; maximum 8,400; mini-
mum 15).

Results of the MBM Protocol
Of the 22 patients who suffered from high-titer

factor VIII inhibitor, 17 were able to complete
the entire treatment protocol and were treated
until total inhibitor elimination. Four patients
had to be excluded due to secondary underlying
diseases even though they were responding well
to the therapy, with negative inhibitor test or
reduction of inhibitor activity to below 10 BU.
Despite all efforts, one patient could not be treat-
ed successfully under this treatment protocol. 

The following is the exemplary course of treat-
ment of 53-year-old female patient M.E., who
suffered from high-titer inhibitor (110 BU). The
patient exhibited extensive soft-tissue hema-
tomas of the trunk, the extremities and the face.
In addition, she developed a compartment syn-
drome at the right lower leg during her stay at the
referring hospital. Rapid diagnosis and immedi-
ate initiation of treatment using the MBM Pro-
tocol rendered the use of APCC or recombinant
factor VIIa unnecessary. The curve in Figure 2
illustrates factor VIII increase, which had initial-
ly been below 1% plasma activity, during the
course of the MBM Protocol. The triangles
depicted symbolize the days on which immuno-
adsorption was performed. The squares depicted
symbolize the days on which immunoglobulins
were applied. During the entire treatment cycle
the patient received oral prednisolone and cyclo-
phosphamide. During the MBM Protocol we
were able to measure inhibitor titer reduction
from 110 BU in parallel to the increase of factor
VIII plasma activity. Factor VIII inhibitor was no
longer detectable on day 7 of treatment. The
dosages of factor VIII are illustrated in Figure 3.
Application was performed depending on the
patient’s clinical condition as well as on the fac-
tor VIII plasma activity detected. The marked
decrease of factor VIII plasma activity upon stop-
ping the application of exogenous factor VIII was
compensated for by repeating immunoadsorp-
tion on days 19 and 21. The outcome of treat-
ment, which is illustrated here, is representative
for all 17 patients who were able to complete the
entire treatment protocol. 

In patients with life-threatening bleeding events
we have to differentiate four stages until inhibitor
elimination within the framework of the MBM
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Protocol. First, the bleeding event is brought under
control within the first one or two apheresis treat-
ment days. In the further course the inhibitor test
is negative after an average of five apheresis treat-
ment days. Finally, factor VIII application became
unnecessary after a mean 15.2 days. In 11 cases
further apheresis treatment was required after
stopping factor application since upon discontin-
uation of exogenous factor VIII the factor VIII
activity in the patient´s plasma decreased, as was
shown in the exemplary case of patient M.E. On
average, 2.5 additional apheresis days were
required (median 3, maximum 5, minimum 1
apheresis day).

In total, the mean duration of treatment until
long-term inhibitor elimination is 16.6 aphere-
sis days (median 16, maximum 36, minimum 6
apheresis days) (see Table 1).

Therapy discontinuation in four patients
during MBM protocol

In four patients with high-titer inhibitor against
factor VIII and at the same time life-threatening
bleeding events (soft-tissue bleedings) treatment
according to MBM Protocol had to be discontin-
ued. In one case, this decision was made because
of a diagnosis of pulmonary carcinoma. With
regard to the poor prognosis the patient decided to
discontinue therapy. In two patients 89 and 76
years of age treatment had to be discontinued due
to extremely low cardio-pulmonary tolerance. A
fourth patient, 81 years of age and with pre-exist-
ing arteriosclerosis, developed a stroke and had to
discontinue treatment in the light of her consid-
erably reduced general condition.

In all four patients the bleeding had been under
control within one or two apheresis treatments.

Figure 1. Patients with high titer FVIII inhibitor.

Figure 2.

Table 1.
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Treatment failures during MBM-Protocol
In one case, inhibitor elimination failed despite

intensive therapeutic efforts. Unlike the previ-
ously mentioned patients this 47-year-old man
was not in an acute bleeding interval at the
beginning of treatment. However, his medical
history revealed several severe bleedings in the
area of the lower extremities. Treatment extend-
ed over a period of 75 days of hospitalization
including 62 apheresis days. The inhibitor with
an initial value of 3,556 BU was reduced to 6 BU.
One reason for the patient´s failure to respond
to the therapy may have been the presence of
severe adiposity (160 cm, 144 kg), which during
the course of treatment progressed to 155 kg. The
required factor VIII dosages per kg body weight as
well as the dosages of immunosuppressants were
not achieved; in addition the adsorption times
and as a result the plasma volumes were reduced
to 50% of the target value. 

Follow-up of MBM-Protocol
For the 17 successfully treated patients a mean

follow-up period (end of July 2001) of 31
months was reached. The longest follow-up was

36 months (median 28, minimum 1 month).
None of the patients exhibited another bleeding
tendency or inhibitor activity. Of these 17
patients three died due to events not related to
bleedings; one after 1 month, one after 10
months, and one after 20 months. 

Application of recombinant factor VIIa dur-
ing MBM Protocol

Factor VIIa was used in six cases, for a median
duration not exceeding three apheresis days
(mean 3, minimum 1, maximum 5 days). Medi-
an consumption was 12,000 KIU (mean 15,000;
maximum 30,000; minimum 2,200). Applica-
tion was indicated in five patients due to acute
treatment started in the peripheral hospital and
continued until hospitalization in our clinic. In
one case, it was only indicated as a first-line treat-
ment and bleeding prophylaxis for the placement
of a central venous catheter in the presence of
severe adiposity.

Factor VIII application during MBM Protocol
As regards the life-threatening condition, all

patients exhibit a similar clinical picture and high-
titer inhibitor irrespective of the treatment regi-
men. 

Factor VIII application was a mean of 552,000
units in those patients (n=17) who received the
entire scope of the MBM Protocol. One case
required infusion of 2 million units. The medi-
an, which is 384,000 units, on the other hand
indicates a lower factor consumption. One
patient required only 134,000 factor VIII units.

Results of conventional inhibitor therapy
Of the five patients who were treated using

immunosuppressive or immunomodulatory
strategies inhibitor elimination was achieved in
one patient (SG) after 15 months (see Table 2).
The patient exhibited an initially life-threatening
bleeding and subsequently four additional soft-
tissue bleedings, some of them with an effect on
hemoglobin, under the cyclophosphamide mono-

Figure 3.

Table 2.
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therapy (1 mg/kg/BW) applied. In total 1.8 mil-
lion FEIBA units were applied, for vital treatment
as well as for prophylactic treatment of further
bleedings. Today, 9 years after normalization of
plasma activity, the patient does not exhibit any
new inhibitor activity.

Another patient (TT) received monotherapy
with prednisolone as application of cyclophos-
phamide had led to severe leukopenia in several
treatment attempts. After overcoming the ini-
tially life-threatening bleeding event, the patient
was treated with FEIBA prophylaxis on an out-
patient basis for almost 10 years. 

Inhibitor elimination was not achieved within
that period. Factor requirement during that time
was 15 million FEIBA units. Despite intensive
bleeding prophylaxis a total of 15 bleeding events
were observed in that patient. The patient died of
a disease not associated with any bleeding event.

Another three patients (RA, PK, MU) were ini-
tially treated using conventional combination
therapies (cyclophosphamide, prednisolone, vin-
cristine and IgG). Two patients additionally
received factor VIII within the framework of an
ITT according to the Bonn Protocol. Initially,
these patients also suffered from a life-threaten-
ing bleeding event. Duration of treatment was
13-67 months (mean 36.7) until these three
patients were switched to treatment according to
the MBM Protocol. During conventional treat-
ment the patients received 0.056 to 4.3 million
factor VIII units (mean 1.78). FEIBA consump-
tion was 0.77 to 5.8 million units; however, 1-28
(mean 12) additional bleedings were observed.
Only one patient (PK) experienced inhibitor
remission for the duration of 12 months until
another life-threatening bleeding occurred,
which was the reason for starting MBM-P (see
Table 2).

The treatment results of the three patients (RA,
PK, MU) who after unsuccessful conventional
treatment changed to the MBM Protocol are
illustrated once more in table 3.

Under the MBM Protocol long-term inhibitor
elimination was achieved in patients RA and PK
Due to the fact that she developed pulmonary
carcinoma as a secondary disease, patient MU
decided to discontinue the therapy, as already
explained above.

Comparison of factor concentrate consump-
tion (FVIII and FEIBA) during the conventional
treatment phase of the two patients RA and PK
yields that the MBM Protocol reduces clotting
factor consumption by 1.18 million units (64%).
When looking at the procurement costs for FEI-
BA and factor VIII the difference between the two
therapies in terms of treatment costs is further
increased as the procurement costs for one FEI-
BA unit are well above those for factor VIII, and
during the MBM Protocol, application of FEIBA
or recombinant FVIIa is almost entirely dispens-
able. In addition, neither patient (RA or PK)
experienced another bleeding event after conclu-
sion of the MBM Protocol. The follow-up period

is currently between 41 and 62 months, during
which time no new bleedings and therefore no
bleeding-related follow-up costs have occurred.

Discussion
The Modified Bonn-Malmö Protocol presented

here can be characterized by the following prop-
erties. With the MBM Protocol, life-threatening
bleeding events can be controlled within 24-48
hours. The hemostatic effect of factor VIII under
the MBM Protocol can be described as prompt
and direct. The high success rate of 94.4% (n=18)
illustrates the high reliability of the therapy pre-
sented here. Considering the long-term follow-up
results (median: 28 months) inhibitor eradica-
tion can be considered as permanent. The
extremely short treatment period of 16.5 aphere-
sis days until inhibitor elimination ensures the
prevention of undesirable effects (compartment
syndrome, fistula formation, etc.) as may occur
during immunosuppression with cyclophos-
phamide or prednisolone over several months. In
addition, secondary infections, which tend to
occur particularly during long-term immunosup-
pression, can be avoided. We can also assume low-
er costs for short-term treatment with factor FVIII
(median: 384,000 units) within the framework
of the MBM Protocol as compared to conven-
tional therapies (up to 4.3 million FVIII units). 

Argumentation in favor of factor VIII applica-
tion using apheresis treatment is based on its very
early hemostatic effect,24 so that use of other
cost-intensive coagulation concentrates (APCC
and rFVIIa) can be reduced or entirely eliminat-
ed. The costs of an exclusively immunosuppres-
sive and immunomodulatory treatment are
determined by the use of APCC and rFVIIa, which
are indispensable for conventional treatment reg-
imens, especially in the presence of bleeding
events.25,26

As far as economic efficiency is concerned, the
procurement costs for APCC and rFVIIa have to
be taken into consideration, which are more than
twice the expenses for factor VIII. In addition,
our experience shows that during conventional
treatment the drugs APCC and rFVIIa have to be
applied in hemostatically effective dosages which
account for final costs far exceeding the treat-
ment costs associated with the MBM Protocol.

Our results also show that the use of APCC
within the framework of a conventional therapy
does not effectively protect the patients from new
bleedings (1-28 bleedings). Under the MBM Pro-
tocol on the other hand there was only the pri-
mary bleeding event, no re-bleedings.

Apart from the hemostaseological necessity of
factor VIII therapy the immunological compe-
tence of factor VIII during the three weeks of
treatment according to the MBM Protocol is a
matter worthy of discussion.

In contrast to inhibitor patients with hemo-
philia, patients with acquired inhibitors still have
the ability to synthesize their own (endogenous)
factor VIII. Exogenous factor application at reg-
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ular intervals as specified in the MBM Protocol in
combination with immunoadsorption and the
continued endogenous FVIII synthesis resulted
in detectable factor VIII plasma levels within the
first 1-2 apheresis treatments. 

In addition, application of exogenous factor
VIII creates an antigen stimulus, which in
inhibitor patients both of acquired as well as con-
genital genesis results in a booster effect due to
increased lymphocyte proliferation.27,28 This
should also be discussed with regard to an ele-
vated sensitivity of inhibitor clones towards
immunosuppressants.

A minor booster effect is also observed during
the first treatment cycle of the MBM Protocol.
This is of no clinical relevance in the presence of
detectable FVIII recovery values. This short-term
quantitative increase in inhibitor activity is neu-
tralized by the patient’s exogenous and endoge-
nous FVIII levels as FVIII plasma activity remains
detectable and there is clinical proof of a hemo-
static effect. In the end, booster effect is of low
clinical relevance as the inhibitor titers are no
longer detectable after a median of five apheresis
days. Whether or not booster effect is of any ele-
mentary significance for inhibitor elimination
cannot be decided at present. There is empirical
proof at least of limited effectiveness of pred-
nisolone and cyclophosphamide in the treatment
of hemophilia patients with alloantibodies as
opposed to the treatment of patients with
acquired autoantibodies.25 In the combination of
measures (FVIII, immunoadsorption, IgG appli-
cation) the additional immunosuppressive effect
leads to permanent inhibitor elimination. The
FVIII levels measured, as in the case reported, are
6-8-12-hour recovery values. We can assume
that after application of FVIII plasma levels are
reached which sufficiently explain the early
hemostatic effect we have observed, even at low
recovery values.24 Therapeutic response can

therefore be monitored by determination of FVIII
activity, apart from the clinical parameters. Our
experience suggests that the factor VIII activities
measured by one-stage clotting assay are closely
related to bleeding tendency and its decrease dur-
ing the MBM Protocol. 

This type of factor VIII determination allows
monitoring the treatment of bleedings as well as
the success of therapy, so that treatment can be
adjusted as appropriate. Comparable laboratory
monitoring is currently not available for APCC or
rFVIIa therapy, or only at an unsatisfactory lev-
el.8,29

The MBM Protocol consists of two components:
the modified Bonn Protocol and the modified
Malmö Protocol. In the Bonn Protocol, which was
developed in 1974/75, 100-150 factor VIII
units/kg BW are applied daily until permanent
inhibitor elimination. For the Malmö Protocol,
the Bonn Protocol was modified, and infusion of
comparable amounts of factor VIII is preceded by
immunoadsorption if the inhibitor titer exceeds
10 BU. As opposed to the Malmö Protocol the
MBM Protocol involves long-term immunoad-
sorption over several weeks. The target volume to
be absorbed within one apheresis day (2.5 times
the plasma volume) is reached after 4-5 hours.
This permits quick inhibitor reduction and, with
the Therasorb columns used, the binding of all
IgG subclasses.

In addition, immunosuppressive therapy was
changed from short-term bolus therapy using
cyclophosphamide within the Malmö Protocol to
continuous oral administration in combination
with oral prednisolone for up to 6 weeks after
inhibitor eradication.

IgG is applied in a changed mode on a regular
and standardized basis after several days of
immunoadsorption.

Conclusive assessment is problematic due to
the difficult data situation in current literature.

Table 3.
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This is due to the low incidence of inhibitor for-
mation. Suggested models for explaining the
modes of action of the MBM Protocol presented
here are of a rather speculative nature. The focus
remains on empirical experience and the stated
advantages of the MBM Protocol over conven-
tional therapies in the treatment of inhibitor
patients.

The working group of Prof. R. Zimmermann
and Dr. A. Huthe-Kühne in Heidelberg (Ger-
many) came up with similar results for the treat-
ment of patients with acquired inhibitors. The
only difference to the MBM Protocol, which
involves bolus injections, is continuous i.v. appli-
cation of factor during the treatment cycle,
which proved to be efficient. 

The life-threatening nature of acquired factor
VIII inhibitors necessitates the use of highly effi-
cient treatment options. We think that if at all,
reviewing individual treatment components of the
MBM Protocol should be done with great caution
so as not to jeopardize the chances of recovery and
the treatment outcome. In addition, in view of
the low incidence and the resulting low case num-
bers we advise against further modification of the
protocol for the time being, in favor of a growing
patient population. Testing the MBM Protocol
presented here at other centers would be appreci-
ated. 
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Acquired hemophilia is a rare but sometimes
life-threatening bleeding condition caused
by autoantibodies depleting circulating

FVIII. Autoantibodies to FVIII:C constitute the
most common spontaneous inhibitor to any
coagulation factor and arise in patients with pre-
viously normal FVIII:C activity in association with
a diverse variety of clinical settings. Inhibitor for-
mation is rare with an incidence of 0.2-1 per one
million persons per year,1 although clinical expe-
rience suggests, that this condition was either pre-
viously underdiagnosed or is increasing in inci-
dence. These autoantibodies often occur as an
epiphenomenon of autoimmune disorders and
may represent a component of immune dysfunc-
tion. Conditions associated with spontaneous
inhibitor formation include rheumatoid arthri-
tis, bronchial asthma, myasthenia gravis, systemic
lupus erythematosus, as well as postpartum peri-
od and malignancies.2-5 However, in approxi-
mately 50% of cases no underlying disease is
found.1,6

Concerning pharmacokinetics, there is a sig-
nificant difference between allo- and autoanti-
bodies. Alloantibodies to FVIII:C (type I), which
can develop in response to replacement therapy in
patients with congenital hemophilia, display a
type I reaction kinetic with a linear and complete
inactivation of FVIII. In contrast FVIII autoanti-
bodies (type II) inactivate endogenous FVIII in a
non linear and incomplete fashion and display a
complex type II inhibition kinetic.7,8 As a result
there may be no correlation between inhibitor
titer, FVIII activity and the severity of bleeding.

Inhibitors are quantified using the Bethesda-
assay, which depends on the measurement of
residual FVIII activity and a linear inhibition
kinetic. Therefore quantitation of type II
inhibitors is very arbitrary, because the inhibitor
neither inactivates FVIII completely nor becomes
saturated with FVIII and the in vivo inhibitor
potency may be underestimated.7,8 These proper-
ties correspond to the clinical situation, that low
levels of FVIII may still be detectable despite the
concomittant presence of a high titer inhibitor
and extensive bleeding. Recovery and half-life of
infused FVIII may be significantly reduced even
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in those patients with low levels of inhibitors.
The clinical course of patients with acquired

hemophilia is characterized by progressive and
dramatic hemorrhages with a different bleeding
pattern compared to patients with congenital
hemophilia and inhibitors. Severe soft tissue
bleeds, major life-threatening abdominal and
retroperitoneal hemorrhages, as well as extensive
muscle bleeding predominate and may lead to a
fatal outcome in up to 22% of cases.1,6

The dual treatment objectives are the manage-
ment of acute bleeds and permanent inhibitor
elimination to restore hemostasis. For the man-
agement of severe and life-threatening hemor-
rhage different treatment options are available
including hemostatic agents such as high-dose
FVIII or porcine FVIII and inhibitor bypassing
products, including PCCs with a reported efficacy
of 50% and APCCs with an efficacy up to 70%.9,10

A new treatment option is recombinant factor VII
in its activated form (rFVIIa, NovoSeven®) with
a reported efficacy rate of 80-90%.11,12 Extracor-
poreal IA is another option, when an immediate
reduction in the level of autoantibodies is
required.13-18

For the management of permanent inhibitor
elimination, different treatment modalities have
been applied with varying degrees of success. These
include a range of immunosuppressive drugs giv-
en alone or in combination, with or without pri-
or high-dose FVIII19,20 and IVIG.21,22 Immune tol-
erance induction (ITI) with high-dose FVIII, as
applied in the Malmö protocol14-16 and the Bonn
protocol,23,24 is a form of immunemodulation,
which has been successfully applied to patients
with congenital hemophilia and inhibitors. (The
Malmö protocol consists of high-dose FVIII
administered several times a day as bolus injec-
tions with an initial dose of IVIG (2.5-5 g),
cyclophosphamide for 8-10 days, first intra-
venously for 2 days then orally, as well as IVIG
0.4 g/kg for 5 days beginning on day 4 of treat-
ment. If the initial inhibitor level exceeds 10 BU,
treatment is preceded by IA to protein A columns
to remove the antibodies).

To date, ITI protocols have rarely been applied to
patients with acquired hemophilia. The need for a
more effective treatment of patients with acquired
hemophilia led to the development of the modi-
fied Bonn-Malmö protocol (MBMP), referred to
initially as modified Bonn protocol. It has been
introduced in 1997 and promising data have
recently been reported.25,26 It represents a new
therapeutic approach to inhibitor-elimination and
management of acute hemorrhage in patients
with acquired hemophilia and consists of long-
term IA, high-dose FVIII, immunosuppressive
therapy and IVIG between adsorptions.

We modified this protocol in our center in Hei-
delberg with regard to FVIII dosage and applica-
tion. In addition all patients received rFVIIa to
control major hemorrhages. Our protocol is
referred to as modified Heidelberg- Malmö proto-
col (MHMP).27,28

Design and Methods
We treated 8 patients with acquired hemophil-

ia and severe life-threatening bleeds with this
modified Heidelberg- Malmö- treatment protocol
as follows:

1. IA (Therasorb‚) on 2-5 consecutive days each
week. Length of treatment was based on a Mon-
day to Friday schedule and was therefore deter-
mined by the day of patient admission.

2. IVIG (0.3 g/kg) on 3 consecutive days (Friday
to Sunday) in between adsorption cycles, starting
on the day of the last IA.

3. High-dose FVIII starting after the first IA.
4. Immunosuppressive therapy until remission,

beginning at the same time as IA and including
cyclophosphamide 2 mg/kg per day and pred-
nisolone 1 mg/kg per day to avoid autoantibody
rebound.

5. rFVIIa applied as continuous infusion (0.75-
1 KIU/kg per hour) following 1 or 2 initial bolus
injections (4.5-6.0 KIU/kg), aiming at FVII:C lev-
els of 10-15U/mL. When FVIII:C levels increased
to >30% under this specific therapy, treatment
with rFVIIa was discontinued.

For dosing of FVIII, we administered a bolus of
200 IU/kg FVIII followed by 200 IU/kg per day as
continuous infusion starting after the first IA. As
soon as plasma FVIII:C levels increased to normal
(>70%), the FVIII dose was gradually reduced in
steps of 50 IU/kg. The treatment cycles were con-
tinued until patients reached normal FVIII:C lev-
els without replacement therapy (complete remis-
sion, CR). Following CR, immunosuppressive
therapy with cyclophosphamide and prednisolone
was continued for 2-4 weeks and IVIG twice a
week for 4 weeks.

Extracorporeal antibody-based IA
Blood was taken from either peripheral venous

access or a central venous catheter at a flow rate
of 40-60 mL/minute. Heparin was added as an
i.v. bolus of 2000 U, which rose to 5000 U accord-
ing to the increase in FVIII:C activity, followed by
500-750 U/hour during IA. In addition, 0.15 M
citrate (ACD-A anticoagulant citrate dextrose, for-
mula A, Baxter) was used as an anticoagulant. The
volume ratio of citrate to blood was maintained at
between 1:18 and 1:22. Plasma separation was
performed with an Autopheresis-C™ Therapeutic
Plasma System (Baxter). Two columns, each con-
taining 150 mL sepharose coupled with polyclon-
al sheep antibodies to human immunoglobulin
(IgG, IgA and IgM) heavy and light chains (Ig-
Therasorb ), were used for immunoglobulin
removal. Each column has an immunoglobulin
binding capacity of approximately 4 g. The plasma
is directed to one column and the immunoglobu-
lins of the patient are bound to the immobilized
sheep antibodies. In one adsorption cycle (lasting
15 minutes) 400 mL of plasma were loaded onto
one column, while the other column was regen-
erated. A total of 12-20 cycles were performed in
one IA session. Thus, a total plasma volume of
4.8-8 L passed through the columns. Columns
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were regenerated by protein elution with glycine
buffer at p.H. 2.8, followed by washing cycles with
phosphate-buffered saline and 9 g/L isotonic sodi-
um chloride solution. An adsorption-desorption
automate system (ADA system, Baxter) was used to
control the flow of plasma and regenerating solu-
tions to the IA columns. After passing through the
columns, the plasma and separated blood cells
were re-infused into the patient.

Assays
Clotting assays were performed with citrated

plasma on an Amax Coagulometer (Amelung,
Lemgo-Lieme, Germany). FVIII:C activity was
determined with a one-step clotting assay using a
human FVIII:C deficient (Haemophilia A) plasma
(Immuno, Austria) and a Dapttin reagent
(Immuno, Austria) (normal range 0.7-1.1
U/mL). Activated partial thromboplastin time
(APTT) was determined using a Dapttin reagent
consisting of kaolin and sulphatide as surface acti-
vators and a blend of highly purified phospho-
lipids (Immuno, Austria) (normal range 32-42
seconds). FVIII:C inhibitory activity was quantified
by the Bethesda assay.29 The inhibitor titre was
expressed as the reciprocal of the patient plasma
dilution, which yielded 50% of the residual FVIII:C
activity in the test system.

Results
Between December 1997 and November 2000

eight patients with autoantibodies to FVIII:C were
referred to the MHMP. All patients were trans-
ferred to our hospital because of severe bleeding
complications. The median age of patients was 73
years (range 60-82) with a gender distribution of
5 males and 3 females. Six of the 8 patients
showed an associated underlying medical condi-
tion. 3 patients were taking immunosuppressive
drugs due to their underlying disease (Table 1).
Maximum inhibitor titres, inhibitor titres and
FVIII:C levels prior to IA are shown in Table 2. The
effect of the immunomodulatory treatment on
inhibitor titres and FVIII:C activity in 2 patients is
shown in Figures 1A and 1B. After a median of 3.5
adsorptions, patients FVIII:C levels increased to
>30%, while the inhibitor was no longer
detectable in plasma. CR in all patients required
continuous FVIII replacement for a median of 19
days and 16 adsorptions. (Table 3). In contrast to
other therapeutic strategies, CR in all patients was
achieved in less than 3 weeks in median.Therapy
was well tolerated by all patients without severe
side effects. To date, after a median follow-up peri-
od of 47 months (range 8-52 months), 7/8
patients continue to be in remission.One patient
died due to a plasmocytoma, which had been in
remission at the time of the diagnosis of acquired
hemophilia.

Discussion
Treatment of patients with FVIII or FIX autoan-

tibodies still represents a major challenge. The
hemorrhagic manifestations in these patients are

more dramatic and often life-threatening as com-
pared to bleeds associated with inhibitory alloan-
tibodies. In most cases, immediate intervention to
control the acute bleeding is necessary and any
choice of therapeutic modality should be based on
an algorithm which considers primarily the clin-
ical presentation and severity of bleeding. Thera-
peutic decisions should not be based only on the
inhibitor level, because the Bethesda-assay is less
predictive of FVIII recovery in patients with
acquired hemophilia and often underestimates the
in vivo potency of type II inhibitors.7,8 For the
management of acute bleeds treatment options
consist of high-dose FVIII (plasma-derived or
recombinant), porcine FVIII depending on cross-
activity, or administration of plasma-derived
bypassing agents, including PCCs and APCCs.

A new treatment option to bypass the inhibitor
and achieve hemostasis, is the administration of
rFVIIa,11,12 which has been reported to be clinical-
ly effective and safe in patients with congenital
hemophilia and inhibitors and in patients with
acquired hemophilia. In healthy individuals FX
activation on the surface of  activated platelets
and the resulting necessary burst of thrombin gen-
eration is ensured by the Tenase complex consist-
ing of FIX and FVIII. If one part of this complex is
missing or compromised by autoantibodies, the
necessary amount of thrombin is not generated.
Administration of rFVIIa in supraphysiological
doses activates FX on the surface of activated
platelets attached to the injured vessel wall pro-
viding the necessary amount of thrombin.30 Com-
pared to conventional bypassing products, which
are known to cause systemic activation of coagu-
lation and thromboembolism,31-33 the risk of
thrombotic complications seems to be very low
after administration of rFVIIa. Because of its mode
of action, rFVIIa has much less thrombogenic
potential and although administered in supra-
physiological doses, to date only few side effects
have been reported.34 There is no anamnestic
response and it has been shown to be very effec-
tive irrespective of the inhibitor titer.12 Clear dis-
advantages are the high costs when applied as
bolus infusion with a current recommended dose
of 90–120 mg/kg every 2 hours and the lack of
any specific laboratory control other than FVII lev-
els. Adequate hemostatic levels still remain to be
established. Administration by continuous infu-
sion is a new approach and may reduce FVIIa
requirement up to 50%.35,36

Concerning permanent inhibitor elimination
the most successful treatment to date is the
administration of immunosuppressive and cyto-
toxic agents.1,37 Due to their myelosuppressive
effects, the currently available cytotoxic agents
may lead to severe side effects. Neutropenia and
subsequent life-threatening infection have been
reported,20 even after a single treatment,38 and
may contribute to death.39

FVIII autoantibodies may also be responsive to
immune-modulating strategies, including IVIG
with varying response rates22 and IA. A new
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promising approach to immunemodulation may
be treatment with the monoclonal anti-CD20
antibody rituximab.This treatment eliminates the
clones of lymphocytes responsible for autoanti-
body production.40,41

The increased risk of severe infections and sep-
ticemia during treatment with immunosuppres-
sive and cytotoxic regimens and the relatively low
and varying response rates to IVIG, suggests that
further investigation of therapeutic alternatives is
necessary.

A new therapeutic approach is represented by
two protocols, the modified Bonn-Malmö proto-
col, the first ITI protocol for patients with acquired
hemophilia and a second protocol, the modified
Heidelberg-Malmö protocol.25-28 Both protocols
include  high-dose FVIII and IA for permanent
inhibitor-elimination. To date 20 patients (per-
sonal communication) have been successfully
treated according to the MBMP, we have includ-
ed 8 patients to our protocol. In contrast to the
original Malmö protocol, IA is considered as an
immunemodulating strategy and applied as long-
term treatment in both modified protocols.

Another modification is the introduction of a
new extracorporeal adsorption technique (Ig-
Therasorb ) based on the selective IA of specific
proteins to polyclonal sheep antibodies immobi-
lized on sepharose columns. This antibody-anti-
gen reaction currently represents the most selec-
tive approach to extract plasma components and
eliminates all 4 subclasses of IgG, as well as IgM,
IgA and circulating immunecomplexes. This

Table 1. Patients’ characteristics. Table 2. Patients’ data prior to the start of treatment. IA =
immunoadsorption.

Figures 1A,B [left column]. The following text is for figures
1a and 1b dosing schedules for FVIII, rFVIIa, prednisolone,
cyclophosphamide, IVIG, and application of immunoadsorp-
tion (IA), for the first 14 days of therapy in patients 5 (1a)
and 8 (1b). FVIII:C activity is expressed as  percentage of
activity in normal plasma. FVIII:C inhibitor titre is expressed
in Bethesda units (BU).
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adsorption technique, introduced by Knöbl et al.
in 1995,42 has been successfully applied to the
elimination of apolipoprotein,43-45 HLA antibodies
in renal transplant recipients46 and auto- and
alloantibodies to FVIII:C.25-28

We included 8 patients to the MHMP. Inhibitor
elimination was achieved in all patients and, after
a period of 43 months in median, 7 patients con-
tinue to be in remission. One patient died due to
his underlying medical condition, 8 months after
the end of treatment. Therapy was well tolerated
without any serious side effects. For the manage-
ment of acute bleeding, patients received rFVIIa
as first-line therapy applied by continuous infu-
sion. This mode of application reduced rFVIIa
requirements and bleeding was successfully con-
trolled in all patients. In contrast to the treatment
following the MBMP (bolus injections of rFVIII
100–200 IU/kg q.i.d.), we applied a modified fac-
tor VIII regimen with a single bolus of 200 IU/kg
followed by 200 IU/kg per 24 hours as continuous
infusion. This mode of application was as effective
as the original, despite a 50% reduction in dose,
and yielded additional cost benefits.

Immunosuppressive therapy and immune-mod-
ulation, including IVIG, high-dose FVIII and
extracorporeal IA comprise the MHMP protocol.
Because each of these immune-modulatory strate-
gies, described below, target a different aspect of
the immune system and work, in part, synergisti-
cally, we believe this treatment protocol to be very
promising.

Immunosuppressive and cytotoxic agents
Corticosteroids suppress immune responses

mediated by B- and T-lymphocytes. By inhibiting
interleukin-2 they prevent B-cells from respond-
ing to T-helper lymphocytes, thus reducing immu-
noglobulin production.47

Cytotoxic agents kill actively proliferating cells,

acting preferentially on cancer cells and cells of
the immune system. The survey by Green and
Lechner,1 which included 215 patients with
acquired inhibitors to FVIII:C, reported efficacy
rates of 30% for corticosteroid medication alone,
57% for corticosteroids and cyclophosphamide,
and 68% for corticosteroids and azathioprine,
respectively.

Immunoglobulins
IVIG exerts its effect by complex formation with

the circulating antibodies.This is mediated via
anti-idiotype antibodies present in the normal
antibody population and in the pooled plasma
that comprise IVIG.48-51 These anti-idiotypic anti-
bodies also bind and downregulate the B-cell
receptor for antigen thus decreasing autoantibody
production. There are several reports and one
prospective clinical trial, which demonstrate vari-
able degrees of responsiveness to IVIG treatment
in patients with acquired hemophilia.52,53 The fact
that the binding of Fab2 fragments from the
immunoglobulin preparation to the autoantibody
was responsible for the suppression of the autoan-
tibody provided the first convincing evidence for
the manipulation of the immune system by anti-
idiotypic antibodies.21 Another mechanism of
action might be an  acceleration in the rate of IgG
catabolism. Such a change may be induced by high
doses of exogenous IgG and results in the elimi-
nation of individual IgG molecules in direct pro-
portion to their relative concentration in plas-
ma.54,55

Re-induction of immune tolerance with high-
dose FVIII

Mechanisms by which high doses of FVIII
reduce the anti-FVIII:C antibodies are not clearly
understood. They can induce anti-idiotypic anti-
bodies, which bind to the variable region of the

Table 3. Details of treatment and
outcome. IA = immunoadsorption.
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anti-FVIII:C antibodies and neutralize them.56

Alternatively, high-dose FVIII may stimulate the
pathologic cell clone responsible for antibody syn-
thesis via antigen presentation and render it more
susceptible to immunosuppressive and cytotoxic
agents.19

Extracorporeal IA (Ig-Therasorb )
This new adsorption technique was introduced

for the treatment of acquired hemophilia by Knöbl
et al.42 It leads to an extensive reduction of immu-
noglobulins from intravascular space and changes
the distribution of antibodies and immune com-
plexes between intra- and extravascular compart-
ments leading to mobilization of antibodies from
interstitial sites, especially when applied as long-
term treatment.

Conclusions
Acquired hemophilia caused by inhibitory auto-

antibodies to FVIII or FIX is still associated with
high morbidity and mortality. Since rFVIIa is avail-
able, therapy of acute and life-threatening hem-
orrhage has been considerably enhanced. The
choice of treatment for acute bleeds should be
based on the clinical presentation rather than on
the level of the inhibitor titer. rFVIIa should be
considered as first-line therapy because of its high
efficacy and better side-effect profile as compared
to PCCs, APCCs.

High dose continuous FVIII infusion as applied
in the MHMP appears to be an effective alterna-
tive to bolus infusion as a means of presenting
sufficient antigen and to reduce FVIII requirement.
Considering the side-effects of immunosuppresive
therapy, which should be part of any regimen for
inhibitor elimination, a major advantage of our
protocol is the relatively short time-course of im-
munosuppressive therapy. We achieved inhibitor
elimination in less than 3 weeks (median) and all
patients continue to be in remission. The combi-
nation of immunosuppression and immunomod-
ulatory strategies proved very successful and rep-
resents an alternative therapeutic option in
acquired hemophilia. Further evaluation in a larg-
er number of patients is required.
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Acquired hemophilia is a clinical syndrome
characterized by the sudden onset of bleed-
ing, which may be either spontaneous or

occur after surgery or trauma and is usually
severe (87% of the cases), in patients with a neg-
ative family or personal history of hemophilia.
The depletion of factor VIII (FVIII), and much
less frequently of factor IX (FIX), is immune-
mediated by specific autoantibodies. The inci-
dence reported in the literature varies between 1
to 4 cases per million/population per year.1,2 The
incidence increases with age (median age 60-67
years) with an equal sex distribution except in
the younger group because of the relation to
pregnancy. Acquired hemophilia is commonly
associated with autoimmune (systemic lupus
erythematosus, rheumatoid arthritis, asthma)
and neoplastic diseases, hypersensitivity to drugs
and pregnancy but in 50% of the cases the con-
dition is idiopathic.3-5 Common sites of bleeding
are the skin (large ecchymoses), the mucosae
(epistaxis, gengivorrhagia, metrorrhagia), the
muscles and the retro-peritoneum (hematoma-
ta); hemarthroses are very rare. The bleeding can
arise spontaneously or after a procedure (posi-
tioning of an intravenous catheter, surgery,
intramuscular injections). If the bleeding occurs
in critical sites compression problems may
ensue. The severity of the bleeding is not pro-
portionally related to the inhibitor titer.6 The
reported mortality related to bleeding is 8-22%.2-

5 The majority of deaths occur within the first
few weeks after presentation.

Objective. To evaluate the clinical problems related
to the acquired hemophilia syndrome. 

Study design. Data collected from the Italian
Acquired Hemophilia Register.

Results. Ninety-six cases  were registered, 95 with
anti-factor VIII and 1 with anti-factor IX. Forty-five
cases (46.8%) were idiopathic, 51 (53.2%) associ-
ated with different clinical conditions. The overall
follow-up is 7 years (range 1-20). In 31 patients
(32.2%) bleeding occurred during or after an inter-
vention. A prolonged activated partial thromboplas-
tin time (aPTT) was present in all the patients in
whom the test was carried out but the inhibitor was
identified on the occasion of a bleed. Twenty-three
patients did not require treatment for bleeding; 66
patients received different therapies and in 58
patients bleeding was controlled. An anamnestic
response occurred in 8 cases unrelated to pregnan-
cy. Sixty-five of the ninety patients evaluable for
response to the initial anti-hemorrhagic therapy are
also evaluable for the effect of the immunosuppres-
sive therapy used to suppress the inhibitor. The final
results of induction therapy are 52 (80% ) complete
remissions, 6 (9.3%) partial remissions and 7
(10.7%) treatment failures. The majority of the
patients who achieved complete remission received
steroids. A 2nd remission was obtained in 10/11
patients who relapsed with combined therapy. The
overall mortality was 16.6%.

Conclusions. Correct evaluation of coagulation
screening tests, in particular the prothrombin time,
is mandatory. At present combined immunosup-
pressive therapy seems to be a reasonable choice for
the treatment of cases unrelated to pregnancy.
©2003, Ferrata Storti Foundation
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Prolongation of the activated partial thrombo-
plastin time (aPTT) with a normal prothrombin
time (PT) is the hallmark of the laboratory diag-
nosis. The objectives of therapy are to control the
bleeding and suppress the autoantibodies. In 1999
the Italian Hemophilia Centers carried out a sur-
vey of the cases of acquired factor VIII inhibitors
registered in the previous 15 years. The data col-
lected by this survey are presented in this report.

Design and Methods
A questionnaire was mailed to 42 Italian

Hemophilia Centers. The following information
concerning each patient was requested: the pri-
mary condition (if present); the initiating cause
of bleeding (e.g. trauma, surgery, other events) or
its spontaneous occurrence; the site of bleeding;
its severity evaluated by hemoglobin level and by
transfusion requirement; the type (anti FVIII or
anti FIX) and the titer of the inhibitor; the
anamnestic response if present; the therapy
administered to control the bleeding; agents
used, modality of administration and results; the
immunosuppressive therapy; drugs and modali-
ty of their administration, side effects and results;
for the pregnancy-related cases, temporal corre-
lation with bleeding. Complete remission (CR)
was defined as a normal level of FVIII or FIX and
no detectable inhibitor; partial remission (PR)
was defined as an inhibitor titer < 10 Bethesda
unit (BU) or a decrease of 50% if the baseline
inhibitor titer was <10 BU; failure (F) was
defined as no change or an inhibitor titer >10
BU or a decrease less than 50% of the baseline
value.

Mild bleeding was defined as self-limited ecchy-
moses and cutaneous hematomata. Severe bleed-
ing was defined as retroperitoneal, intracranial, or
ocular; a fatal hemorrhages; requirement of ≥ 2
red blood cell packs; or a decrease of ≥ 2 g of
hemoglobin.

Statistical analysis
Statistical analyses were performed using the

Student’s t test (Program MEDCALC, release
1999).  p values < 0.05 were considered statisti-
cally significant.

Results
Twenty centers contributed information on a

total of 96 patients. The requested information
was not available for all the patients, therefore
the data presented do not always refer to all
patients. Anti FVIII antibodies were identified in
95 patients and anti FIX antibody in one; 38 of
the patients were male and 58 were female. The
median age was 65 years (range 2-88), 69 for
males (range 5-85) and 40 for females (range 2-
88). No underlying disease was shown in 45 cas-
es (46.8%). Twenty cases (20.8%) were related to
pregnancy and 9 (9.4%) to malignant tumors: (2
cases of lung tumor, one each of pancreas, semi-

noma, astrocytoma, tonsil, urinary bladder, idio-
pathic myelofibrosis, multiple myeloma [Table
1]). Muscles, skin, mucosae and the urogenital
tract were the most frequent sites of bleeding
(Table 2), and the majority of patients had bleed-
ing from more than one  site. The incidence of
hemarthroses was 7%, higher than that previ-
ously reported. The overall median follow-up is 7
years (range 1-20); in the post-partum cases 8
years (range 0.5-15), in the idiopathic and the
autoimmune cases 4 (range 1-13) and 6 (range
1-11) years, respectively. In a few patients a pre-
vious mild bleeding was overlooked. In 65
patients (67.7%) the bleeding occurred sponta-
neously, in 31 (32.3%) cases, 15 of which idio-
pathic and 16 secondary, the index bleed
occurred during or after an intervention (Table
3). In 4 cases a hysterectomy was carried out
because of uncontrollable metrorrhagia (3 cases
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Table 1. Characteristics of the patients and clinical condi-
tions associated with acquired inhibitor development; whole
population.

Patients 96

Inhibitor FVIII/IX 95/1

Sex: male/female 38/58 

Age (median-range) 65 (2-88)
male 69 (5-85) 
female 40 (2-88)

Clinical conditions* n (%)

Idiopathic 45 (46.8)

Concomitant conditions 51 (53.2)
autoimmune 16(16.6)
malignant tumor 9 (9.4)
post-partum 20 (21)
HCV hepatitis 3 (3.1)
HBV hepatitis 1 (1)
pemphigo 1 (1)
sarcoidosis 1 (1)

*Children: idiopathic 2 years old, (FIX inhibitor), nephrotic syndrome 5 years old
(FVIII inhibitor).

Table 2. Site of bleeding. The majority of the patients bled
from more than one site.

Sites of bleeding First episode Relapse
96 patients % 31 patients %

Muscle 59 61.4 16 51.6
Central nervous system 0 -- 2 6.5
Gastro-intestinal tract 5 5.2 4 13.0
Urogenital system 13 13.5 2 6.5
Mucosa 13 13.5 3 9.7
Skin 36 37.5 5 16.1
Abdomen 8 8.3 2 6.5
Joint* 7 7.3 5 16.1

*Incidence higher than previously reported.



after vaginal delivery, 1 case after Cesarean deliv-
ery). At diagnosis the median hemoglobin level
was 8.9 g/dL (range 3.5-16). The aPTT was pro-
longed in all the patients for whom the value was
reported and in the surgery-related cases prior to
intervention. The inhibitor was identified on the
occasion of bleeding. The median inhibitor titer
was 7.8 BU/mL (range 1.6-140) for the entire
population; 9 BU (range 2-166) for the patients
who died because of bleeding. In the subgroup of

31 patients the median inhibitor titer was 17 BU
(range 1.6-51.2).

Ninety patients are evaluable for the response
to the therapy for bleeding; 6 patients were
excluded from the analysis because the relevant
information was missing. Twenty-four patients
were not treated: twenty-three because the bleed-
ing was mild (these patients presented with hem-
orrhages limited to the skin and the oral and
nasal mucosae and had higher values of hemo-
globin), and the other, a patient with astrocy-
toma, because death from cerebral hemorrhage
occurred shortly after presentation (Table 4).

Therapy to control the bleeding
Sixty-six patients received different therapies

and the characteristics of these patients are out-
lined in Table 4. Bleeding was controlled in 58, 26
with one modality and 32 with multiple modali-
ties (Table 5). The response to therapy (single
modality vs multiple modalities) was not related
to the inhibitor titer. An anamnestic response
occurred in 8 patients, 7 treated with porcine FVIII
and 1 with human FVIII concentrates. The details
are reported in the Table 6. One patient treated
with human FVIII was a low responder. Three
patients (4.9%) did not respond to treatment and
died because of bleeding. Five patients were not
evaluable: the modality of treatment was known
but the data are insufficient to evaluate the
response. 

Twenty-nine patients relapsed and experienced
36 new bleeding episodes after a median time of
4 months (range 1-94); 2 patients were not
evaluable because of insufficient data. Two
patients died because of cerebral hemorrhage. Six
patients (etilogy: idiopathic 1, neoplasia 2, post-
partum 2, autoimmune 1) were not treated
because their bleeding was mild. In the 19 treat-
ed patients 23 bleeding episodes were controlled;
2 patients died because of uncontrolled bleeding
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Table 3. In 31/96 (15 idiopathic, 16 with concomitant dis-
ease) the inhibitor was identified because of bleeding after
a procedure.

Clinical condition Number of patients

Elective surgery 12
Dental extraction 3
Post-partum hysterectomy 4
Trauma 8
Intramuscular injection (primary disease not reported) 3
Bone marrow biopsy 1

Total number 31

Elective surgery: hiatus hernia; pace maker insertion; cholecystectomy;
herniotomy; nephrectomy; appendectomy; hysterectomy for fibroma (2 cases);
1 case of psoas hematoma and 1 case of corpus luteum-related bleeding were
misdiagnosed before surgery; the diagnosis was unknown in two cases.

Table 4. Characteristics of the patients in relation to treat-
ment.

Clinical condition Treated Not treated

Idiopathic 35 5

Autoimmune 7 8

Post-partum 13 7

HBV/HCV hepatitis 3 1

Malignant tumors 6 3

Miscellaneous 2 0
total number 66 24§

not evaluable for response 5* N.A.
evaluable 61 N.A.

Bleeding
spontaneous 35 19
induced 26 5
mild 15 11
severe 34 4
not defined 12 9

Mean Hb g/dL (SD) 8.2 (2.4) 10.9 (3.1)°

Mean inhibitor titer BU (SD) 61.7 (262.4) 25.1 (38.4)^

Exitus for bleeding 3 1

N.A. = not applicable; °p<0.001; ^ p=n.s. Three patients did not respond to
treatment and died because of bleeding. *The modality of treatment was known
but the data were insufficient to evaluate the response. §One patient with
astrocytoma died because of cerebral hemorrhage shortly after presentation.

Table 5. Type of therapy and control of bleeding at the first
episode.

Single  modality Multiple  modalities*

Number of treated patients 26 32

Type of therapy
high dose immunoglobulins 2 −−−

DDAVP 4 1
human FVIII 6 9
porcine FVIII 5 6
APCC 4 6
rFVIIa 5 8
immuno-adsorption −−− 2

Mean inhibitor titer BU (+ SD) 30.7 (8.1) 85.4 (363)^

Mean Hb g/dl (+ SD) 7.7 (2.1) 7.4 (1.7)^

^p = n.s.; APCC = activated prothrombin complex concentrate;
DDAVP = vasopressin; *Last treatment that controlled the bleeding;
patients treated previously with a variety of agents.



(hemopericardium, retroperitoneal hematoma)
(Table 7). Modalities of treatment are reported in
the Table 8.

Immunosuppression
Sixty-five of the 90 patients evaluable for the

response to the initial anti-hemorrhagic therapy
are also evaluable for the immunosuppressive
therapy. Three patients died before starting treat-
ment, 1 because of bleeding, 2 from the under-
lying disease. Eight patients with a low inhibitor
titer (<10 BU) did not receive immunosuppres-
sive therapy; 3 of them died because of bleeding
complications. Information relevant to the
response to the immunosuppressive therapy was
missing for 14 patients. Following the initial
immunosuppressive therapy, 46 (70.7%)
patients achieved a CR, 13 (20%) a PR, and in 6
(9.3%) the therapy failed. Four patients in PR
achieved a spontaneous CR after discontinuation
of treatment. The other patients, including those
whose treatment failed, received further treat-
ment with alternative modalities. The values
reported in the Table 9 [52 CR (80%), PR 6
(9.3%), F 7 (10.7%)] refer to the final results of
the induction therapy. Patients with low (<10
BU) or high (>10 BU) inhibitor titer did no show
differences in the rate of achieving CR (30 and
22 patients, respectively).

Eleven patients relapsed; 10 were rescued (7
CR, 3 PR). One patient died because of bleeding;
2 patients achieved a spontaneous CR, 8 patients
were treated. The values reported in Table 9
include the variations related to the outcome of
relapse. The overall mortality was 16/96
(16.6%); 8 cases related to bleeding and 8
because of the primary disease.

Inhibitor in the post-partum period
In this survey 20 cases related to pregnancy were

reported. All of them occurred in the post-partum
period, in 16 women immediately after their first
pregnancy. No recurrence of the inhibitor was
reported in the 4 women who had subsequent

pregnancies. The post-partum cases are reviewed
separately but are also included in the overall
results. Nineteen cases were idiopathic, 1 patient
had a concomitant autoimmune disease (thy-
roiditis). The median time to the onset of bleed-
ing and to the identification of the inhibitor from
delivery was 60 days (range 1-150 days). The aPTT
was prolonged in the 15 women in whom the test
was carried out; the median inhibitor titer was 8.5
BU/mL (range 1.6-140). At diagnosis the median
hemoglobin level was 8.7 g/dL (range 5-13);
eleven patients required blood transfusions. Bleed-
ing was controlled in 11 women (4 with 1 modal-
ity, and 7 with more than one modality). Nine
women did not require treatment. The character-
istics of the patients in relation to therapy are out-
lined in Table 10. The bleeding was mild and
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Table 6. Anamnestic response in 8 patients treated with
porcine (7) or human (1) FVIII. Median value and range of
inhibitor titer.

Type Type LR (1 patient) Number HR (7 patients)
of of Inhibitor titer (BU) of Inhibitor titer (BU)
treatment inhibitor Before After patients Before After

H FVIII anti H 2.7 8.3 1 15 240
anti P 0 0 −− 0 41

P FVIII anti H −− −− 4 14 (9-16) 31 (22-38)
anti P −− −− −− 2 (0-4) 16 (5-62)

H FVIII+ anti H −− −− 2 2, 4 22, 26
P FVIII anti P −− −− −− 1, 27 21, 73

H = human; P = porcine; Low responder (LR) = increase of the inhibitor titer < 10
BU/mL after treatment; High responder = HR.

Table 7. Characteristics of the patients at relapse in rela-
tion to treatment.

Clinical condition Treated Not treated

Idiopathic 6 2
Autoimmune 6 0
Post-partum 2 2
HBV/HCV hepatitis 1 0
Malignant tumors 2 2
Miscellaneous 2 0
total number 19 6
Number of bleeding episodes 25 9
Bleeding

spontaneous 21 8
induced 4 1*
mild 5 6
severe 20 3

Mean Hb g/dL (SD) 9 (3) 11 (2)^

Mean inhibitor titer BU (SD) 15 (459) 8 (7.6)^

Death from bleeding 2 0

^p = n.s. *treated only with red blood cell packs. Severe bleeding in the treated
patients: muscle hematomata 10, retroperitoneal hematomata 4, melena 4,
hemarthroses 3, hemopericardium 1, hematuria 3.

Table 8. Type of therapy at relapse: 25 episodes in 19
patients.

Single modality Multiple modalities*

Episodes 19 6
Type of therapy

DDAVP 4 −−−

human FVIII 4 −−−

porcine FVIII 4 1
aPCC 4 −−−

rFVIIa 3 −−−

immunoadsorption −−− 5

Twenty-five bleeding episodes controlled by therapy. Two patients died because
of uncontrolled bleeding; *Last treatment that controlled the bleeding; patients
treated previously with a variety of agents; aPCC = activated prothrombin com-
plex concentrate; DDAVP = vasopressin.
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delayed in the patients not requiring treatment. In
2 patients the inhibitor disappeared sponta-
neously after 2 and 4 months. Eighteen patients
received immunosuppressive therapy as detailed
in Table 11: prednisone alone in 10 patients, com-
bined with other agents in 7. CR and PR were
obtained in 14 (78%) and 3 (16%) patients,
respectively (overall response rate 94%). In one
patient the inhibitor was unchanged (2.5 BU)
after a follow up of 48+ months. The median time
to obtain the first complete remission was 2.7
months (range 0.5-36) and the median time of
the treatment was 4.0 (range 1-18) months. In 1
patient the inhibitor persisted at a low titer dur-
ing the treatment and disappeared thereafter. Six
women relapsed after a median time of 16
months (range 6-24 months) and were rescued
with additional treatment. The majority of the
patients who achieved 1st or 2nd CR received
steroids alone or in combination. The time to the
first CR was independent of the baseline inhibitor
titer: median 3 months (range 0.5-18) in 8
patients with inhibitor titer <10 BU/mL and
median 3.5 months (range 1-36) in 6 patients
with inhibitor titer > 10 BU. The inhibitor titer

and the time to response were not different in the
patients who relapsed (median inhibitor titer 6.5
BU - range 3.2-140 and median time to response
2.7 months - range 2-36) and in those who did
not relapse (median inhibitor titer 8.0 - range 1.6-
32 and median time to response 2.0 months –
range 0.5-15). The survey did not yield informa-
tion on the neonates.

Discussion
The total number of cases in our survey is low-

er than expected, considering the 15 year-period,
probably because of underreferral to the centers.
The results of this retrospective survey could,
therefore, be biased. Age, percentage of idiopath-
ic cases (47%) and primary diseases are similar
to those in previous reports.2,4,6 In 31 patients
(33%) (15 with idiopathic inhibitors and 16
with concomitant disease), bleeding ensued after
an intervention or after a trauma. The prolonged
aPTT was known prior to surgery and also in the
post partum patients but was overlooked. The
correct evaluation could have avoided the surgi-
cal bleeding and, possibly, the hysterectomies.
Twenty-three patients, including 9 post partum
women, did not require therapy for the bleeding.
The bleeding was mild and self-limited as indi-
cated by clinical signs and hemoglobin level
(Tables 4 and 6). In our survey the inhibitor titer
was not correlated with either the intensity of
bleeding or the response to therapy but such cor-
relations have been reported by other investiga-
tors.7,8 An anamnestic response was recorded in
8 cases unrelated to pregnancy but is  at variance
with other reports on the post-partum period.8,9

The variety of agents used to control the bleeding
precludes any evaluation of the appropriate ini-
tial treatment. A similar observation refers to the
immunosuppressive therapy. Prednisone was the
preferred agent both in induction and in relapse.
A response (CR+PR) was obtained in the major-
ity of cases. The data are in agreement with those
already published.2,9 Eight patients died because

Table 9. Immunosuppressive therapy.

Therapy Induction: final results Relapse

n CR PR F n CR PR F

Steroid 28 27 2 2 4 2 1 1
Steroid + immunoglobulins 4 3 0 1 1 1 0 0
Steroid + cyclophosphamide 13 10 1 2 2 1 1 0
Cyclophosphamide 6 4 1 1 1 1 0 0
Steroid + azathioprine 8 6 1 1 2 1 1 0
Azathioprine 3 2 1 0 1 1 0 0
Steroid + melphalan 1 1 0 0 0 0 0 0
Cyclosporine 2 2 0 0 0 0 0 0
Total 65 52 6 7 11 7 3 1

CR = complete remission ; PR = partial remission ; F = failure ; R = relapse.

Table 10. Characteristics of the women with post-partum
inhibitor formation in relation to the treatment for bleeding
control (median, range and mean±SD).

Patients requiring Therapy N. therapy

Number 11 9

Median (range) time to bleeding
(relation to delivery) (days) 8.5 (1-150) 90 (1-150)

Type of bleeding Methrorragia Mild
hematomata ecchymoses

Mean (SD) inhibitor titer (BU/mL) 7.5 (7.0) 13.5 (11.8)^

Mean (SD) Hb (g/dL) 7.5 (2.1) 10.3 (2.1)^

Number of patients requiring transfusions 8 2

^p = ns.

Table 11. Immunosuppressive therapy in patients with post-
partum inhibitor.

Therapy n 1st CR PR F R 2nd CR

None 2 2
Steroid 10 7 3 3* 3
Steroid + cyclophosphamide 1 1
Cyclophosphamide 1 1 1° 1
Steroid + azathioprine 2 2 1§ 1
Steroid + high-dose immunoglobulins 4 3 1# 1^ 1
Total 20 14 3 6 6

CR = complete remission; PR = partial remission; F = failure; R = relapse.
*CR obtained in PR patients, 1 with azathioprine, 1 with
steroid + cyclophosphamide, 1 with no therapy; #steroid + Ig for 6 months;
°azathioprine; §steroid + azathioprine; ^steroid + cyclophosphamide.



of bleeding, 4 from the initial episode, 2 at
relapse and 2 during the immunosuppressive
therapy. All deaths occurred in the subgroup
unrelated to pregnancy. The mortality related to
bleeding is similar to that described in other
reports.1,2,4,5 The high mortality of the cases unre-
lated to pregnancy and the high percentage of
the patients rescued suggest that other agents
alone or combined with prednisone might be a
reasonable choice.2,6,9-13

Pregnancy is a frequent concomitant condition
in the FVIII inhibitor syndrome. In our survey
21% of the cases were associated with a pregnan-
cy; other studies reported a lower incidence (7-
11%).2-4,6 The majority of the post-partum cases
in our series were idiopathic (19/20). The
inhibitor occurred in the first pregnancy in 16
out of 20 patients and did not recur in the four
women who had a subsequent pregnancy. The
same observations were reported by others7,14-16

but in the survey by Solymoss the inhibitor
recurred in 3 women during pregnancies.8 The
inhibitor was identified because of the occurrence
of bleeding in 10 women in the peripartum peri-
od and in 10 women more than 30 days after
delivery. In the series reported by Solymoss the
bleeding occurred pre-partum in 2 women, with-
in 3 days from delivery in 3 and within 3-12
months in 9.8 In the review by Michiels bleeding
occurred during pregnancy in 1 woman, after an
abortion in 1, immediately after delivery in 4,
within 4 months in 8, and after a period of 4
months to over 12 months in 27 women.15 The
time of the occurrence of bleeding is quite vari-
able. The inhibitor is in general identified on
occasion of overt bleeding; the time of the devel-
opment of the inhibitor in the absence of bleed-
ing signs cannot be determined retrospectively.

The onset of bleeding in the 9 women who did
not require treatment was later (range 60-150
days) than in those who required therapy (Table
10). In the survey by Solymoss 3 out of 14 patients
did not require therapy to control their bleeding.8
Mortality in post-partum patients is low. No fatal-
ities were reported in our series or in that by Soly-
moss; 4 out of 40 women (10%) died in Michiels’
survey.15

Inhibitors may cross the placenta and may per-
sist for up to three months in the fetus, usually
without causing bleeding complications.17-19 How-
ever, Ries reported a case of an intracranial hem-
orrhage in a neonate.20 These data suggest that
delivery should be managed as in hemophilia.21

In our survey information on the neonates was
not requested.

Immunosuppressive treatment with steroids
alone or in combination with other agents was
also the preferred treatment (17/18) during these
pregnancy-related cases. The response rate was
high (94%), as too was the relapse rate (42%),
but all the patients were rescued. Immunosup-
pressive therapy may shorten the time to response
without influencing the response rate. Hauser et
al. reviewed the post partum-data in the literature

comparing immunosuppressive therapy versus no
treatment. Time to response was shorter in the
treated patients but the overall response rate was
not different.7 Similar results were reported by
Michiels.15 These studies must be considered with
caution for a number of reasons. They are retro-
spective, refer to a small number of patients with
heterogeneous characteristics and have no prede-
fined criteria for treatment. Nevertheless steroids
may be considered the treatment of choice.21 As
general consideration the final outcome of the
post-partum inhibitor syndrome is favorable,
independently of the type of treatment. Therefore
the recognition of the syndrome is of utmost
importance.

Acquired hemophilia usually occurs in general
hospitals. A prolonged aPTT should not be over-
looked. In the presence of an unexplained often
severe hemorrhage with an abnormal coagula-
tion screening test it is important to seek imme-
diate specialist advice. Because of the rarity of the
disorder, the treatment modality and the poten-
tial risk of severe bleeding, these patients should
be managed in hemophilia centers or under the
supervision of such centers.22,23
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Immunological responsiveness
of maternal T cells to self
antigens during pregnancy:
pregnancy as a model to study
peripheral T cell tolerance and
the role of co-stimulatory
molecules in tolerance
induction
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T-cell recognition of antigen
T cells recognize foreign antigen in the form of

peptide complexed to self major histocompati-
bility (MHC)-encoded molecules. The specifici-
ty of the T-cell receptor (TCR) is generated by
rearrangement of discontinuous V, D, and J gene
segments resulting in synthesis of TCR α and β
chains with unique antigen specificities. The
requirement for TCR binding to self-MHC,
together with the random manner in which TCR
specificity is generated, dictates the need for
thymic selection to eliminate non-functional or
potentially harmful T cells from the repertoire.
Expression of the TCR α and β chains by the thy-
mocyte during differentiation exposes the thy-
mocyte to a selection process that screens for
expression of TCR with affinity for self MHC.1-3

Thymocytes with appropriate affinity for self
MHC undergo a process called positive selection
that rescues them from death by neglect, the fate
of those thymocytes that either lack functional
TCR expression or fail to express a receptor with
sufficient affinity for self-MHC. A proportion of
thymocytes will have a TCR of high affinity for a
self MHC/peptide complex, making them
potentially harmful. T cells expressing TCRs with
such an affinity for self antigens undergo nega-
tive selection within the thymus, a process that
can be mediated through clonal deletion,4,5 func-
tional silencing or anergy,6 or by clonal arrest of
the developing thymocytes.7 While potent sig-
naling through the TCR can initiate tolerance
induction, the mechanism of tolerance can
potentially be influenced by the type of antigen-
presenting cell (APC) or the differentiation stage
at which antigen is encountered.

Ideally, elimination of all autoreactive T cells
would occur in the thymus resulting in a pool of
mature T cells reactive against only foreign pro-
tein antigens. As the thymic cortex is relatively
inaccessible to systemically circulating proteins,8
thymocytes may not encounter, or be tolerized
to, many self proteins not expressed directly in
the thymus. An additional complication is the
fact that most T-cell differentiation occurs dur-

How do maternal T cells respond to encounters with
fetal antigens? Many earlier studies have attempt-
ed to characterize changes induced by pregnancy in
the maternal T-cell repertoire of both humans and
mice. Interpretation of these results has been diffi-
cult since there has been no way to decipher whether
the alterations were the result of encountering the
fetal antigens or were non-specific changes related
to pregnancy itself. However, the availability of T-cell
receptor (TCR) transgenic mice allows direct visual-
ization of the fate of maternal T cells that are reac-
tive to the fetus and provides a means to probe the
mechanisms by which maternal T cells respond to
the fetus. We propose that the fetus more closely
resembles self than a true allograft (non-self) in its
effect on the T-cell repertoire, resulting in the induc-
tion of tolerance rather than an immune response.
To test this hypothesis, we utilized H-Y-specific TCR
transgenic mice and demonstrate that maternal T
cells specific for fetal antigens decrease in an anti-
gen-specific manner during pregnancy and remain
depleted postpartum. In addition, the surviving
clonotypic T cells have decreased responsiveness to
subsequent antigenic stimulation. Our study demon-
strates that specific recognition of fetal allogeneic
antigens by maternal T cells results in tolerance
induction of reactive T cells via mechanisms similar
to those seen when mature peripheral T cells are
tolerized to self antigens. Interestingly, while liga-
tion of CD28 provides a critical co-stimulatory sig-
nal for activation of T cells, we found that CD28 is
also necessary for tolerance induction of peripheral
CD8 T cells.  This finding provides a potential focus
for development of tolerance induction therapies.  

Correspondence: Melanie S. Vacchio, Experimental Immunology
Branch, National Cancer Institute; National Institutes of
Health, Bethesda, MD, USA.



ing the fetal/neonatal period when certain devel-
opmentally-expressed self antigens are not yet
present. Since thymic tolerance is ultimately
dependent on the array of proteins present in the
thymus during the brief period of time that any
one thymocyte may reside there, mature T cells
may not encounter developmentally expressed
proteins until significantly later, in the peripher-
al immune system when the proteins are
expressed during puberty, pregnancy, lactation
or aging. Situations such as these result in the
distinct possibility that a mature T cell can leave
the thymus and at some point, encounter a
peripheral self antigen with which its TCR will
bind with sufficient avidity to cause activation
and the potential for an autoreactive response. 

For this reason, extensive research has focused
on understanding if and how peripheral self-tol-
erance occurs, not only to understand how these
mechanisms may go awry and result in autoim-
munity, but also to identify potential manipula-
tions that could be used to induce long-term tol-
erance to tissue transplants. The mechanisms of
peripheral T-cell tolerance have proven to be var-
ied, and include clonal deletion, immune devia-
tion (alteration of cytokine production and
therefore function), generation of regulatory
cells, and functional unresponsiveness (includ-
ing TCR or co-receptor downregulation, or
induction of anergy).2 In turn, many factors have
been proposed to account for the reason a par-
ticular mechanism of tolerance occurs, including
affinity of the MHC/TCR interaction, type of
APC, environment in which the antigen is
encountered (e.g. presence of cytokines or
steroids), and the concentration and duration of
exposure to an antigen. The impact of these fac-
tors on determining the mechanism of self tol-
erance remains to be elucidated.

While the antigen specificity of T cells is deter-
mined by the TCR αβ heterodimer, control of a
T cell’s ability to become activated is regulated by
a requirement for additional signals such as those
provided by cell-surface co-stimulatory mole-
cules. One of the most important of these in the
regulatory control of CD4 T cells is the highly

studied CD28/CTLA-4/B7 co-stimulatory path-
way. T cells express cell surface CD28 that inter-
acts with its ligands B7.1 or B7.2, which are
expressed primarily on antigen-presenting cells
(APCs) such as macrophages, B cells and den-
dritic cells (Figure 1).9 In vitro, TCR activation
(signal one) in the absence of CD28 (signal two)
has been shown to induce anergy, a state of unre-
sponsiveness to subsequent encounters with
antigen,10,11 whereas TCR signaling in conjunc-
tion with costimulatory CD28 augments T-cell
activation by upregulating mechanisms that
enhance survival (bcl-2) and proliferation (IL-2
production).12-14

The fetus: “self” or “non-self”?
Pregnancy presents a situation in which mater-

nal T cells have the potential to encounter anti-
gens of fetal origin for which they may be specific
but which they have not encountered during
thymic differentiation and therefore to which
they would not be tolerized. Mice and humans
share a similar means of placentation known as
hemochorial, in which the maternal blood cir-
culates through the placenta in direct contact
with fetally-derived trophoblasts that would
express allogeneic antigens. The giant cells on the
outer region of the placenta directly abut the
maternal decidua, the specialized region of the
uterus surrounding the fetus, whereas the
labyrinthine trophoblasts act as the physical
interface between maternal and fetal circula-
tions.  Forty years ago, Medawar attempted to
explain the mother’s lack of rejection of the fetus
by arguing that the fetus may be antigenically
immature.15 While this is clearly not the case, one
might still view the placenta as maintaining the
fetus as antigenically separate.  Indeed, separation
of the maternal and fetal circulation via the pla-
centa prevents access of maternal lymphocytes
to the wealth of allogeneic antigens expressed in
the fetus itself. In addition, unlike the fetus, there
is no expression of MHC class II and tightly reg-
ulated expression of class I in the mouse placen-
ta. In the mouse, polymorphic class I molecules,
H-2 K, D and L, are expressed on trophoblasts
that can be found in contact with the maternal
decidua but are noticeably absent on the
labyrinthine trophoblasts.16 The presence of lim-
ited amounts of MHC class I on the placenta and
the notable absence of class II minimizes the pos-
sibility of antigenic priming of CD4 T cells to the
fetus and the likelihood of maternal attack. 

How might maternal T cells encounter fetal
antigens? Virgin T cells do not circulate but
rather are found predominantly in the spleen
and lymph nodes where initial encounters with
antigen occur. However, trophoblasts have been
shown to escape into the maternal blood at a rate
that has been estimated to be as high as 105

cells/day in humans,17,18 although detection of
fetally-derived male cells into maternal lymphoid
organs during gestation in mice has proven more
difficult.19 Furthermore, human trophoblast cells
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Figure 1. T-cell recognition of antigens and co-stimulatory
pathways.



in circulation have been shown to be weakly pos-
itive for expression of classical class I molecules
suggesting that upregulation may occur outside
the placental environment.17 Thus, maternal T
cells could conceivably encounter fetal antigens
via exported MHC-expressing trophoblasts pre-
sent in the maternal tissues (Figure 2a). This
would implicate the trophoblasts as potential
APCs and provide a means by which peripheral T
cells could encounter fetally-derived antigens.
Alternatively, cellular proteins from the fetally-
derived tissues may be presented to maternal T
cells after uptake by maternal professional APCs
(dendritic cells, macrophages and B cells) and
migration to lymphoid organs, as has been pro-
posed in the model of cross-presentation(Figure
2b).20

There has been extensive discussion of Meda-
war’s proposal that the fetus represents nature’s
allograft.15 Viewing the fetus in the context of the
immune system's ability to distinguish self from
nonself, the fetus would fall under the category of
non-self since many of the gene products
expressed by the fetus may not even be encoded
by the maternal genome and therefore, have nev-
er before been encountered. Yet, the immune sys-
tem does not mount an immune response
against the fetus as it would a transplanted tissue.
While there may be disparate MHC expressed,
the dynamics of the interaction between the
mother and fetus are far different from that of a
classical allograft with the recipient immune sys-
tem. Mature T cells in a non-inflammatory set-
ting, for the most part, become tolerized upon
encounter with antigen, whether self or foreign.
Activation of T cells in response to antigen has
been proposed to depend on the presence of a
second danger signal, such as those generated
during tissue destruction,21,22  resulting in the
activation of APCs that would lead to induction
of T-cell effector function. However, during preg-
nancy there is not an immediate threat to the
mother posed by the fetus. The encroachment
and establishment of the fetus into the maternal
uterus is invasive but with minimal tissue dam-
age as compared to that of transplantation of a
true allograft, such as a transplanted kidney. Fur-
thermore, the placental separation of mater-
nal/fetal circulatory systems and relatively low
levels of allogeneic MHC class I and absence of
class II antigens on the placenta would minimize
the amount of immediate antigenic challenge.
This is in stark contrast to tissue transplants in
which the recipient’s immune system is con-
fronted with a potent antigenic challenge in
combination with tissue damage and potential
adventitious pathogens. In view of the inflam-
matory situation of tissue transplantation, the
encounter of maternal T-cells with fetal antigens
would be more innocuous and seem to be little
more than an encounter with a developmental-
ly-regulated or tissue-specific self-antigen.
Encounter with the fetal tissues should therefore
be little different than encounter with any other

organ present in the mother. In addition, unlike
a transplanted kidney, the fetus employs multi-
ple mechanisms designed to ensure acceptance
by the maternal immune system. Given the non-
inflammatory nature of pregnancy, we propose
that maternal T-cell responses upon encounter
with fetal antigens during pregnancy may be rep-
resentative of how mature T cells respond upon
encounter with self-antigens in the periphery.
Therefore, we propose that maternal T cells
would become tolerized to fetal antigens rather
than immunized against them during a normal
pregnancy. 

T-cell tolerance to fetal antigens 
Given our proposal that the fetal antigens

more closely resemble tissue-specific self-antigens
than alloantigens, we postulated that maternal T
cells should become tolerized to fetal antigens.
Many people have attempted to characterize any
lymphocytic changes that may occur in the
maternal immune system in the hope of under-
standing how these changes reflect maternal
responsiveness or tolerance to the fetus. Unfor-
tunately, these studies have often yielded results
that are conflicting or difficult to interpret, with
no firm consensus concerning the antigen-spe-
cific response to the fetus, primarily due to the
difficulty in interpreting changes in heteroge-
neous T-cell populations.23-31 The generation of
TCR transgenic mice has allowed us to visualize
the fate of maternal T cells during pregnancy. In
these mice, the majority, if not all of the T cells
express a transgenic TCR of known antigenic
specificity and MHC restriction. Therefore, the
fate of T cells specific for a given antigen after
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Figure 2. How do fetal antigens encounter maternal T cells?
Maternal T cells can potentially encounter fetal antigens in
several ways: either presentation via MHC-expressing tro-
phoblasts that escape into the maternal circulation  (a) or
“cross-presentation” of fetal antigens by maternal APCs (b).



antigen exposure can be detected using anti-
clonotypic antibodies and flow cytometry. With
this simple approach, the fate of fetal-specific T
cells can be clearly evaluated. We utilized preg-
nant mice in which the T cells expressed a trans-
genic TCR specific for the male antigen H-Y pre-
sented by H-2 Db32 and in which the recombi-
nase activating gene-2 had been eliminated by
homologous recombination (RAG-2-/-), ren-
dering these mice incapable of expressing
endogenous (non-transgenic) TCR. In this mod-
el, all the T cells expressed the transgenic TCR
specific for H-Y that would be expressed by the
male fetuses. Monitoring of maternal T cells
expressing the clonotypic H-Y-specific TCR in
these mice revealed that the number of cells
expressing the clonotypic TCR in spleen
decreased.33 By 18 days of gestation, there was a
40% decrease in overall cell number that corre-
sponded with a loss in splenic, clonotypic T cells
and by 5 day post-partum, the number of clono-
type-expressing T cells was only 50% that of non-
pregnant controls. There was no detectable
downregulation in co-receptor, or for that mat-
ter in TCR expression, nor was there a rapid
recovery to pre-pregnancy cell numbers after par-
turition.33 As no decrease was observed in preg-
nancies with all females in the litter,34 these data
demonstrate that the elimination of T cells
observed in pregnant H-Y-specific TCR trangenic
mice was due to encounter with male antigen
and not the result of non-specific effects of preg-
nancy. It is also important to note that pregnan-
cies proceeded normally with normal numbers
of offspring, and no skewing of sex that would
suggest a bias against male offspring.33

While 50% of H-Y specific maternal T cells dis-
appeared from spleen, it was unclear whether
those cells remaining were naïve and simply had
not encountered antigen, or whether encounter
with antigen had induced tolerance by another
mechanism. Analysis of the proliferative
response of clonotype-expressing T cells from
non-pregnant or gestational day 18 TCR trans-
genic RAG-2-/- mice revealed deficient respons-
es to male antigen-presenting cells (APCs) or to
low concentrations of the H-Y peptide in those
cells isolated from pregnant mice, compared to
responses observed in non-pregnant controls.33

However, potent stimulation via either crosslink-
ing of the TCR with anti-TCRβ antibody or high
concentrations of the H-Y peptide induced equiv-
alent proliferative responses from T cells isolat-
ed from both non-pregnant or pregnant mice.
Decreased responsiveness was not only observed
in proliferative responses, but also in cytotoxic T
lymphocyte (CTL) responses, although interest-
ingly, cytokine production was unaltered in the
pregnant females.34 Furthermore, decreased
responsiveness could not be attributed to
decreased avidity for the antigen/MHC complex
as downregulation of the TCR or CD8 was not
observed. In addition, unresponsiveness persist-
ed beyond the time of parturition to at least 5

days post-partum. This antigen-specific non-
responsiveness is not attributable to generalized
non-responsiveness to antigen during pregnan-
cy because deficient T-cell proliferative respons-
es to antigen were not observed in T cells isolat-
ed from pregnant H-Y-specific TCR transgenic
mice that had female-only litters (no H-Y anti-
gen present).34

A requirement for CD28 co-stimulation in the
induction of peripheral tolerance in CD8 T cells
has not previously been assessed.  To address this
question, we bred female CD28-deficient H-Y-
specific TCR transgenic mice and compared them
to their CD28 WT counterparts for the induc-
tion of tolerance to the H-Y antigen expressed by
male fetuses during pregnancy. In contrast to
what has been observed in CD4 T cells, there was
no strong requirement for CD28 in the activa-
tion of these CD8 cells in vitro. However, sur-
prisingly, while CD28 co-stimulation is dispen-
sible for in vitro activation, it is required in vivo
for both the induction of clonal deletion and for
antigen-specific unresponsiveness to the fetal
antigen H-Y during pregnancy.34 In marked con-
trast to their CD28 WT counterparts, H-Y-spe-
cific T cells from pregnant CD28 knockout mice
did not exhibit either decreased proliferation or
decreased CTL activity.  However, T cells from the
day 18 CD28 knockout pregnant mice had sig-
nificantly lower levels of interferon-γ-producing
cells than did T cells from the CD28 knockout
non-pregnant females, indicating that these cells
are not antigen ignorant but have seen antigen in
vivo and responded, albeit in an altered manner.
The decrease in interferon-γ-producing cells is a
not a non-specific effect of pregnancy since T
cells from day 18 CD28 wild type pregnant mice
did not exhibit decreased IFN-γ-producing cells.
This type of split anergy, altered cytokine produc-
tion but normal CTL function, in the absence of
co-stimulation has been observed by others.35

However, the significance of this altered ability to
produce IFN-γ is not yet understood.

The dependence on CD28 co-stimulation for
the induction of both clonal deletion and aner-
gy induction is surprising. At least for CD4 T
cells, it has been proposed that CD28 co-stimu-
lation is required for clonal deletion of T cells to
self-antigen because activation is required for
activation induced cell death.36 The absence of
clonal deletion in CD28 knockout mice would,
therefore, be consistent with this model. Howev-
er, it is also important to consider that while
CD4 T cells have a requisite dependence on
CD28 for activation, it appears that the H-Y-spe-
cific CD8 T cells utilized in our study do not.
Therefore, it is surprising that clonal deletion of
these CD8 cells is CD28 dependent while acti-
vation is not.   

The role of co-stimulation in the induction of
anergy has previously been addressed in studies
of CD4 T cells.  It has been proposed that CTLA-
4/B7 interactions may be particularly important
in the induction of anergy.37,38 It has also been
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reported that two kinds of anergy can be induced
in vitro, one that is induced by TCR stimulation
in the absence of CD28 and is reversible by inter-
leukin-2 (IL-2) and the other that is induced by
CTLA-4 signals and is not reversible by IL-2.39

The antigen-specific unresponsiveness that we
have observed in H-Y specific transgenic T cells
resembles the second of these anergic states, in
that it is not reversible by IL-2.33 However in our
model of peripheral tolerance, anergy induction
does not occur in CD28 knockout mice, despite
the fact that CTLA-4/B7 interactions remain
intact in these animals. 

The dependence on CD28 co-stimulation for
the induction of peripheral tolerance in this sys-
tem is in striking contrast to what has been
observed in CD4 T cells. The observation that H-
Y specific T cells did not require CD28 co-stim-
ulation for activation, as well as the fact that
CD28 is required for peripheral tolerance, have
important implications for the development of
tolerance-inducing therapies. Because the major-
ity of work studying the role of CD28 has been
performed with CD4 T cells, many current ther-
apies are being designed with the approach that
blockade of CD28 could not only prevent T-cell
activation but induce T-cell anergy. Our work
with CD8 T cells suggests that activation can
occur in the absence of CD28. Moreover, CD28
signals can actually be required for tolerance
induction. While our data are representative of a
single antigen-specific T cell, these finding sug-
gest that activation and tolerance-induction
requirements can differ between CD4 and CD8
T cells; a point to be considered in the design of
tolerance-inducing therapies.      

Conclusions
While others have focused on the fetus as an

allograft, we have tested the hypothesis that the
fetus is responded to as a tissue expressing devel-
opmentally-regulated self antigens, and that T-
cell responses to the fetus may be representative
of peripheral mechanisms of T-cell tolerance.
Accumulating experimental evidence using anti-
gen-specific systems to address the fate of mater-
nal T cells upon encounter with fetally-derived
antigens has demonstrated that these cells can
undergo several fates. The identified responses of
T cells to the fetal antigens include antigen-spe-
cific non-responsiveness and clonal elimination.
These mechanisms are observed in response to
self-antigens in other peripheral self-tolerance
models. Therefore, under normal circumstances,
the maternal immune system is not poised to
reject the allogeneic fetus, but activates mecha-
nisms that lead to acceptance of the fetus as self.
Using pregnancy as a model to study peripheral
T-cell tolerance, we have now attempted to dis-
sect the role of other co-stimulatory molecules in
tolerance induction. We find that peripheral tol-
erance induction in CD8 T cells in vivo requires
CD28 co-stimulation. A model such as ours can
prove useful in the elucidation of peripheral tol-

erance mechanisms that can ultimately be
manipulated for therapeutic purposes.  
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Acquired hemophilia is a rare, usually severe
bleeding disorder characterized by the for-
mation of IgG1-IgG4 autoantibodies

against the factor VIII (FVIII) procoagulant activ-
ity. The FVIII autoantibodies occur either sponta-
neously (idiopathic cases) or in connection with
pregnancy (postpartum cases), various autoim-
mune, dermatological and malignant diseases
and drug therapy.1,2 The management of acquired
hemophilia serves for dual goals: the promotion
of hemostasis by the treatment of the acute bleed-
ing episodes and the elimination of the FVIII
autoantibody by long-term eradication therapy
for consequent cure of the condition.

Whereas the principles of the management of
acute bleedings are comparable in allo- and
autoantibody patients, the methods used in the
eradication therapy differ more fundamentally.

In contrast to congenital hemophilia with
alloantibody inhibitors, acquired inhibitors to

Objective. The primary aim of long-term manage-
ment in acquired hemophilia is to eradicate the FVIII
autoantibody so that further bleeding can be pre-
vented. ITI regimens with human FVIII concentrates
until recently were rarely implemented in adult
patients with autoantibody-inhibitors even though
they have been used with increasing frequency for
alloantibody suppression primarily in young children
with congenital hemophilia. In the ITI treatment of
acquired hemophilia the FVIII administration serves
to enhance the stimulation of the autoantibody-pro-
ducing lymphocyte clones and is a useful adjuvant to
immunosuppressive therapy. For successful ITI in
autoantibody patients, small, repeated FVIII doses
seem to provide the adequate stimulation for the
subsequent successful immunosuppression and
there is no obvious need for the exhaustive high-dose
FVIII administration, as in the original Bonn and
Malmö protocols.  We evaluated the results of 20
consecutive non-hemophiliac patients with factor VIII
autoantibody treated in a single center with our ITI
protocol between 1992 and 2001, comparing them
to 6 historical control patients treated with the tra-
ditional immunosuppressive therapy (steroid and/or
cyclophosphamide) between 1988 and 1992 in the
same setting. The sex ratio, mean age at the diag-
nosis, the initial and peak inhibitor titers and resid-
ual FVIII:C values were similar in the two groups.

Study design. Our ITI protocol consists of 3 weeks of
treatment with 1) human FVIII concentrates (30
U/kg/day for the1st week, 20 U/kg/day for the 2nd
week, and 15 U/kg/day for the 3rd week, plus 2) iv.
cyclophosphamide (200 mg/day to a total dose of
2-3 grams), plus 3) methylprednisolone (100
mg/day iv. for one week and then tapering down the
dose gradually over the next two weeks). After the
disappearance of the inhibitor no further mainte-
nance immunosuppression was given. The laborato-
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ry follow up consisted of aPTT and mixing tests before
and after two hours of incubation, Bethesda inhibitor
assay, porcine FVIII cross-reactivity, FVIII:C before and
after FVIII administration (recovery), three times a
week. The definition of success was the disappear-
ance of the inhibitor in the Bethesda assay system
and the persistent normalization of the FVIII:C value
(i.e. >70% activity of the normal).

Results. Eradication of the inhibitor occurred in
18(19)/20 patients in the ITI group versus 4/6
patients in the control group. (One patient achieved
complete remission only after a second course of
ITI.)

Conclusions. The main difference between the two
groups was in the time needed for the complete dis-
appearance of the inhibitor (4,7 weeks for ITI vs. 28.3
weeks for controls). No bleeding-related mortality
occurred in the ITI group in contrast to that of 33%
in the controls.
©2003, Ferrata Storti Foundation
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FVIII represent a rather heterogeneous group of
patients with different basic and accompanying
diseases and prognostic factors. Therefore, the
detailed assessment of the patient’s individual
characteristics (e.g. location and severity of the
bleeding at presentation, underlying disorder, age
and clinical condition of the patient, accompany-
ing diseases, expected response to immunosup-
pression, and initial and peak human and porcine
inhibitor titers) is essential before the decision on
the particular therapeutic interventions is made.3

The primary aim of long-term management in
acquired hemophilia is to eradicate the FVIII
autoantibody so that further bleeding can be pre-
vented. This can be achieved through immuno-
modulation by immunosuppressive drugs, intra-
venous gammaglobulin (IVIG), and by immune
tolerance induction (ITI) regimens. Although
FVIII autoantibodies may remit spontaneously,2
clinical studies indicate that early initiation of
eradication treatment is advantageous.1,4 Dra-
matic and life-threatening bleeding complications
are experienced in 80-90% of patients at some
time in the course of their disease. The 10-22%
mortality rate for this disorder is directly or indi-
rectly attributable to the inhibitor.1,4 Most pub-
lished therapeutic guidelines and algorithms rec-
ommend that eradication therapy should be insti-
tuted as soon as the diagnosis has been estab-
lished.5,6 It is possible that different strategies for
long-term management may be suitable for the
various subgroups of patients.7 A conservative
watch and wait approach for children, peripartum,
and drug-induced cases in whom spontaneous
remission can be reasonably expected may be
more appropriate than the combined immuno-
modulatory therapies for idiopathic, autoim-
mune- and malignancy-associated cases.3 In any
case, individuals presenting with acquired hemo-
philia and severe hemorrhage need rapid and
effective treatment.

Immunosuppressive therapy with steroid or the
combination of steroid plus cyclophosphamid has
been the mainstream of traditional eradication
treatment for FVIII autoantibody patients.8,9 ITI
regimens with human FVIII concentrates until
recently were rarely implemented in adult patients
with autoantibody-inhibitors even though they
have been used with increasing frequency for
alloantibody suppression primarily in young chil-
dren with congenital hemophilia.10 Although ITI
could be utilized in the management of both con-
ditions, the actual mechanisms of the effect and
dosage schedules should be fundamentally differ-
ent. ITI for alloantibodies is a typical desensitizing
therapy in the immunological sense; so large dai-
ly doses of FVIII are given for a prolonged period
aiming at exhausting the alloantibody-producing
clones. The duration of ITI is generally between
some months to one year, and the addition of vig-
orous immunosuppressive therapy is of doubtful
importance. On the other hand, in the ITI treat-
ment of acquired hemophilia the FVIII adminis-
tration serves to enhance the stimulation of the

autoantibody-producing lymphocyte clones and is
a useful adjuvant to immunosuppression. The
duration of therapy is limited to some weeks. For
successful ITI in autoantibody patients, small,
repeated FVIII doses seem to provide the adequate
stimulation for the subsequent successful immu-
nosuppression and there is no obvious need for
the exhaustive high-dose FVIII administration, as in
the original Bonn11 and Malmö12 protocols.

The theoretical basis for the development of ITI
in acquired hemophilia was derived from the suc-
cesses of plasma exchange therapy for progressive
autoimmune disorders unresponsive to conven-
tional immunosupressive treatment.13,14,15 It was
hypothesized that plasmapheresis induced prolif-
eration of the pathogenic clones and subsequent
partial clonal depletion could be produced by giv-
ing large doses of cytotoxic drugs during the
assumed period of increased B-cell vulnerability.
The stimulation induced by plasma exchange was
synchronized with pulse immunosuppressive ther-
apy.14,15 Similarly, in ITI of autoantibody
inhibitors, exogenous FVIII administration may
result in additional stimulation with a corre-
sponding increase in the susceptibility of the
immunocytes to the effect of the cytotoxic drugs.16

In other words, the repeated administration of the
antigen  (FVIII) causes extra stimulation of the
inhibitor-producing B-cell clones, making them
more susceptible to immunosuppression. In the
original case report of Green,16 massive doses of
FVIII were given simultaneously with 1.5 g intra-
venous cyclophosphamide to an acquired
inhibitor patient previously unresponsive to com-
bined immunosuppressive medication. In this
report, the distinction between the acute treat-
ment of bleeding and eradication of inhibitor as
the aim of the administration of high-dose FVIII
was not yet completely clear. In a later trial in
1989, Lian et al.17 used a combination of single
high-dose FVIII bolus followed by a modified
cyclophosphamide, vincristine, and prednisone
cytostatic protocol for the treatment of serious
acute bleeding in acquired hemophilia.17 In 1996,
two other successful applications of the same pro-
tocol were published.18,19 On the basis of these ear-
lier experiences, we have developed a new aggres-
sive protocol for the management of patients with
acquired FVIII inhibitor. 

Design and Methods
We evaluated the results of 20 consecutive non-

hemophiliac patients with factor VIII autoanti-
body treated in a single center with our ITI proto-
col between 1992 and 2001, comparing them to
6 historical control patients treated with the tra-
ditional immunosuppressive therapy (steroid
and/or cyclophosphamide) between 1988 and
1992 in the same setting. 

In the two study groups similar treatment
modalities were used for the management of acute
bleeding episodes (traditional and activated pro-
thrombin complex concentrates, recombinant
activated FVII, porcine and human FVIII concen-
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trates, plasmapheresis and transfusions).
Our ITI protocol consists of 3 weeks of treat-

ment with
I. human FVIII:

1st week: 30 U/kg/day;
2nd week: 20 U/kg/day;
3rd week: 15 U/kg/day;

II. cyclophosphamide:
200 mg/day to a total dose of 2-3 grams;

III. methylprednisolone:
1st week: 100 mg/day intravenously;
2-3rd week: tapering of the dose gradually.

I and II were immediately discontinued if
FVIII:C has been normalized within the 3 weeks of
treatment. After the disappearance of the inhibitor
no further maintenance immunosuppression was
given. Different high purity (Beriate-P, Haemoctin
SDH, Koate-HP, Koate DVI) and ultra-high puri-
ty (Octonativ-M, Hemofil-M) FVIII concentrates
were used for the ITI. The laboratory follow up
consisted of aPTT and mixing tests before and
after two hours of incubation, Bethesda inhibitor
assay, porcine FVIII cross-reactivity, FVIII:C before
and after FVIII administration (recovery), three
times a week. 

The definition of success was the disappearance
of the inhibitor in the Bethesda assay system and
the persistent normalization of the FVIII:C value
(i.e. >70% activity of the normal). The sex ratio,
mean age at the diagnosis, the initial and peak
inhibitor titers and residual FVIII:C values were
similar in the two groups. The summarized mean
values for the entire cohort of the 26 inhibitor
patients are shown in Table 1. The characteristics
of the control and the ITI groups are demonstrat-
ed in Tables 2 and 3.

Results
Eradication of the inhibitor occurred in

18(19)/20 patients in the ITI group versus 4/6
patients in the control group. (One patient
achieved complete remission only after a second
course of ITI.) The comparison of the results of the
control and ITI groups is shown in the Table 4.

The main difference between the two groups
was in the time needed for the complete disap-

pearance of the inhibitor (4,7 weeks for ITI vs.
28,3 weeks for controls). In the ITI group we have
observed only two relapses during the relative long
mean follow up period (26,2 months), in which
cases the same re-induction protocol was suc-
cessful again. No bleeding-related mortality
occurred in the ITI group in contrast to that of
33% in the controls. Apart from the well-known
adverse effects of glucocorticoid therapy, we have
observed only one patient with transient cytope-
nia, which resolved spontaneously without any
further consequence. We have not seen any
adverse event, which could be attributed to the
use of FVIII concentrates.

Discussion
On the basis of some earlier experiences with

FVIII administration in autoantibody patients, a
new aggressive protocol has been developed in
1992 for the ITI treatment of acquired hemophil-
ia patients presenting with serious bleeds.20 This
Budapest protocol consists of three weeks of treat-
ment with 1) human FVIII concentrates (30
IU/kg/day for the 1st week, 20 IU/kg/day for the
2nd and 15 IU/kg/day for the 3rd week), plus 2)
intravenous cyclophosphamide (200 mg/day to a

Table 1. Summary of the patients’ mean values.

Female/male 13/13

Age at diagnosis 62 years (27-85 years)

Residual FVIII:C 3.94% (1-16%)

Initial human inhibitor titer 277,3 BU (2,2-3200 BU)

Peak human inhibitor titer 288,5 BU (8-3200 BU)
(maximal value after FVIII challenge)

Initial porcine cross-reactivity 12,4 IU/mL (0-104 IU/mL)
(measured in 11 patients)

Peak porcine cross-reactivity 12,7 IU/mL (0-104 IU/mL)
(measured in 11 patients)

Table 2. Control group.

initials sex F/M age at Dx underlying condition initial bleeding res.FVIII:C(%) initial BIA rem.time* rem.duration° eradication

1. J.H. F 36 PSS sc.,musc.hematomas 1 3200 − 3 CPH+steroid
2. M.O. F 66 idiopathic sc.,musc.hematomas 2 610 8 36 steroid
3. B.K.V F 27 postpartum uterine 2 5.5 3 1 steroid
4. M.M. F 85 idiopathic hematuria 1 15 107 12 steroid
5. S.B. M 69 idiopathic pharyngeal 5 20 2 3 steroid
6. A.Cs. M 62 idiopathic femoral 1 437 − − CPH+steroid
Mean 57.5 2 714 28.25 13

*remission time: time needed to achieve remission in weeks; °remission duration: duration of remission (follow-up) in months; BIA: Bethesda inhibitor assay; CPH: cyclophos-
phamide; PSS: progressive systemic sclerosis.
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total dose of 2-3 grams), plus 3) methylpred-
nisolone (100 mg/day intravenously for the 1st
week and then tapering the dose gradually over
the next two weeks). After the completion of the
three weeks of ITI treatment, no further mainte-
nance immunosuppression is given. In contrast
to the earlier reports mentioned above, in this
regime FVIII is administered daily in lower doses,
simultaneously with cyclophosphamide and
steroids, aiming for the rapid disappearance of the
inhibitor. ITI resulted in eradication of the auto-
antibody in 95% (19/20) of the cases. The main
difference between patients treated by ITI versus
traditional immunosuppression was in the time
needed for complete disappearance of the
inhibitor (4.7 weeks versus 28.3 weeks). No
bleeding-related mortality occurred.

We concluded that the ITI protocol described
above is highly effective for the treatment of
acquired hemophilia, induces exceptionally rapid
therapeutic responses and advantageously influ-
ences the underlying autoimmune disorder. How-
ever ITI should be reserved for the eradication of
idiopathic, autoimmune- and malignancy-associ-
ated FVIII autoantibodies in patients presenting
with severe bleeding or as a second line therapy of
other autoantibody inhibitors resistant to more
conservative approaches. It will be necessary to
confirm these initial promising results in further
multi-center prospective studies. 

In the late 1990s three leading German hemo-
philia centers (Bonn, Frankfurt and Heidelberg)
also adopted the concept of ITI in the manage-
ment of acquired hemophilia. Brackmann et al.11

introduced a modified Malmö protocol consist-

ing of long-term immunoadsorption by Ig-aphere-
sis, plus high-dose (100-200 IU/kg/day) human
FVIII, plus high-dose IVIG, plus cyclophos-
phamide, plus steroids, and rFVIIa for acute hem-
orrhages. In the Heidelberg modification of this
regime FVIII is given as a 200 IU/kg bolus followed
by high-dose continuous infusion aiming to
achieve a FVIII:C level greater than 60% of nor-
mal. Recently, an oral ITI regimen also has been
reported in acquired hemophilia21. These prelim-
inary data indicate that ITI regimens may be
applied successfully in acquired hemophilia, but
further studies are warranted to establish feasibil-
ity and cost-benefit relationships.22

Table 3. ITI group.

initials sex F/M age at Dx underlying condition initial bleeding res.FVIII:C(%) initial BIA rem.time* rem.duration°

1. J.M. M 70 idiopathic sc.,musc.hematomas 3,5 21 3 93
2. I.T. F 53 idiopathic sc.,musc.hematomas 4 20 4 23
3. P.D. F 62 idiopathic sc.,musc.hematomas 3,5 8 3 53
4. F.R. M 74 gastric cc. sc.,musc.hematomas 1,4 19 2 20
5. Gy. Sz. M 55 renal cc.+IFNα tx retroperitoneal 5 320 10 24
6. P.F. M 79 gastric cc. retroperitoneal 4 22 10 36
7. L.L. M 65 idiopathic sc.,musc.hematomas 2 30 3 35
8. E.B. M 58 psoriasis pharyngeal 1 60 3 43
9. I.J. F 65 psoriasis retroperitoneal 1 1128 − − remission after 2nd course
10. J.B. F 49 idiopathic+MGUS retroperitoneal 7 64 12 15
11. K.L. F 75 idiopathic femoral hematoma 14 28 3 25
12. M.K. F 60 PSS brachial hematoma 16 10,3 2 26
13. J.A. F 57 idiopathic CNS, intraabdominal 9 6 4 7
14. A.P. M 74 idiopathic femoral hematoma 2 58 5 15
15. J.P. F 30 postpartum hematuria,fem.hemat. 1 33 2 19
16. M.B M 50 idiopathic sc.musc.hematoma 1 1050 − −
17. E.N. F 64 idiopathic thoracal 1 9 3 14 relapsus 1×
18. J.T. M 80 idiopathic femoral hematoma, GI 6 2,2 9 3 relapsus 1×
19. K.B. M 22 TTP, pheresis sc.musc.hematoma 6 4,7 2 19
20. J. B. M 70 idiopathic, MGUS femoral hematoma 2 28 4 2
Mean 60,6 4,52 146,06 4,67 26,22

*remission time: time needed to achieve remission in weeks; °remission duration: duration of remission (follow-up) in months; BIA: Bethesda inhibitor assay; cc.: carcinoma;
IFN: interferon; MGUS: monoclonal gammopathy of unknown significance; TTP: thrombotic thrombocytopenic purpura.

Table 4. Comparison of the control and ITI groups.

Control ITI

Number of patients 4/6 18/20
who achieved remission (19/20)

Time needed 28,3 (2-107) 4,67 (2-12)
to achieve remission (weeks)

Duration of remission 13  (1-36) 26,22 (2-93)
follow-up (months)

Mortality rate 3/6 4/20
Bleeding-related mortality 2/6 0/20
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gene therapy. This discussion also highlights the
differences in the immune presentation of clot-
ting proteins in the context of gene therapy com-
pared to routine protein infusion therapy (Fig-
ure 1).

Introduction to adenoviral gene therapy
Replication incompetent adenoviruses have

now been used as gene therapy vectors for sever-
al years. They have a number of important advan-
tages for this purpose, the most critical of which
are their ability to very efficiently transduce both
dividing and non-dividing host cells, their capac-
ity for packaging large transgene cassettes and
finally, the relative ease with which high titers of
the vector can be produced.4 All of these features
continue to make adenovirus an attractive can-
didate for hemophilia gene therapy.

However, a significant, ongoing concern asso-
ciated with the delivery of adenoviral vectors is
the nature and magnitude of the host immune
response.5-7 There is ample evidence to indicate
that this response involves early, innate reactiv-
ity following within hours of vector delivery and
a later, acquired, response involving both cell-
mediated and humoral elements of the host
immune system (Figure 2). The further discus-
sion of these responses requires the separate con-
sideration of so-called early generation vectors in
which a limited number of early viral genes are
deleted from the vector (ie. E1+E2/E3/E4) and
the most recently generated helper-dependent or
“gutless” vectors (also know as minimal or high
capacity vectors).8,9

The host innate immune response to
adenoviral gene delivery

The early, innate immune response to aden-
oviral gene delivery appears to be against com-
ponents of the viral capsid. While adenovirus is
an extremely efficient transducing agent for
many different cell types, it is clear that viral
entry is accompanied by significant cellular per-
turbation.  Indeed, in preliminary studies of the
patterns of gene expression following adenoviral

Background and current status of
hemophilia gene therapy trials

Hemophilia remains a leading candidate dis-
ease for the successful application of somatic cell
gene therapy. Indicative of this potential, the
past year has witnessed the completion of three
phase I/II human clinical trials. Two of these
studies have involved the delivery of a factor VIII
transgene by either the systemic administration
of a replication defective onco-retrovirus1 or by
ex vivo delivery via electroporation to autologous
fibroblasts.2 The third study has involved deliv-
ery of a factor IX transgene through intramus-
cular injection of a recombinant serotype 2 Ade-
no-Associated viral (AAV) vector.3 None of these
studies was associated with any adverse events
and all three studies documented evidence of
intermittent, transient, low levels of expression
of the transgene product. No evidence of
inhibitor development has been seen in any of
the twenty seven patients treated in these stud-
ies.  Following the completion of these initial
studies, two new phase I/II trials have now been
started, the first involving hepatic delivery of a
factor IX transgene by a serotype 2 AAV vector
and the second a gutless (minimal) adenovirus
delivering factor VIII. These two trials are still in
the very early stages of patient recruitment but
both trials have experienced temporary stoppages
due to detection of vector in the semen of the
first two patients in the AAV trial (no vector
found in sperm) and transient thrombocytope-
nia in the first patient treated in the adenovirus
trial.

The objective of this report is to summarize
information pertaining to the nature of the host
immune response associated with the use of
recombinant adenoviral vectors for hemophilia
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transduction, using DNA microarray technology,
it has been shown that the expression of several
hundreds of genes are altered, some of which
correspond to early response genes that are acti-
vated under acute-phase circumstances (unpub-
lished data, Stilwell JL and Samulski RJ). In ani-
mals and patients receiving adenoviral vectors,
this early immune response is most often mani-
fest through, transient hepatotoxicity (elevated
ALT values), transient thrombocytopenia and
elevations of the acute phase cytokines IL-6 and
TNFα. These innate responses have been exten-
sively documented with early generation aden-
oviral vectors, and there is at least some evidence
to indicate that a similar, albeit reduced, innate
response accompanies delivery of helper-depen-
dent vectors. Whether this response to helper-
dependent vectors relates to factors such as the
magnitude of helper virus contamination of the
vector preparation remains to be resolved.
Another feature of this early response which has
still to be resolved is the potential for significant
inter-individual variability in the magnitude of
the response and the influence of pre-existing
anti-adenoviral antibodies.10,11 It is possible that
these variables might significantly complicate the
prediction of vector doses that are both effective
and safe.

Acquired immunity following adenoviral
gene therapy

The second component of the immune
response following adenoviral gene delivery
involves an acquired cell mediated and humoral
response.  There  is now good evidence to indi-
cate that these responses will differ for the early
and later generations of adenoviral vectors. Thus,

while residual viral transcription and presenta-
tion of virally-derived peptides will occur with
early generation vectors, in which a number of
adenoviral genes are preserved, this will not com-
plicate the delivery of helper-dependent aden-
oviral vectors. This has the consequence of min-
imizing the risk of a subsequent cell-mediated
response following the delivery of helper-depen-
dent vectors. In theory, this should serve to pro-
tect transduced cells from immune attack and
should therefore enhance the likelihood of a pos-
itive outcome from adenoviral transgene delivery.
In contrast, humoral responses to the viral cap-
sid proteins will likely occur with equal frequen-
cy for the early generation and latest forms of
Adenovector.

Immune responses to the transgene
product in adenoviral-mediated
hemophilia gene therapy

The development of neutralizing anti-clotting
factor antibodies (inhibitors) following hemo-
philia gene therapy remains a potential treatment
complication that requires further investigation.
Clearly, the generation of inhibitors in a sub-
stantial proportion of individuals treated with
gene therapy would represent a profound con-
cern for the continuation of this therapeutic
approach.

As stated above, no inhibitors have been detect-
ed in any of the 27 patients enrolled in the first
three, phase I/II clinical trials.   However,
inhibitors have been documented, in many
instances, in pre-clinical animal protocols for
hemophilia gene therapy. Among the factors that
contribute to this propensity are the use of het-
erologous transgenes, the employment of pro-

Figure 1. A comparison of the host immune response with
coagulation protein delivery by either exogenous infusion
or by gene therapy.

Figure 2. Elements of the early, innate immune response fol-
lowing adenoviral gene delivery and the later adaptive immu-
nity involving cell-mediated and humoral responses to sev-
eral components of the gene therapy protocol.
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moters that mediate ubiquitous transgene
expression, high vector doses, the study of ani-
mals with an inherited predisposition for
inhibitor development and the use of delivery
systems that incite a significant host immune
response (Figure 3). As described above, the use
of early generation adenovectors is clearly asso-
ciated with the generation of both innate and
adaptive host immune responses and these have
included the development of inhibitor antibod-
ies following the delivery of a factor VIII trans-
gene. However, this phenomenon is not consis-
tently observed, and the delivery of factor VIII
transgenes with early generation adenovectors to
the immunotolerant C57BL/6 strain of hemo-
philic mice has resulted in long-term factor VIII
expression without the generation of
inhibitors.12,13 It is too early to predict whether
the tendency for inhibitor development will be
reduced with helper-dependent adenoviral vec-
tors but at least one report has already docu-
mented their occurrence in some hemophilic
mice treated with one of these vectors.14

Strategies to minimize inhibitor
development following adenoviral
gene therapy for hemophilia

Current pre-clinical evidence suggests that
even with the use of homologous transgenes and
the latest generation of helper-dependent aden-
oviral vectors, inhibitory antibodies can still
develop. To minimize the likelihood of this com-
plication, several approaches can be employed in
the selection of transgene recipients and the con-
duct of the gene delivery protocol (Figure 4).
Potential transgene recipients with a known
familial (strain) propensity for antibody devel-

opment should be avoided and, where known,
recipients with hemophilic genotypes that are
associated with higher risks for inhibitor devel-
opment should also be excluded from initial tri-
als of hemophilia gene therapy.  In terms of the
gene delivery protocol, use of a transgene pro-
moter to prevent transgene expression in anti-
gen presenting cells and the use of vector doses
that optimize the balance between transgene
expression and host immune activation will both
reduce the likelihood of inhibitor development.
With specific reference to adenovector delivery,
strategies to eliminate or at least minimize the
early innate immune response to the vector will
also likely reduce the subsequent development of
inhibitors.

The future of adenoviral gene therapy for
hemophilia

With the development of the latest generation
of helper-dependent adenovectors, the potential
for using these vectors to deliver clotting factor
transgenes has been revisited. While residual
questions remain concerning the innate immu-
nity generated by these vectors and the duration
of transgene expression, their relative ease of pro-
duction, high transduction efficiency and oppor-
tunities for readministration following serotype
switching with different helper viruses suggests
that further evaluation of this vector system is
warranted.  Nevertheless, until the issues of the
innate immune response and the inter-individ-
ual variability of immune responsiveness are bet-
ter understood, the evaluation of these vectors, in
the context of hemophilia gene therapy, should
probably be restricted to the pre-clinical setting.15

Figure 3. Components of the gene therapy protocol that
influence the likelihood of inhibitor development.

Figure 4. Features of the transgene recipient and vector
delivery protocol that are likely to reduce the risk of inhibitor
development.
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Though factor VIII (FVIII) substitution ther-
apy has greatly improved the lives of patients
suffering from hemophilia A, there are still

limitations to the current treatment that have
triggered interest in alternative treatments by
gene therapy. Significant progress has recently
been made in the development of gene therapy
for the treatment of hemophilia A that serves as
an ideal trailblazer for the treatment of other dis-
eases by gene therapy. These advances parallel
the technical improvements of existing viral vec-
tor systems and the development of new delivery
methods.1-3 Both viral vectors as well as non-viral
vectors have been considered for the develop-
ment of hemophilia gene therapy. In general,
viral vector-mediated gene transfer is far more
efficient than non-viral gene transfer and has
therefore been the method of choice.

What is the ideal gene therapy vector for
hemophilia A? The ideal gene therapy vector
would need to have the following properties:
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Objective. Hemophilia A is potentially amenable for
treatment by gene therapy. We have been exploring
the use of different viral vectors including onco-retro-
viral, lentiviral and high-capacity adenoviral (HC-Ad),
each with their own advantages and limitations, for
hemophilia A gene therapy.

Study design. Injection of onco-retroviral vectors
encoding the B-domain deleted human FVIII cDNA
into neonatal hemophilia A mice resulted in long-
term expression of therapeutic and even supra-phys-
iologic FVIII levels that stably corrected the bleeding
diathesis in 50% of the recipient mice. The lack of
neutralizing antibodies specific for human FVIII in
these animals, may have been due to the induction
of neonatal tolerance. However, in the remaining
recipient mice, a humoral and possibly also a cellu-
lar immune response developed which thwarted phe-
notypic correction. Since onco-retroviral transduc-
tion is restricted to rapidly dividing target cells, effi-
cient hepatic gene transfer could only be achieved
in neonates but not in adult mice.  To overcome this
limitation, lentiviral vectors were employed instead.

Results. Non-dividing hepatocytes in adult recipient
mice can be efficiently  transduced (5-10%) using
improved lentiviral vector designs, leading to long-
term transgene expression with only limited and tran-
sient hepatotoxicity. This underscores the potential
of lentiviral vectors for hemophilia gene therapy.
However, efficient gene transfer was also apparent
in antigen-presenting cells (APCs), particularly in
Kupffer cells, splenic macrophages and B-lympho-
cytes. Since it has previously been shown that inad-
vertent transgene expression in APC triggers the
development of neutralizing antibodies, the use of
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hepatocyte-specific promoters may be warranted to
circumvent this potential risk. Finally, we have shown
that high-capacity adenoviral vectors can be used to
achieve unprecedented high levels of human FVIII
expression in hemophilic mice but that humoral and
possibly also cellular immune responses precluded
long-term gene expression.

Conclusions. In conclusion, the use of different repli-
cation-deficient viral vectors that do not encode viral
antigens can be used to express therapeutic levels
of human FVIII in hemophilic mice with varying effi-
ciencies. However, the development of neutralizing
antibodies  following  gene therapy  in conjunction
with the induction of cellular immune responses
against the transduced target cells, remains a con-
cern that will need to be addressed further in large
animal models, such as hemophilic dogs, with
species-specific  transgenes.
©2003, Ferrata Storti Foundation

Key words: hemophilia; factor VIII; coagulation; gene
therapy; inhibitory antibodies.



• the vector should have the potential for long-
term, preferably life-long FVIII gene expres-
sion;

• the vector should be capable of efficient and
preferably selective gene transfer into the
appropriate target cells, particularly hepato-
cytes, which normally express FVIII;

• lack of de novo expression of viral genes in the
transduced target cells is required to avoid
immune rejection of transduced target cells;

• the vector should not trigger any toxic or
adverse side-effects;

• inadvertent germline gene transfer should not
occur following somatic gene therapy;

• vector preparations should be devoid of helper
virus or replication-competent virus;

• the vector should not trigger inflammatory
immune responses;

• transduction in antigen-presenting cells
(APCs) should be avoided to decrease the like-
lihood of anti-FVIII antibodies;

• vector administration should preferably be
non-invasive;

• the vector should not integrate into the target
cell genome to avoid insertional mutagenesis
of cellular genes, particularly tumor suppres-
sor genes.

There are currently no viral vectors that meet
all these requirements. Nevertheless, there are a
number of promising vectors that can be used
for hemophilia A gene therapy, each with their
own advantages and limitations, in particular:
onco-retroviral and lentiviral vectors, high-
capacity adenoviral vectors (HC-Ad) and adeno-
associated viral vectors (AAV). These viral vec-
tors are devoid of viral genes and consequently
cannot replicate in the transduced cells and
propagate in vivo, in contrast to the viruses they
have been derived from. Furthermore, these repli-
cation-deficient vectors cannot  express any viral
antigens de novo in the transduced cells, hereby
safeguarding the transduced cells from possible
immune rejection by cytotoxic T-lymphocytes
(CTL). Nevertheless, FVIII gene transfer may
result in the presentation of endogenously syn-
thesized FVIII–derived peptides in the context of
MHC class I molecules and trigger CTL respons-
es that could eliminate the FVIII-engineered tar-
get cells. In addition, the viral vector particles
themselves may induce a humoral immune
response that would lead to the formation of
neutralizing antibodies directed at the vector cap-
sid or envelope structures. These antibodies
could potentially interfere with viral transduc-
tion, if the patient were to receive a subsequent
viral vector challenge.

Our work in particular, focuses on the use of
onco-retroviral, lentiviral and HC-Ad vectors for
hemophilia A gene therapy which will be sum-
marized below. 

MoMLV-based retroviral vectors
Moloney murine leukemia virus (MoMLV)-

based retroviral vectors can potentially give rise to
stable gene expression by virtue of their stable
chromosomal integration and lack of viral gene
expression.4,5 Their integration allows passage of
the transgene to all progeny cells. However, cell
division is required for MoMLV transduction and
integration, thereby limiting retroviral-mediated
gene therapy to actively dividing target cells. Gene
therapy for hemophilia with MoMLV-based vec-
tors requires either direct in vivo transduction of
cells that are naturally proliferating or induced to
proliferate using growth factors, or ex vivo expan-
sion and transduction of target cells followed by
their readministration. Stable packaging cell lines
are available that facilitate the large scale pro-
duction and characterization of recombinant
virus for potential use in clinical trials. No acute
toxicity or adverse effects have been reported in
more than 100 clinical trials with retroviral vec-
tors.6 Furthermore, retroviral vector preparations
devoid of replication-competent retroviruses
(RCR) have not been shown to cause malignant
transformation in animals or in patients.7,8 Rare
clonal transformation events have only been
observed in severely immunocompromized pri-
mates receiving a high dose of contaminating
replication competent retroviruses (RCR).9 Retro-
viral vector-mediated gene transfer is therefore
relatively safe for gene therapy of hemophilia.

Retroviral vectors containing the FVIII genes
have been developed. However, first-generation
FVIII-retroviral vectors were characterized by low
titers and low FVIII expression levels which ini-
tially hampered their usefulness for gene thera-
py. The presence of an intact FVIII cDNA into
MoMLV retroviral vectors resulted in a 100 to
1000-fold decrease in vector titer in comparison
with the parental vector or vectors carrying oth-
er similarly sized cDNAs.10-16 The inhibition of
FVIII expression and the low viral titer were due
to the presence of sequences within the FVIII
cDNA that inhibited RNA accumulation by
interfering with transcriptional initiation or
elongation (see above).12,14 Conservative muta-
genesis of the entire 1.2 kb INS element failed to
increase FVIII expression or vector titer.13 How-
ever, we and others showed that this impediment
could be circumvented by including an intron
upstream of the FVIII cDNA which led to a sig-
nificant increase in FVIII expression and restored
retroviral titer to normal levels (105 transduc-
ing units/mL) (TU/mL).13,17 Although other
post-transcriptional mechanisms may also be
involved 18, this design was based on the obser-
vation that splicing can improve mRNA accu-
mulation by increasing transcriptional efficiency,
stabilizing RNA and/or increasing transport from
the nucleus to the cytoplasm.19,20 These intron-
based FVIII onco-retroviral vectors could be con-
centrated to even higher titers (109-1010
TU/mL) following pseudotyping with the vesic-
ular stomatitis virus G-protein (VSV-G).21,22 This
constitutes a 107-fold improvement compared
to non-concentrated early generation FVIII retro-
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viral vectors.10,11,13

In vivo gene therapy for hemophilia A with
MoMLV-based vectors requires direct transduc-
tion of cells that are either naturally proliferating
in vivo or that are induced to proliferate. High,
stable levels of functional human FVIII could be
achieved in newborn, FVIII-deficient mice inject-
ed intravenously with high-titer VSV-G pseudo-
typed onco-retroviral vectors containing the B-
domain deleted FVIII cDNA.21 High-levels (>200
mU FVIII/mL) of functional human FVIII pro-
duction could be detected in about 50% of the
animals, some of which expressed physiologic or
higher levels (up to 12500 mU/mL). Most high-
expressers survived an otherwise lethal tail-clip-
ping, unequivocally demonstrating phenotypic
correction of the bleeding disorder.21 To our
knowledge, this is the first demonstration that
hemophilia A can be cured by gene therapy in a
clinically relevant animal model. Efficient gene
transfer occurred into liver, spleen and lungs but
not in other organs including testes, with pre-
dominant FVIII mRNA expression in the liver.21

Long-term correction of hemophilia has been
achieved in about 50% of the FVIII-deficient ani-
mals, whereas the other half was not corrected.21

This differential response is due to a specific
immune mechanism since the latter mice devel-
oped inhibitory antibodies to human FVIII (rang-
ing between 7 and 350 Bethesda units/mL),
whereas none of the corrected mice did.21 Fur-
thermore, in the transient FVIII expressing mice,
induction of antibodies was causally related to the
decrease in FVIII expression.21 Finally, in the
absence of a specific immune response in FVIII-
KO/SCID mice, human FVIII expression could be
detected in all recipient animals.21 The differential
response is reminiscent of the lack of therapeutic
efficacy in 10-20% of the hemophilia A patients
that develop inhibitory antibodies to FVIII follow-
ing protein replacement therapy. The higher pro-
portion of non-expressers in FVIII-deficient mice
could be due to the inherently higher immuno-
genicity of xenogenic human FVIII in non-human
species. Since we observed a lower level of FVIII
gene transfer in the transient and non-expressor
recipient mice compared to the long-term expres-
sors, a mechanism whereby transduced cells were
eliminated by a cellular immune response cannot
be ruled out. It is therefore likely that the FVIII-
transduced hepatocytes are recognized and elimi-
nated by FVIII-specific CTLs.

The cause of the heterogeneous antibody
response and FVIII levels among the different
recipients is not clear. Since the FVIII-deficient
mouse is not an inbred strain, genetic differences
may have contributed to this variability (Figure
1). Alternatively, high levels of FVIII may have
been required to induce immune tolerance to
FVIII in the FVIII-deficient mice and prevent
induction of inhibitory antibodies (Figure 2).
This would be reminiscent of tolerance-induc-
tion by repeatedly injecting FVIII proteins at high
concentrations in hemophilia A patients.23 How-

ever, expression of a xenoprotein in neonatal
mice is quite different from giving a species-spe-
cific protein to a subject with a mature immune
system. In particular, neonatal mice can become
tolerant to soluble xenoantigens because neona-
tal splenic B-cells are tolerance susceptible for
several days after birth during which B-cell clones
may be expanding. The proportion of tolerance-
susceptible splenic B-cells decreases to less than
10% after the first week after birth. It is indeed
possible that exposure of neonatal FVIII-deficient
animals to sufficiently high levels of human FVIII
protein following FVIII gene transfer resulted in
the induction of tolerance to human FVIII, at
least in some of the recipients (Figure 2). This
hypothesis would be consistent with the observed
correlation between high FVIII gene transfer and
expression and lack of inhibitory antibodies in
these mice and with the induction of tolerance of
FVIII in neonatal mice receiving high doses of
human FVIII.24 Conversely, when gene transfer
efficiency was low, FVIII expression may have
been below a critical threshold during the neona-
tal phase to induce tolerance, resulting in the
induction of inhibitory antibodies and/or CTLs
(Figure 2). The potential immunogenicity of
human FVIII in some of the recipient FVIII-defi-
cient mice is consistent with previous reports
indicating that repeated administration of
human FVIII protein in adult FVIII-deficient mice
led to the induction of inhibitory antibodies.25

The efficient hepatic gene transfer in neonatal
mice could be due primarily to the higher hepa-
tocyte turn-over rate in newborn versus adult
animals. In adult mice most hepatocytes are
refractory to gene transfer using onco-retroviral
vectors since disassembly of the nuclear mem-
brane during cell division is required to allow the
onco-retroviral preintegration complex to enter
the nucleus.26 Hence, gene delivery strategies
that could overcome the requirement for hepat-
ic cell division and be used in adults, would be
desirable.

Lentiviral vectors
In order to overcome the need for active cell

division, retroviral vectors derived from lenti-
viruses have been developed, with HIV as the pro-
totype.27 The lentiviral life cycle differs from that
of onco-retroviruses in that the preintegration
complex is readily transported into the nucleus,
thus enabling efficient transduction of non-
dividing cells, including neurons. Gene transfer
with lentiviral vectors in dividing cells is more
efficient than  with MoMLV-based retroviral vec-
tors.28 While present efforts are aimed at the gen-
eration of stable packaging cell lines29 and safe30

and clinically acceptable vectors, the attributes
of the lentiviral vector system may be well suited
for the treatment of hemophilia A. The latest
generation lentiviral vector packaging system
relies on a self-inactivating HIV-derived vector
backbone which does not contain any HIV-1
genes. Instead, only the cis-acting elements nec-
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essary for integration, reverse transcription and
expression are incorporated into the vector back-
bone, along with the gene of interest, in casu, the
FVIII gene.

Although many different types of non-dividing
cells in different tissues can be transduced with
lentiviral vectors, not all cells are permissive and
in particular, there may be unknown limiting
factors that preclude efficient gene transfer into
non-dividing hepatocytes.28,31,32 In anticipation
of using lentiviral vectors for FVIII gene delivery
into the liver, it was therefore important to first
demonstrate that lentiviral vectors can transduce
non-dividing hepatocytes. An improved lentiviral
vector expressing the green fluorescent reporter
protein (GFP) was constructed. The vector con-
tained the central DNA flap which facilitates
intra-nuclear transport of the lentiviral pre-inte-
gration complex and enhances transduction effi-
ciency.33

Lentiviral transduction was analysed after
intravenous injection of 109 transducing units of
lentiviral-GFP vectors into adult mice (Vanden-

Driessche et al., in press). Confocal microscopy
revealed intense GFP fluorescence in hepatocytes
(5-10% GFP+) and non-parenchymal cells in the
liver of immuno-deficient Scid recipient mice,
mostly around the vasculature. In addition,
splenocytes were efficiently transduced (20-30%
GFP+) whereas no transduced GFP+ cells could
be detected in other organs. Transduction result-
ed in stable genomic integration of the lentiviral
vector leading to long-term transgene expression
in liver and spleen (> 3 months). To assess the
dependence of transduction on cell division,
BrdU was continuously administered. Analysis of
GFP and BrdU colocalisation showed that >95%
of transduced hepatocytes and splenocytes were
non-dividing. Liver toxicity was assessed by mea-
suring serum-transaminases which were moder-
ately elevated 24 hr post-injection but returned
to normal levels the next day. This confirms that
lentiviral vectors can be used to transduce non-
dividing hepatocytes in adult mice, obviating the
need to artificially induce hepatocyte prolifera-
tion.

Figure 1. Genetic heterogeneity model. Hemophilia A mice are not genetically identical. As a consequence, some of the mice
may be prone to develop inhibitory antibodies to FVIII and/or CTLs to the FVIII-transduced cells following in vivo gene therapy
with FVIII-vectors. This would result in the neutralization of circulating FVIII proteins and/or the immune rejection of the FVIII-
expressing cells in an MHC class I-restricted fashion. Conversely, some of the mice may have a distinct genotype allowing
immune  tolerance to be established to FVIII proteins and FVIII-transduced cells. This genetic heterogeneity hypothesis  may
explain the heterogeneous immune response in the neonatal hemophilic mice that received FVIII-retroviral vectors 21 but may
apply to other vector systems as well in adult recipient mice.
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To further characterize the transduced spleno-
cytes and non-parenchymal liver cells, FACS
analysis was performed on isolated single-cell
suspensions. Most transduced GFP+ splenocytes
formed typical phagocytic pseudopodia and
expressed high levels of MHC-II, co-stimulatory
molecules CD80 (B7-1) and CD86 (B7-2), cell
adhesion markers CD106 (VCAM-1), CD31
(PECAM-1) and CD54 (ICAM-1) and other
markers such as CD11b, CD11c and F4/80 char-
acteristic for antigen-presenting cells (APC).
Similarly, these APC-specific markers were also
highly expressed on some of the transduced GFP+

liver cells, possibly Kupffer cells. Splenic and
hepatic APCs were transduced in Scid and Balb/c
mice, but there were fewer APCs  in the GFP+

fraction of Balb/c mice compared to Scid, con-
sistent with an immune rejection of the trans-
duced cells. In addition, efficient transduction of
B lymphocytes was apparent in Balb/c mice,
whereas T cells were refractory to lentiviral trans-
duction. Endothelial cell specific markers

(CD62E and CD105) were barely expressed on
the GFP+ cells, indicating that endothelial cells
were refractory to lentiviral transduction.

The relatively efficient lentiviral transduction
of APCs should be taken into account when
designing vectors for gene therapy. Inadvertent
transgene expression in transduced APCs may be
undesirable in circumstances where an antibody
response against the transgene product should
be avoided,34 particularly in the case of hemo-
philia gene therapy.  It has been shown previ-
ously that when a ubiquitously expressed pro-
moter is used to express a secretable transgene
product, it increases the likelihood of neutraliz-
ing antibody formation against this protein.
Hence, the use of liver-specific promoters may be
warranted to restrict transgene expression in
hepatocytes and to circumvent inadvertent trans-
gene expression in APCs following systemic
lentiviral vector administration. Follow-up stud-
ies in hemophilic mice and dogs and continued
efforts to improve the vector design are warrant-

Figure 2. Tolerance model. Exposure of neonatal hemophilic animals to sufficiently high levels of human FVIII protein following
FVIII gene transfer may have resulted in the induction of tolerance to human FVIII protein and the FVIII-transduced cells in some
of the recipient mice. Conversely, when gene transfer efficiency was low, FVIII expression may have been below a critical thresh-
old during the neonatal phase to induce tolerance, resulting in the induction of inhibitory antibodies and/or CTLs directed against
the FVIII protein and the FVIII-transduced cells, respectively. This tolerance model may account for the heterogeneous immune
response in the neonatal hemophilic mice that received FVIII-retroviral vectors.21 Similarly, prolonged expression of FVIII at high
enough levels above a critical threshold may also play a role in establishing post-natal tolerance to the FVIII protein and to the
FVIII-transduced cells.37



ed to further explore the full potential of lentivi-
ral vectors for hemophilia A gene therapy.

HC-Ad vectors
Adenoviral vectors can transduce dividing and

non-dividing cells and are by far the most effi-
cient vectors for hepatic gene delivery.35 The ade-
noviral vector genome remains episomal, imply-
ing that the risk of neoplastic transformation due
to insertional mutagenesis is low. Whereas ear-
ly-generation adenoviral vectors still contain
most viral genes which contribute to inflamma-
tory responses, toxicity and short-term transgene
expression, HC-Ad vectors retain only the neces-
sary cis-acting elements that are required for gen-
erating infectious vector particles during vector
production and the transgene of interest.35 HC-
Ad vectors expressing B-domain deleted human
or canine FVIII from different liver-specific pro-
moters were injected intravenously into hemo-
philic FVIII-deficient mice which resulted in
physiologic levels of canine or human FVIII (Van-
denDriessche et al, unpublished observations).
These results underscore the potential usefulness
of HC-Ad for hemophilia A gene therapy. How-
ever, the induction of neutralizing antibodies
directed against the human or canine xenopro-
teins precluded stable phenotypic correction.

Conclusions
The ideal gene therapy vector for hemophilia A

is not yet available but significant progress has
been made  in further improving viral vector
technology for FVIII gene delivery. Proof-of-con-
cept has recently been established demonstrat-
ing that hemophilia A could be cured by gene
therapy in a clinically relevant animal model that
mimics the cognate human disease.21 This was
accomplished by intravenous injection of onco-
retroviral vectors expressing FVIII into neonatal
hemophilic mice. Although these findings may
ultimately pave the way towards potential gene
therapy for pediatric hemophilia A, clinical trials
in children can only commence once safety has
been established in adults or perhaps in children
suffering from a lethal disease, for which no
treatment is currently available. The limitation
of onco-retroviral vector mediated gene transfer
in dividing hepatocytes, could be overcome by
using  either lentiviral or HC-Ad vectors, which
resulted in efficient hepatic gene transfer in adult
mice. Using HC-Ad vectors, physiologic FVIII
expression levels could be achieved in hemophilic
mice. Follow-up studies in hemophilic mice and
dogs are required to further evaluate the poten-
tial of these vectors for gene therapy.

The induction of inhibitory antibodies follow-
ing gene therapy may be related to several con-
founding variables including the type of vector
used, the purity of the vector preparation, the
promoter used to drive FVIII expression, the site
of administration, the transduced cell types
(APC) or  the underlying genetic defect and oth-
er host factors. Whether gene therapy would

increase or decrease the likelihood of inhibitor
formation compared to protein replacement
therapy is one of the important questions that
still needs to be addressed. Continuous produc-
tion of high levels FVIII in situ following gene
therapy may actually induce immune tolerance
reminiscent of current immune tolerization
strategies by repeated high dose clotting factor
administration. Alternatively, gene transfer to
naive patients could evoke the same or even a
more potent immune response to FVIII. A major
concern is that the use of viral vectors expressing
coagulation factors or that impurities in the vec-
tor preparations may provide immunological
danger signals that may facilitate inhibitor for-
mation.36 In addition, gene transfer may result in
the presentation of  endogenously synthesized
FVIII–derived peptides in the context of MHC
class I molecules potentially resulting in CTL
responses that could eliminate the FVIII-engi-
neered target cells. The secreted FVIII protein that
is produced in vivo may also be presented in the
context of MHC class II as in the case of infused
clotting factors. It is not clear whether gene ther-
apy could break tolerance in patients that are tol-
erant to FVIII and whether inhibitors can be sup-
pressed once they occur following gene therapy.
Since many adult hemophilia patients have an
infectious or inflammatory disease, complex
interactions can influence the therapeutic effica-
cy of the gene therapy procedure or the propen-
sity for inhibitor formation and caution is war-
ranted not to exacerbate these underlying condi-
tions. 

Despite the tremendous progress in the field
over the past few years many questions remain
largely unexplored. Extensive gene therapy stud-
ies in preclinical hemophilia models are needed
to anticipate the possible outcome in patients
and to increase the overall efficiency of the vari-
ous gene therapy strategies while further improv-
ing their safety. The development of hemophilia
gene therapy will undoubtedly continue to con-
tribute to a better understanding of vector-host
interactions that will benefit the entire field of
gene therapy. The results from the preclinical
studies in hemophilic animal models indicate
that the simultaneous development of different
strategies is likely to bring a permanent cure for
hemophilia one step closer to reality.
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Conventional treatment of the inherited
bleeding disorder hemophilia is based on
intravenous (IV) infusion of functional

coagulation factor VIII (F.III, hemophilia A) or
factor IX (F.IX, hemophilia B). Formation of
inhibitory anti-F.VIII or anti-F.IX currently rep-
resents the most serious complication of this pro-
tein replacement therapy.1,2 More recently, gene
therapy strategies have been introduced into the
clinic in the form of phase I clinical trials.3-6

While inhibitor formation is well documented in
protein therapy with a prevalence of 3-4% in
hemophilia B and 20-30% in hemophilia A, the
risk of such an immune response in gene-based
treatment is only beginning to be defined. A his-
tory of inhibitor formation has been an exclu-
sion criterion for enrollment of patients in gene
therapy trials, and inhibitors have indeed not
been observed in these trials. However, it is not
clear yet whether the risks and characteristics of
inhibitor formation are similar or different in
gene therapy as compared with protein therapy.
Moreover, a particular combination of gene
transfer vector, DNA construct, and target tis-
sue/route of administration is likely to produce
its own unique set of signals to the immune sys-
tem.7 Therefore, the risk and characteristics of
immune responses caused by gene transfer have
to be defined for each particular protocol. Here,
animal experiments designed to define anti-F.IX
responses in adeno-associated virus (AAV)-medi-
ated gene transfer are summarized.

AAV vectors have been shown to transfer a F.IX
transgene efficiently to skeletal muscle fibers or
hepatocytes following intramuscular (IM) injec-
tion of the vector or infusion into the portal cir-
culation, resulting in sustained expression and
partial to complete correction of the coagulation
deficiency in hemophilia B mice and dogs.8-12

AAV vectors are based on a single-stranded DNA
virus with a small (4.7-kb) genome flanked by
inverted terminal repeats (ITRs). The wild-type
virus is a non-pathogenic, replication defective
member of the parvovirus family.13 The vector
does not contain viral coding sequences (which
have been replaced by a F.IX expression cassette)
and can be produced in the absence of a helper
virus.14 A phase I trial of IM administration of
the vector in patients with severe disease (<1%
F.IX levels) has been carried out, and a second
trial on hepatic gene transfer has been initiated.5

Formation of inhibitory antibodies against a coagu-
lation factor antigen in a gene therapy setting is cur-
rently being characterized for adeno-associated viral
(AAV) gene transfer in animal models of hemophil-
ia. Hemophilia B dogs of two different colonies with
a missense or null mutation in the factor IX (F.IX)
gene as well as hemophilia B mice with a large F.IX
gene deletion were subjected to AAV-mediated
transfer of species-specific F.IX transgenes to skele-
tal muscle or liver. Treated animals were analyzed for
transgene expression and F.IX-specific B- and T-lym-
phocyte responses. Particular emphasis in this
analysis was given to the role of the underlying muta-
tion, the route of vector administration, and immune
modulation. All of these were found to have a  sig-
nificant impact on the risk of anti-F.IX formation,
which represents a T helper cell-dependent process.
These studies provide the groundwork for a better
understanding of F.IX-specific CD4+ T-cell activation
in AAV-mediated gene transfer that may lead to neu-
tralizing anti-F.IX IgG formation, and thus help define
gene transfer protocols with minimal risk for such
immune responses.
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Biology of lymphocyte responses in muscle-
directed gene transfer – murine models of
gene transfer

In early preclinical experiments, we observed
that IM injection of an AAV vector or a first gen-
eration adenoviral vector, both expressing
human F.IX (hF.IX) from the strong viral CMV
enhancer/promoter, resulted in rapid induction
of neutralizing anti-hF.IX IgG in immunocom-
petent mice.7,15 While these results may not be
surprising given the use of a non-species-specif-
ic transgene, this experimental system was use-
ful in delineating lymphocyte subsets involved in
anti-F.IX formation following muscle-directed
gene transfer (as summarized in Figure 1). Anti-
hF.IX IgG formation occurred by day 14 after vec-
tor administration resulting in neutralization of
systemic hF.IX expression in the context of either
vector system. However, a series of B- and T-cell
assays revealed substantial differences in the type
of immune responses for the two vectors. Aden-
oviral gene transfer resulted in activation of cyto-
toxic T-lymphocytes specific for hF.IX expressing
cells as well as  for adenoviral antigens. Muscle
fibers expressing the transgene were targeted by
inflammatory infiltrates including CD8+ (CTL)
lymphocytes, thereby causing destruction of
transduced fibers and elimination of transgene
expression. These results highlight an important
difference between protein and gene therapy,
namely that cells expressing the coagulation fac-
tor after gene transfer are capable of presenting
antigen-derived peptides by their MHC class I
molecules. If this occurs in the target cells such
as muscle fibers, these cells become potential tar-
gets for CTL responses. If MHC class I presenta-

tion occurs in professional antigen-presenting
cells (APCs), such as dendritic cells, this may
cause activation of CTLs. In the case of adenovi-
ral gene transfer, MHC class II-resticted T helper
cells (CD4+ T-cells) of Th1 and Th2 subsets were
activated resulting in formation of primarily
IgG2a (the murine equivalent of human IgG1)
anti-hF.IX. In contrast, AAV-transduced muscle
tissue continued to express the transgene even in
the presence of antibody formation without evi-
dence of inflammation or activation of hF.IX-
specific CTL. Data from Jooss et al. suggest that
AAV vectors transduce APCs (dendritic cells) rel-
atively inefficiently, and that this accounts for
the lack of CTL activation against the transgene
product.16,17 Activation of T helper cells by AAV
vector encoded hF.IX showed a stronger bias
toward the Th2 subset resulting in predominant
synthesis of IgG1 (the murine equivalent of
human IgG4).7,18 These characteristics suggest
that inhibitor formation in AAV-mediated gene
therapy is mechanistically similar to antibody
formation in the context of protein infusion, and
is probably not similar to the immune response
typically seen in the context of a viral infection.

Immune modulation may prevent inhibitor for-
mation in the context of a F.IX gene deletion

In order to address the risk of inhibitor forma-
tion in AAV-mediated gene transfer, we con-
structed vectors that express species-specific
transgenes. Hemophilia B mice that received an
AAV vector expressing murine F.IX (mF.IX)
developed inhibitory anti-mF.IX within 4-8
weeks after IM injection of the vector.18 These
mice had been generated by means of genetic

Figure 1. Model for lymphocyte activation resulting
in anti-F.IX formation after AAV-mediated gene trans-
fer to skeletal muscle. Note that T-cell activation and
antibody (inhibitor) formation is more likely to occur
in the context of a F.IX null mutation (e.g. gene dele-
tion, early stop codon, etc.) than in the context of a
missense mutation. This diagram summarizes results
obtained in murine models of gene transfer. AAV-
mediated gene transfer to skeletal muscle results in
secretion of F.IX from transduced myofibers. Upon
uptake of the F.IX antigen by professional APCs such
as dendritic cells, peptide fragments are displayed by
MHC class II molecules, which may lead to activation
of CD4+ T helper cells. In the context of AAV-medi-
ated gene transfer to skeletal muscle, these are pri-
marily of the Th2 subset, thus promoting IgG1 secre-
tion by B cells, while limited activation of Th1 cells
may result in some synthesis of IgG2a or IgG2b. Acti-
vation of F.IX-specific, MHC class I restricted CD8+

cytotoxic T lymphocytes was not observed.
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engineering (knock out) technology and con-
tained a large deletion including the promoter
and the first three exons of the F.IX gene.19 Con-
sequently, the animals did not produce endoge-
nous F.IX transcript or protein. Anti-mF.IX
responses were weaker and more delayed as com-
pared to anti-hF.IX formation.7,18 Inhibitor titers
of 5-20 BU persisted for >12 months. Hemo-
philia B mice also formed inhibitors after repeat-
ed IV infusion of recombinant mF.IX protein.18

These data are consistent with clinical experi-
ence, in which an increased risk of inhibitor for-
mation has been observed following protein
treatment in hemophilia B patients with sub-
stantial loss of F.IX coding information (e.g. gene
deletions20,21). This experimental system was use-
ful in evaluating strategies for avoiding inhibitor
formation in a setting with high risk of anti-F.IX
synthesis. We had hypothesized that transient
immune modulation around the time of vector
administration combined with sustained trans-
gene expression from AAV-mediated gene trans-
fer may be sufficient for prolonged systemic F.IX
expression without inhibitor formation. To test
this hypothesis, hemophilia B mice received
AAV-mF.IX vector by IM injection at a single time
point combined with IV or intraperitoneal (IP)
injection of an immune suppressive drug that
was given at the time of vector administration
and intermittently at several subsequent time
points.18 Only decreased inhibitor titers and par-
tial success was observed with agents that specif-
ically block co-stimulatory pathways that are
important for activation of B- and T-lymphocytes
(signal 2 blockers such as anti-CD40L and

CTLA4-Ig fusion protein). However, it is con-
ceivable that optimization of dosing and sched-
ule of drug administration could improve the
success rate. Inhibitor formation was initially
efficiently blocked by infusing FK506 every oth-
er day for one month, resulting in substantial
shortening of the aPTT due to transgene expres-
sion. FK506 inhibits an intracellular signaling
pathway required for T-cell activation. Nonethe-
less, correction of the coagulation deficiency was
lost once administration of the drug was stopped,
and low titer inhibitors were measured by 3-4
months. The most promising results were
obtained with cyclophosphamide, a DNA alky-
lating agent with a cytotoxic effect on dividing
cells such as proliferating B- and T-cell clones.
Cyclophosphamide is commonly used in treat-
ment of autoimmune diseases and in some
immune tolerance regimens in hemophilia
patients who developed inhibitors during protein
therapy.22,23 This compound was given biweekly
up to week 6 after vector administration at dos-
es up to 50 mg/kg;  such doses do not cause sig-
nificant changes in white blood cell counts in
mice. Hemophilia B mice treated with this com-
bination of vector injection and transient
immune suppression showed correction of the
aPTT without anti-mF.IX formation for >1 year
(duration of the experiment). 

Scale-up to hemophilia B dogs and sus-
tained F.IX expression in the context of a
F.IX missense mutation

Hemophilia B dogs represent an excellent large
animal model for scale-up studies in a novel gene

Table 1. Incidence of inhibitor formation in gene therapy for hemophilia B using hemophilia B dogs and mice and an AAV-2 vec-
tor encoding a species-specific transgene. The table lists the animal model/mutation, route of administration (IM vs. hepat-
ic), number of animals that developed inhibitors in the respective study, and the referenced paper. 

Hemophilia B animal model Route of administration Vector dose Incidence of References
(vg/kg) inhibitor formation

UNC-Chapel Hill dogs (F.IX missense mutation) IM ≤3x1012 0/7 Herzog et al. 1999, Chao et al. 1999

UNC Chapel Hill dogs IM 8.5x1012 Transient (1/1) Herzog et al. 1999

UNC Chapel Hill dogs Portal vein (for hepatic gene transfer) ≤4x1012 0/7 Snyder et al. 1999, Wang et al. 2000,
Mount et al. 2002

Auburn dogs (F.IX null mutation) IM 1x1012 2/2 Herzog et al. 2001
IM + cyclophosphamide 1x1012 0/1

Auburn dogs Mesenteric vein (for hepatic gene transfer) ≤3x1012 (1x1012)* 1/3 (0/2)1 Mount et al. 2002

Knock out mice with F.IX gene deletion IM° ≤4x1012 10/10 Fields et al. 2001
IM + cyclophosphamide 4x1012 2/6+

IM: intramuscular. *Two dogs treated with 1x1012 vg/kg did not develop anti-F.IX, while one dog treated with 3x1012 vg/kg showed inhibitor formation by week 5 after gene
transfer. Results from this animal are complicated by the fact that the dog had additionally inherited pyruvate kinase deficiency (associated with chronic hemolytic anemia)
and anti-phospholipid. °Sustained expression of canine or human F.IX without inhibitor formation has been achieved by hepatic AAV-mediated gene transfer in hemophilia B
mice on a C57BL/6 genetic background (Snyder et al. 1999, Wang et al. 1999). The risk of inhibitor formation in other strain backgrounds remains to be evaluated. +Those 2
mice with inhibitor formation received 25 mg cyclophosphamide/kg, while 0/3 animals treated with 50 mg/kg showed inhibitor formation. vg: vector genomes as titered by
quantitative dot blot hybridization.
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therapy protocol and for safety studies such as
assessment of the risk of inhibitor formation.
There are two characterized colonies with no cir-
culating F.IX antigen. The dogs at UNC-Chapel
Hill have a missense mutation in the F.IX gene.
Modeling studies predict that the mutant F.IX
molecule does not fold correctly and therefore is
likely destroyed intracellularly.24,25 IM adminis-
tration of an AAV vector (expressing canine F.IX)
at multiple sites at a single time point directed
sustained systemic expression of vector dose-
dependent levels of biologically active canine F.IX
(>4 years) without vector-related toxicity.8,12 Fur-
thermore, these experiments illustrated the sim-
plicity and safety of this non-invasive method of
gene transfer. Expression was demonstrated by
ELISA and by partial correction of the whole blood
clotting time (WBCT) and, at higher vector dos-
es, of the aPTT. Dose escalation showed that
~5×1012-1×1013 vector genomes [vg]/kg were
required for therapeutic levels of expression (>1%
of normal). At the reported vector doses (up to
8.5×1012 vg/kg), inhibitors were either absent
(4/5 dogs) or transient (spontaneous remission
within 2 months, 1/5 animals).8 Inhibitor for-
mation may be observed at higher vector doses, in
particular at high doses per site of injection (Her-
zog et al., Hum Gen Ther, in press). Thus, although
the risk of inhibitor formation in the context of a
missense mutation is greatly reduced, it may be
necessary to include transient immune suppres-
sion at high vector doses in muscle-directed gene
transfer. 

Similar success in the UNC hemophilia B dogs
has been reported for AAV-mediated hepatic gene
transfer following portal vein infusion of the vec-
tor, albeit at lower vector doses.9,11,26 No anti-
cF.IX was reported in these studies, and expres-
sion was sustained for at least several years. Sim-
ilar to IM injections, the AAV vector does not
cause heptotoxicity, and vector administration is
generally well tolerated by the animals. Recent
progress in vector delivery techniques and the use
of alternate AAV serotypes (all data discussed here
were obtained with AAV-2 vector) with greater
transduction efficiency of skeletal muscle are like-
ly to reduce if not eliminate the dose advantage
of the liver route over the muscle route (refs. no.
27,28 and Arruda et al., unpublished results). How-
ever, the risk of inhibitor formation in these
approaches remains to be defined. In particular,
one has to consider that levels of locally produced
F.IX may be much higher following gene transfer
that is the case for IM injection of the AAV-2 vec-
tor, which may significantly influence immune
responses. 

Sustained F.IX expression in hemophilia B
dogs with a F.IX null mutation following
hepatic gene transfer  

Analogous to results in the hemophilia B mice,
dogs with a F.IX null mutation (an early stop
codon and unstable mRNA, hemophilia B dog

colony at Auburn University), IM administration
of an AAV vector expressing cF.IX induced persis-
tent high titer inhibitors.29,30 This immune
response was observed at vector doses that did not
cause inhibitor formation but rather resulted in
sustained cF.IX expression in the model charac-
terized by a missense mutation. Inhibitor forma-
tion was not observed in a null mutation dog that
additionally received cyclophosphamide as
described above for treatment of murine hemo-
philia B. Inhibitor formation was also observed in
a null mutation dog that received IV infusion of
purified plasma-derived cF.IX.29 Surprisingly, 2
animals of this colony that were treated by hepat-
ic gene transfer did not form anti-cF.IX and con-
tinue to express cF.IX at levels of 5-12% of nor-
mal with complete or substantial correction of
the WBCT and of the aPTT.26 This was achieved by
mesenteric vein infusion of an AAV vector con-
taining a strong hepatocyte-specific enhanc-
er/promoter combination. Similar results had
been obtained previously in hemophilia B mice
using hepatic gene transfer. However, these mice
have been bred on a C57BL/6 genetic back-
ground, which is more promiscuous for trans-
gene expression without immune responses fol-
lowing this route of administration than other
strains of inbred mice, thus making definite state-
ments about the risk of inhibitor formation more
difficult.31,32 Nonetheless, other data showed that
liver-directed AAV-mediated gene transfer may be
characterized by a reduced risk of anti-F.IX for-
mation even in strains other than C57BL/6.33

Our results from the F.IX null mutation dogs
illustrate the lower likelihood of inhibitor forma-
tion by AAV-mediated liver-directed gene therapy
in a large animal model of hemophilia B as com-
pared to other treatment modalities.26 The
immunologic mechanism responsible for these
observations is currently under active investiga-
tion in our laboratory. Table 1 summarizes the
incidence of inhibitor formation as reported in
several studies using muscle- or liver-directed
AAV-mediated gene transfer of a species-specific
F.IX gene in animal models of hemophilia B. 

In summary, AAV-mediated gene transfer is
characterized by a reduced potential for cellular
immune responses and inflammation but may
result in T helper cell-dependent antibody for-
mation to the F.IX transgene product. The data
strongly suggest a crucial role of the gene trans-
fer recipient’s underlying F.IX mutation on the
risk of inhibitor formation. In muscle-directed
gene transfer, inhibitor formation is observed in
animals with substantial loss of F.IX coding
information such as a large gene deletion or an
early stop codon, whereas sustained systemic
expression without or with only transient
inhibitor formation was achieved in the context
of a crm- missense mutation. These differences
in the incidence of antibody formation may be
explained by lack of expression of potentially
immunodominant T-cell epitopes during devel-
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opment of the immune system in the setting of
a null mutation. The risk of inhibitor formation
can be substantially reduced by transient
immune modulation or by hepatic gene transfer,
which may not elicit an anti-F.IX response even
in animal models that are at risk of inhibitor for-
mation in protein-based therapy.             
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