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Immune tolerance induction in hemophilia

The development of inhibitors is the main complication of hemophilia therapy.
Inhibitors occur in 25–30% and in 2–5% of patients with severe hemophilia A and B,
respectively. They render treatment and prevention of bleeds difficult. The only known
therapeutic strategy able to eliminate inhibitors is immune tolerance induction (ITI)
that consists in regular high-dose FVIII/FIX infusions. ITI is a demanding treatment
both for patients/parents and clinicians, it is costly, but provides 60–80% chance of
success. Although used since late 1970, many aspects of ITI still needs to be optimized
and further investigated. This review is aimed at reporting what is known from the
published literature and what still need to be investigated in this field.
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Hemophilia is a rare inherited bleeding disorder due to the deficiency of factor VIII
(FVIII, hemophilia A) or factor IX (FIX,
hemophilia B) in plasma [1] . Replacement
therapy is the cornerstone of hemophilia
management since it allows to control active
bleeding by on demand episodic treatment
and/or to prevent recurrent bleeds by regular prophylaxis [1] . The development of neutralizing alloantibodies directed against
FVIII or FIX (referred to as inhibitors) is
the main complication of hemophilia treatment because it renders bleeding control
difficult and standard prophylaxis unfeasible [1] . Inhibitor development is more common among patients with hemophilia A than
in those with hemophilia B, and in patients
with severe FVIII/FIX (below 1%) than in
those with moderate/mild hemophilia [1] .
The risk of developing inhibitors is maximum after the first 10–15 exposure days to
the antigen (i.e., FVIII or FIX concentrates),
hence inhibitors occur mostly in children
with severe hemophilia A [2] . Among these
inhibitors almost one-third are transient and
spontaneously disappear without sequelae
and the need for specific treatment regimens.
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On the other hand, in the presence of persistent high-titer inhibitors, standard FVIII
replacement therapy is no longer effective
and recurrent joint bleeds are commonly
managed by on demand treatment with bypassing agents (i.e., recombinant activated
factor VII, rFVIIa, and activated prothrombinic complex concentrate, aPCC) whose
hemostatic efficacy may be suboptimal as
compared with FVIII replacement therapy.
This produces a relevant morbidity and
chronic degenerative joint damage that still
characterize the natural history of the disease
in inhibitor patients [3] . In this light, in order
to halt disease progression and maintain
a healthy joint status, the attempt at eradicating inhibitors is mandatory especially in
young children. Up to now the unique strategy that has been proven to be able to eradicate inhibitors is immune tolerance induction (ITI) treatment, first reported in late
1970s in Germany [4] . This treatment generally consists in the regular administration of
FVIII or FIX in order to render the immune
system tolerant to the antigen by preventing further production of the antibodies. It
is a demanding therapeutic strategy since it
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implies frequent intravenous injections (i.e., daily or
every other day) in subjects with poor venous accesses
as children and for a rather prolonged time (i.e., in
median 12 months) [5] . Nonetheless, despite these
drawbacks, ITI is successful in up to 60–80% of cases
[6] , although many patient- and treatment-related variables may influence the final outcome. Most of these
variables have been identified while other still need to
be further investigated [5] .
ITI optimization is a priority for hemophilia treaters and the identification of predictors of response is
important in order to offer ITI to patients who may
benefit the most from it and to tailor it in a proper way,
thus avoiding a waste of resources.
Finally, ITI has a relevant economic burden that is
mostly related to the cost of factor concentrates used
at high doses for prolonged time, but also to the cost
of other medical procedures related to ITI feasibility.
These include central venous lines insertion, management of catheter-related complications (i.e., infections,
thrombosis) and treatment of breakthrough bleeds
with by-passing agents during the first phase of ITI.
The aims of this review are:
•

To evaluate what is the current knowledge on ITI
treatment;

•

To highlight which are the gray areas that still need
to be further investigated in this field.

ITI & hemophilia A: data from clinical
observation
All the data on the practice of ITI in hemophilia A
come from national and international registries [7–13] ,
several observational retrospective and prospective
studies [14–37] , and one randomized clinical trial [38] .
The analysis of published data allowed to identify several predictors of success or failure of ITI that are currently used to guide decision-making on eligibility and
feasibility of ITI in inhibitor patients.

Afterward, an international expert panel drew Consensus Recommendations on ITI [5] agreeing upon
the aforementioned definition of success and further
defining partial success and failure as follows:
•

Partial success – a reduction of the inhibitor titer to
<5 BU/ml, FVIII recovery <66% of the expected
value and FVIII half-life <6 h after a 72 h washout period associated with clinical response to
FVIII replacement and no increase of the inhibitor
titer above 5 BU/ml over a 6 month period of on
demand treatment or 12 months of prophylaxis [5] .

•

Failure – inhibitor titer decline less than 20% over
any 6-month period after the first 3 months of ITI
or failure to achieve success or partial response after
33 months of ITI.

The same definitions for success and failure were
adopted to design the International ITI Study (I-ITI
Study) [38] , where on the contrary partial response was
defined in a different way as follows:
•

Partial response – undetectable inhibitor titer but
persistently abnormal FVIII recovery or half-life
after 33 months of ITI in association with a clinical
response to FVIII replacement therapy without an
anamnestic increase of the inhibitor titer [38] .
In addition, inhibitor relapse was defined as follows:

•

Relapse – inhibitor recurrence during the 12 month
follow-up period on prophylaxis after success as
evidenced by recurrent positive inhibitor titer or
impaired FVIII pharmacokinetics (PK) [38] .

Patient-related predictors of success

Among patient-related characteristics that might
be associated with ITI outcome age at ITI start,
race/ethnicity, FVIII genotype and age at inhibitor
development have been considered so far.
Age at ITI start

Definition of ITI outcome

Success rates of ITI in hemophilia A have been defined
by stringent clinical and laboratory features [39] and
definition of success was first established by international consensus (Consensus Proceedings from the Second International Conference on Immune Tolerance
Therapy held in Bonn in 1997, unpublished) as follows:
•
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Success – undetectable inhibitor titer (<0.6 BU/ml),
FVIII in vivo recovery ≥66% of the expected value,
FVIII half-life ≥6 h after a 72-h wash-out period
from last infusion and the absence of anamnestic increase of inhibitor titer upon further FVIII
exposure.
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Published data are quite controversial with this
respect: in the International ITI Registry (IITR) [10]
higher success rates were observed in subject treated
within 20 years of age, while in the Spanish Registry [9] higher success rates were observed in patients
who started ITI at an age older than 7 years. On
the contrary, in a recent case series no correlation
between age at ITI start and ITI outcome was found
[36] . These differences may be due to the fact that
the time elapsing between inhibitor development and
ITI start rather than age per se influences most ITI
outcome considering that the longer inhibitors persist
the more difficult is to revert the immune response
abolishing antibodies production. In this light adult
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age per se should not be considered as a predictor of
ITI failure.
Race/ethnicity

In the North American Immune Tolerance Registry
(NAITR) [11] no difference in success rates was found
between Africans, Hispanic/Latinos and patients of
other races, while a retrospective single-center analysis
suggested a significantly lower ITI success rate among
African Americans (58 vs 92% in Caucasians) [31] . This
difference might be due to significantly higher pre-ITI
inhibitor titers (see following paragraph) in the African
American group [31] . Race and ethnicity were analysed
also in the I-ITI Study [38] and they had no impact
on ITI outcome, although it should be underlined
that African Americans represented only a minority of
enrolled patients in that study (i.e., 8%) [38] .
FVIII genotype

The impact of FVIII genotype was reported in two
observational studies [16,18] , but first purposely investigated in the frame of the Italian PROFIT Registry [12] .
There a higher success rate was observed in patients
bearing FVIII gene mutations predictive of a low inhibitor risk as compared with those with high-risk mutations (81 vs 47%; adjusted odds ratio 6.2, 95% CI
1.1–36.0) [12] . Similar findings have been reported in
other two series in which the presence of large deletions
of FVIII gene was associated with ITI failure [40,41] .
Indeed, the identification of such pretreatment predictors would facilitate clinicians in drawing a risk profile for each inhibitor patient potentially candidate to
ITI. However, such a role needs to be investigated in
the frame of large cohort studies in which all potential
confounders and risk factors are taken into account.
Age at inhibitor development

An age at inhibitor development below 2.5 years was
associated with earlier achievement of success only in
one study [14] , but not further confirmed and/or investigated as independent predictor of success in following
studies.
Treatment-related predictors of success

Inhibitor titers at various time points prior and during
ITI have been confirmed as independent predictors of
ITI outcome. Their role have been explored and consistently confirmed across different publications even
if with some differences related to the different nature
of the cohorts/series analysed. Less robust and/or conclusive data have been produced with respect to time
elapsing between inhibitor development and ITI start,
ITI interruptions, FVIII product type, FVIII dose and
treatment schedule.
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Pre-ITI inhibitor titer

A low inhibitor titer at ITI onset (i.e., below 5 or
10 BU/ml across published data) is currently recognized as one of the main determinant of ITI success
as reported in several retrospective and prospective
studies [7–12,16–22,25,28,31,32,36] .
Historical inhibitor peak

The inhibitor peak ever reached prior to ITI start
distinguishes inhibitors in high- (≥5 BU/ml) or
low-responding (always <5 BU/ml) and can be considered as a marker of the intensity of the immune
response against FVIII. Several studies showed that
high historical peaks were invariably associated with
ITI failure. However different cut-offs were used to
categorize these historical peaks and peaks exceeding
10 [32] , 20 [38] , 40 [14] , 50 [12,25,28,31] , 100 [16,17,19,20] or
200 [7,8,10,11,13,36,42] BU/ml were variably taken into
account accordingly to the different study population considered in each study. In fact, for instance, in
the I-ITI Study only patients with a good risk profile
(see below) with a historical peak <200 BU/ml were
included, resulting in a median historical peak of
22 BU/ml that was used as cut-off value for all analyses [38] . By univariate analysis the higher was the peak
titer the higher was the risk of failure, but this was not
confirmed in the multivariate model indicating that
in good risk patients this variable has less impact on
ITI outcome [38] .
Inhibitor peak on ITI

Similarly to historical peaks, also inhibitor peaks
achieved during ITI were inversely associated with
ITI success rates in some studies [12,21,38] . In particular, in the Italian PROFIT Registry an ITI peak titer
below 100 BU/ml was associated with higher chance
of achieving tolerance [12] and in the good risk population of the I-ITI randomized Study this variable
resulted the only independent predictor of success in
the multivariate model [38] .
Time period elapsing between inhibitor
development & ITI start

Data from IITR and NAITR showed that the shorter
was the time elapsed between inhibitor development
and ITI start, the higher was the chance of achieving
tolerance with a cut-off settled at 5 years [7,8,10,11] . Similar data were confirmed in subsequent studies where a
period of 2 years between inhibitor development and
ITI start was associated with the highest success rates
[20,25,36] ; on this basis ITI onset within 2 years from
inhibitor development was considered as an inclusion
criteria for the I-ITI study in which only good risk
patients were enrolled [38] .
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ITI interruptions

Data from the German experience showed that ITI
interruptions for more than 2 weeks were associated
with lower success rates and with longer duration of
ITI courses [16,42,43] .
FVIII product type

Published data support the evidence that tolerance can
be achieved at high rates ranging between 60 and 80%
by using either plasma-derived [18–20,23–25,27–30,34,36,37]
or recombinant [15,18,19,21,22,26,28,31,32,44] FVIII concentrates. Data from Registries [9–13] and from the
I-ITI randomized study [38] are not informative with
this respect since the distribution of products used is
skewed in the former and the vast majority of patients
(i.e., 90%) enrolled in the I-ITI study received recombinant products. So far no robust evidence support
the superiority/inferiority of certain types of FVIII
concentrates to be used for ITI and the role of product type as well as of von Willebrand factor (VWF)
content as predictor of ITI outcome is still matter of
debate (see below).
FVIII treatment schedule

Also the role of FVIII doses and dosing regimens as predictors of ITI success/failure has been greatly debated
owing to the controversial data coming from the registries. In fact in the IITR higher success rates were associated with the use of doses ≥200 IU/kg/day [10] , while in
the NAITR and in the Spanish Registry similar figures
were yielded with FVIII doses <200 IU/kg/day [9,11] .
Moreover, the NAITR reported a more significant
impact of doses on time to achieve tolerance than on
success rate per se [7,8,11] . A meta-analysis of data coming from both registries ultimately demonstrated that
in patients with a good risk profile (see below) FVIII
dose did not impact on success rates [7] . Indeed similar success rates have been obtained by using a very
wide dose regimens ranging from low-dose protocols
with 25 IU/kg FVIII every other day as in the Van
Creveld model [45] to the epitome of high-dose protocols represented by the Bonn protocol with 150 IU/kg
FVIII twice daily [43] . Between these two extremes, a
varied combination of doses and dosing intervals were
described across literature with no significant differences on success rates. In fact, the most common
dose used in the field practice is 100 IU/kg every day
or every other day as reported in the NAITR (52%
of cases) [7,11] , in the IITR (48% of cases) [10] , in the
Italian PROFIT registry [12] and in other observational
studies [18,19,21,22,24,26,27,30,32,34,36,44,46,47] .
Due to the wide variability of dosing regimens used
for ITI, the need for understanding if they were all comparable not only in terms of success rates but also with
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respect to cost–effectiveness and morbidity (i.e., bleeding frequency during ITI) was the main reason for
designing the first international randomized trial for
inhibitor patients undergoing ITI [38] . The I-ITI study
was aimed at comparing a low-dose (i.e., 50 IU/kg
thrice weekly) versus a high-dose (i.e., 200 IU/kg/day)
treatment arm in patients with good risk predictors of
response [38] . As expected the success rate was rather
high and similar in the two arms (70% for both);
however, patients treated with the high dose reached
the major endpoints (namely, undetectable inhibitor
titer and normal FVIII PK parameters) in a significant shorter time period than those treated with the
low-dose regimen [38] . Moreover, the study showed an
unanticipated significant impact of dose on ITI-related
morbidity since patients included in the low-dose arm
bled significantly more than those in the high-dose
arm, especially in the first period of ITI when inhibitor
titer was still detectable [38] . The great impact of this
safety result led to a premature study closure.
With respect to ITI dosing regimen one peculiar
and unique ITI schedule is represented by the Malmö
protocol developed in Sweden in the 1980s by Prof.
Nilsson after the clinical observation of a patient with
hemophilia B with inhibitors [48] . Since then it has
been used both in hemophilia A and B [49,50] . According to this protocol FVIII is given every 8–12 h and
it is associated with extracorporeal immunoadsorption
and immunosuppressive drugs from the beginning in
order to obtain a rapid drop of the inhibitor titer. This
allows to maintain FVIII levels above 30 IU/dl during the first days. Afterward, as soon as anamnestic
response occurs, the intervals of FVIII administrations
are shortened at 6 h increasing the total daily dosage.
FVIII treatment is maintained until inhibitor disappearance and then tailed off to regular prophylaxis [50] .
This demanding strategy has been applied in the past
in hemophilia A patients with a success rate of 67% [51] ,
but not further widespread due to the fact that results
obtained were not superior to ITI courses performed
with FVIII concentrate only. Its use can be considered
in particular cases in which inhibitor titer reduction
is urgent to ensure hemostasis by restoring a normal
response to FVIII replacement (i.e., life-threatening
bleeds, major surgery).
Prognostic profile of patients undergoing ITI

The issue around ITI prognostic profile is clinically
relevant taking into consideration that ITI management, particularly the choice of type of FVIII concentrate, dosing and duration, is usually influenced by the
patient’s risk profile. Based on literature reviews and
data from registries [5–7] , patients with a high probability of achieving success (‘good risk’) are those with
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a pre-ITI titer <10 BU/ml and a historical peak titer
<200 BU/ml. In contrast, patients with a low probability of inhibitors eradication (‘bad risk’) are those
with a pre-ITI titer ≥10 BU/ml or a historical peak titer
≥200 BU/ml.
The same definitions were proposed by UK Haemophilia Centre Doctors Organization in the frame
of the recently published national guidelines on the
management of inhibitor patients [52] .
A more stringent combination of criteria was
adopted to select ‘good risk’ patients for inclusion into
the I-ITI Study [38] as follows:
•

Age <8 years at time of study entry;

•

Historical peak titer ≤ 200 BU/ml;

•

Decrease of the inhibitor titer to ≤10 BU/ml in
<24 months;

•

Pre-ITI titer ≤10 BU/ml;

•

Patients naïve to previous ITI courses.

On the other hand, in several studies it was considered sufficient to have at least one negative predictor to
label patients as ‘bad risk’ with a poor chance of ITI
success [16,20,23,30,33,36,37,53] .
ITI & hemophilia A: what still needs to be
investigated
Immunological mechanisms are potential novel therapies for immune tolerance. The mechanism by which
immune tolerance is induced toward inhibitors is a
complex mechanism, not yet fully understood. AntiFVIII immune response takes place into two phases.
In a first phase, the antigen (i.e., FVIII/FIX) will be
endocytosed, processed and presented to FVIII specific CD4 + T cells by antigen-presenting cells (APCs).
In a second phase, additional interactions will occur
between CD4 + T cells and FVIII-specific B cells in
order to permit B cell activation, cellular differentiation into plasma cells and antibody secretion by FVIIIspecific plasma cells. Indeed, inhibitor development
is depending of both phases whereas the inhibition of
interactions between APCs and T cells or T cells and
B cells is believed to be enough to restore antigen tolerance. Tolerance can be defined as a state of unresponsiveness to an antigen by an immune system which
is fully competent. It can be induced by three basic
mechanisms: ignorance, anergy and deletion [54–56] .
All these mechanisms may involve both B- and T-cell
compartments that are strictly interrelated in the modulation of the immune response. Ignorance exists when
the interaction between the antigen (i.e., FVIII/FIX)
and immunoglobulins and/or T-cell receptors is absent,
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as for instance in the presence of mutated major Band/or T-cell epitopes in the antigen molecule. Anergy
is a mechanism in which the lymphocyte is intrinsically
functionally inactivated following an antigen encounter, but remains alive for an extended period of time in
a hyporesponsive status [54–57] . This could be induced
in B cells by cross-linking surface immunoglobulins as
anti-idiotypic antibodies and in T cells by neutralizing
CD40-CD40 ligand interactions or by blocking the
signals generated on the surface of APCs [58,59] . In fact,
in vitro studies showed that anti-idiotypic antibodies
are present in plasma from patients who underwent
successful ITI but not in plasma from those who failed
or had a partial success [57,60] , and that the neutralizing
activity of these antibodies increases over time during
successful ITI shifting the immune system to a state
in which alloimmunity is prevented [57,60] . Deletion
is due to cell death and can be obtained by specific
hyperstimulation of both B and T cells that leads to
the hyperexpression of a surface molecule named Fas
whose activation by Fas ligand results in cell death [54] .
All in all, by a clinical perspective, if one considers the
conventional high-dose daily treatment with FVIII
for ITI, this treatment is more likely to result in cell
deletion occurring in the periphery, whereas low-dose
protocols would be more prone to trigger anergy by
CTLA-4 stimulation at T-cell level or by cross-linking
of B-cell surface immunoglobulins.
At the start of ITI, the immune system of inhibitor patients is probably characterised by the presence of
three different classes of cells: FVIII-specific memory
CD4 + T cells and B-cells, and anti-FVIII antibodyproducing plasma cells. It is assumable that these cell
subsets need to be inactivated or eliminated during the
course of a successful ITI; however, only memory T
and B cells express FVIII-specific receptors at variance
with plasma cells. Therefore, direct antigen-specific
inactivation or depletion of plasma cells by ITI seems
rather unlikely. However, the inactivation/depletion
of memory B- and T-cells may result in an impoverishment of the pool of long-lived plasma cells and the
maintenance of FVIII-specific tolerance. It has been
shown that FVIII-specific memory B cells are rarely
detected in peripheral blood samples from healthy individuals as well as in hemophilic patients without inhibitors, that their amount is widely variable in patients
with inhibitors depending on antigenic challenging
and that they are no longer detectable in patients who
achieved tolerance [61] . In vivo experiments in large
cohorts of patients undergoing ITI confirming such
hypotheses are still lacking and limited data pertain to
animal models [62] .
Other mechanisms to induce tolerance have been
investigated in animal models. The administration of
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viral vectors carrying the human FVIII gene in mice
with anti-human FVIII inhibitors resulted in the disappearance of the antibodies suggesting that tolerance may
be induced by sustained expression of the antigen [63] .
The administration of purified FVIII C2 domain via
mucosal route (i.e., nasal and oral) induced tolerance
in hemophilic mice [64] and inhibitors were eradicated
in hemophilic dogs treated with liver-directed gene
therapy by adeno-associated viral vectors [65] .
All this experimental hypotheses need to be evaluated in vivo in the clinical setting of patients with
inhibitors undergoing ITI. However, some data have
been obtained in a longitudinal analysis of IgG subclasses of anti-FVIII antibodies during the course of
ITI in 14 patients [66] . Those data revealed that in lowtitre inhibitor patients antibodies consisted primarily
of IgG1 whereas IgG4 were predominant in patients
with high-titre inhibitors who needed prolonged ITI
treatment or who failed [66] . In accordance with this
observation, in a larger patient population it has been
reported that IgG1 and IgG4 are the most abundant
subclasses in inhibitor patients and that IgG4 are completely absent in patients who do not develop inhibitors
as well as in healthy individuals [67] . In fact, differences
in IgG subclasses are indicative of different T-helper
populations that regulate the differentiation of B cells
in antibody-producing cells. Further studies are needed
to address whether monitoring IgG subclasses during
ITI can be of help in the early identification of patients
at high risk of ITI failure.
The role of VWF in ITI

The issue concerning the role of VWF (contained in
many plasma-derived FVIII concentrates) in the promotion of immune tolerance toward FVIII is still controversial. In normal plasma FVIII is bound non-covalently to VWF mainly through interaction with the
light chain. VWF prolongs FVIII half-life and protects
it from proteolysis. In patients with hemophilia exogenous FVIII forms a complex with endogenous VWF
very rapidly. Considering the importance of VWF for
functional integrity and survival of FVIII in plasma,
it is easy to speculate that VWF contained in some
concentrates may have a role in tolerance induction by
providing specific protection against FVIII-inhibitor
interactions that often occur at the same binding site
on the light chain. In fact, it has been shown in vitro
that VWF competes with inhibitory antibodies at some
binding sites on FVIII C2 domain [68,69] ; however,
there is very limited evidence to prove that this is the
case in vivo. In a small case series it was shown that the
most common inhibitor epitopes were located in the
FVIII C2 (light chain) and A2 (heavy chain) regions
and that the pre-existence or emergence of the A2
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epitope specificity was associated with higher chance
of ITI failure even if FVIII/VWF-containing products
were used [46] . In Germany lower ITI success rates were
achieved by using recombinant than VWF-containing
products (29 vs 91%, respectively) [70] suggesting a role
for VWF content of FVIII products in favouring tolerance. Nevertheless, in that experience the duration of
ITI courses performed with recombinant and VWFcontaining products was significantly different [70] . On
the other hand, the use of VWF-containing products
for ITI in poor risk patients was associated with rather
high success rates suggesting a role for this product
type in this subgroup of patients [23,24,27,30,34,36,46] .
The role for FVIII product type as predictor of ITI
outcome is currently prospectively investigated in:
•

The ongoing Italian registry [12] ;

•

A multinational observational ITI Study (i.e., the
ObsITI study) [71] ;

•

A randomized controlled trial comparing the use
of VWF-containing products versus recombinant
FVIII for high-dose (i.e., 200 IU/kg/day) ITI treatment in naïve poor risk; patients (i.e., the RESIST
study) [53] .

The role of immunomodulating &/or
immunosuppressive drugs

Despite considerably high success rates, there is a
20–30% of patients who still fails to achieve tolerance
after ITI. Moreover, considering that ITI is costly and
very demanding, novel approaches to ITI could be
considered beneficial if they increased the proportion
of successes, decreased the length of time to induce tolerance and/or decreased the cost of treatment. In this
light, the use of immunomodulating and/or immunosuppressive drugs has been taken into account and
increasingly implemented. Indeed these attempts are
empirical, because as already discussed, the immunological mechanism that regulates immune tolerance
toward FVIII is not fully understood yet.
The first experience of immunosuppressive
therapy associated with ITI is represented by the
Malmö protocol [48–50] . According to this protocol,
if the inhibitor titer is above 10 BU/ml ITI is preceded by extracorporeal adsorption to protein A in
order to reduce the titer below 3 BU/ml and cyclophosphamide is given from the first day, first intravenously 12–15 mg/kg/day for 2 days and then orally
at 2–3 mg/kg/day for 8–10 days in order to reduce
leukocyte count. Moreover, from Day 4 of treatment, IgG are given intravenously at 0.4 g/kg/day for
5 days [50] . This approach provided success rates similar to that obtained with ITI only (i.e., 67%), with
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the only advantage of achieving rapidly a negative
inhibitor titer and detectable levels of FVIII [50,51] .
Since 2001 the use of rituximab as adjuvant therapy
for ITI treatment has been reported. Rituximab is a
chimeric human–mouse monoclonal antibody that
reacts with CD20, a transmembrane protein expressed
on B cells but not on plasma cells, that regulates the
initial steps of cell-cycle activation and differentiation.
Up to date, more than 50 patients with congenital
hemophilia have been treated with rituximab in order
to get rid of inhibitors, 42 of them being affected with
severe hemophilia A [72–78] . All but three failed one
or more previous courses of ITI [72–78] and the vast
majority received rituximab as children or adolescents
(i.e., 35 cases were younger than 18 years old; age range:
2–58) for one course of treatment consisting in a total
of four doses in one month (i.e., four weekly doses).
Only two patients repeated the whole course twoand three-times, respectively [74] . ITI with high-dose
(i.e., 100–200 IU/kg/day) FVIII was associated in 30
patients [72–78] . A negative inhibitor titer was achieved
in 2 out of 12 (17%) who received rituximab as unique
therapy and in 21 out of 30 (70%) who received rituximab in association with ITI, nevertheless 10 patients
received other immunosuppressive drugs together with
rituximab. On the whole, 12 patients (29%) relapsed
after 1 year of post-treatment follow-up and for many
other the long-term outcome was not reported.
The use of regular intravenous immunoglobulins
in association with high-dose FVIII daily infusion has
been reported in two boys with severe hemophilia A
and high-titre inhibitors who ultimately achieved tolerance [79,80] . However, one case had good predictors of
response and could have been successful by ITI alone
[79] and the second case interrupted prematurely the
first attempt of ITI due to difficult venous access and
underwent an ITI rescue course with the association of
Ig, prednisone and azathioprine 5 years later [80] .
The role of infusions frequency during ITI

With respect to ITI regimens lot of attention was paid
to the dose used per injection rather than on the injection schedule (i.e., daily vs non daily). Indeed dose frequency may have a relevant role in tolerance induction
as well as the dose used. Unfortunately in the I-ITI
study doses and frequency of injections were strictly
linked and could not be analysed separately [38] .
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ITI. In fact, under a clinical point of view, partial
responses are generally considered as successes considering that FVIII replacement is restored, although
impaired PK usually leads to use FVIII concentrates
at higher dose repeated at shorter intervals as compared with replacement therapy in non-inhibitor
patients. Moreover, the need for repeating PK and
inhibitor testing after defined time intervals and
with the need of wash-out since last FVIII infusion
makes all the assessment procedure quite demanding both for patients and clinicians. In addition, the
current definition of failure implies that the minimum ITI duration is 9 months and the maximum
is 33 months; however, the decision on ITI duration
is often influenced by various and heterogeneous
factors including clinical and prognostic features as
well as economic evaluations and patients’ quality of
life. Finally, the occurrence of approximately 4–8%
relapses after successful ITI reveals that these parameters are not 100% sufficient to define ITI response
and other determinants of long-term maintenance of
tolerance need to be investigated. With this respect,
pragmatic definitions of success were recently proposed by UK Haemophilia Centre Doctors Organization [52] . In particular they consider tolerance
achieved when:
•

FVIII half-life is >7 h after a 72-h wash-out
period or;

•

FVIII trough level is ≥1% 48 h after a dose ≤ 50 IU/kg
(standard prophylaxis on alternate days).

The management of patients who failed ITI

The management of that 20–30% of patients who fail
first line therapy is still committed to rescue treatment
protocols. Apart from abandoning a second ITI attempt
and continuing treatment with by-passing agents, second line options include one or a combination of the
following:
•

Increasing FVIII dose up to 200 IU/kg/day;

•

Changing FVIII product type by switching from
recombinant to plasma-derived concentrates (or
vice versa) since up to now no superiority of one
class over the other has been demonstrated and the
role for VWF is only suggested;

•

Adding immunosuppressive drugs.

How to define ITI outcome

Although established by consensus and widely
accepted after their adoption by the I-ITI study [38] ,
the laboratory parameters currently used to define
ITI outcome are very strict rendering outcome figures
not really reflecting the clinical gain obtained with
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However, none of the aforementioned strategy is so
far supported by robust evidence coming from controlled clinical trials that are indeed needed in order
to evaluate the best treatment strategies for these
difficult-to-treat patients.
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ITI in mild & moderate hemophilia

The UK Haemophilia Centre Directors Organisation
reported an annual incidence of inhibitors of 0.84 per
1000 patients per year in mild and moderate hemophilia A as compared with 3.5 per 100 patients per
year in severe ones [81] . More recent data from a large
retrospective cohort study (i.e., the INSIGHT Study)
showed a cumulative incidence of inhibitor of 5.3%
in this group of patients [82] . Although rare, inhibitor development represents a clinical challenge also in
mild and moderate patients since antibodies cross-react
with endogenous FVIII reducing baseline levels often
below 1 IU/dL and causing bleeding. At variance with
inhibitors in severe patients, often inhibitors in mild
hemophilia display type II kinetics similar to that of
autoantibodies in acquired hemophilia. Owing to the
ambivalent nature of alloantibodies against exogenous
FVIII but cross-reacting against endogenous FVIII
as autoantibodies, attempts at eradicating persistent
inhibitors in mild hemophilia have been made both
with various ITI regimens including the Malmö protocol [14,21,43,50,81–83] or by using immunosuppressive
drugs with or without ITI [82,84,85] , although up to 71%
of these inhibitors tend to clear spontaneously [81,82,85] .
A systematic review of the literature on the use of rituximab as treatment to eradicate inhibitors in congenital hemophilia reported on 16 patients with mild or
moderate hemophilia A who received rituximab with
success in 12 [84] . Another study reported on 32 cases
of mild/moderate patients with inhibitors of whom
17 cleared the antibody after treatment [85] . However,
survival analysis showed that treatment had no relevant impact on the probability of clearing inhibitors
as compared with spontaneous clearance but on the
time to disappearance that was shorter in patients who
received treatment as compared with those who cleared
the inhibitor spontaneously [85] .
Currently, the identification of patients with
mild/moderate hemophilia A at high risk of inhibitor
development is the most important aspect in order to
prevent inhibitor formation upfront; however, in case
of inhibitor development both traditional ITI and
immunosuppressive regimens may have a role for inhibitor eradication although predictors of success/failure
of such therapies still need to be investigated. An analysis pertaining eradication strategies used in the frame
of the INSIGHT Study is underway [86] .
Cost–benefit & cost–effectiveness evaluation
of ITI

Early, long-term, high-dose ITI regimens appear to
be the most successful and convenient; however, costs
of 1 million dollars per year for 1.5–2 years are not
uncommon. Healthcare agencies are now carefully
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scrutinizing health costs and they often expect data
on clinical outcomes as well as on cost–benefit or
cost–effectiveness of a given treatment before approving its use. Only scarce data exist with respect to the
increased annual costs of factor replacement between
inhibitor and non-inhibitor patients, and these data
must take into account lifestyle, cost of care and
orthopedic outcomes of patients with long-standing
high-titer inhibitors as compared with non-inhibitor
patients. In fact beside factor consumption, cost evaluation must include surgeries (e.g., central venous lines
insertions), hospitalizations (e.g., central venous lines
infectious/thrombotic complications), the need for
emergency and routine visits and patients’ productivity. Moreover, in order to evaluate which is the real
burden of ITI in terms of cost–benefit or cost–effectiveness the definition of success is critical. By looking at the data from the IITR a significant difference
in costs was found by comparing good and poor risk
patients [87] ; however, the criterion used to define the
latter was only the adult age that per se is a weak predictor of response. Using available data from the published literature and estimates of the cost of relevant
therapies and outcomes, a decision analysis model was
constructed to describe the outcomes of two treatment
strategies: successful ITI followed by FVIII replacement therapy versus the indefinite use of by-passing
agents [88] . In this model the ITI regimen was 100 IU/
kg/day and a success rate of 80% was assumed [88] .
The model revealed that ITI is cost-saving and also
clinically superior to long-term by-passing therapy [88] .
Surprisingly, threshold analysis revealed that ITI was
preferable over by-passing therapy even if success probability was set at 30%, that is, well below the predicted
overall success [88] . Thus, despite the initial cost, over
the course of a lifetime ITI resulted in net savings of
$1.7 million and 4.6 years increased life expectancy
[88] . In this study only costs of factor concentrates and
the cost of 1 year of prophylaxis following ITI completion were considered, assuming no additional clinical benefits derived from ITI, whereas the inclusion
of the decreased disability associated with long-term
prophylaxis as well as other costs related to the persistence of high-titer inhibitors would have likely further
strengthen the results in favor of ITI. This example
shows that expensive therapies for chronic diseases
may be cost-effective if analyzed from a societal perspective over the patient lifetime. A similar modeling
exercise was undertaken in the UK to evaluate the
cost–effectiveness of treatment options for patients
with hemophilia A and inhibitors [89] . In this model
three ITI regimens (namely, the Bonn, the Malmö and
the low-dose protocol) and a by-passing on demand
regimen were considered [89] . The model showed that
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the Malmö protocol is the preferred one since it generated more quality adjusted life-years and less costs [89] .
Such result is related to the short duration of Malmö
protocol, but it is noteworthy that this regimen is not
widely used due to the need of immune adsorption and
the concerns related to the use of cyclophosphamide
in children. Interestingly, similar results were obtained
by applying the same model in a different background
population with different resource use [90] . Finally,
another decision model was constructed from the perspective of the German statutory health insurance to
evaluate treatment options for young children with
severe hemophilia A and inhibitors. The model evaluated four treatment regimens: high-dose ITI, low-dose
ITI, ITI based on risk assessment (i.e., identification of
predictors of ITI outcome) and on demand treatment
with by-passing agents [91] . Overall the third scenario
resulted the cost-effective regimen with comparable
outcomes to high-dose ITI but with a €0.7 million
cost saving [91] .
In the current healthcare scenario, decisions are
often undertaken by policymakers using different perspectives and timeframes. Immediate economic pressures may discourage the use of expensive treatments
for which cost savings do not pertain the short term;
however, in the case of chronic diseases with timerelated possible morbidity the choice of a long-term
view and more global perspective is crucial.
In this light, the economic evaluation of the first
and unique randomized clinical trial on ITI is eagerly
awaited, owing to the fact that the success rate of the
two treatment arms was similar but patients treated
with the low-dose regimen achieved tolerance in a
significant longer time period and presented a higher
bleeding frequency especially in the first phase of ITI
(i.e., from ITI start to negative inhibitor titer) [38] .
Hopefully this evaluation will take into account the
economic burden of the concomitant use of by-passing
agents and FVIII during the first phase of ITI, usually
neglected in the aforementioned economic models. So,
it will reveal if time needed to achieve tolerance has a
significant impact to factor consumption and how great
is the burden of treatment-related morbidity. Moreover,
such evaluation could suggest the opportunity of using
different treatment schedules over time (i.e., daily versus
non-daily regimens) according to the main milestones
of ITI (i.e., negative inhibitor titer and PK normalization) considering that usually they occur separately and
often with a considerable time interval in between [38] .
ITI & hemophilia B: data from clinical
observation
Inhibitor development is much rarer in hemophilia B
than in hemophilia A patients (1–3% vs 20–30%) [92] .
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This difference is in part related to the fact that patients
with large deletions or nonsense mutations are at the
highest risk; however, these mutations are quite rare
in hemophilia B patients being missense mutations the
most common gene defects [93–98] .
Although very rare, inhibitor development in
hemophilia B can be a big clinical challenge since
some patients can experience severe allergic or anaphylactic reactions to FIX infusions prior to, simultaneously or soon after the appearance of inhibitors and/or may develop nephrotic syndrome after
repeated FIX infusion as for ITI [99–111] . Such
complications render ITI treatment challenging or
unfeasible, leading to very low success rates, mainly
related to the fact that the vast majority of treating
physicians simply do not use ITI. Moreover, the presence of FIX in the aPCC prevents its use in these
patients, so limiting treatment possibilities to rFVIIa
in case of bleed. Due to the rarity of hemophilia B
complicated by inhibitors the experience with ITI in
this setting is limited and consequently published
data are scarce and mainly described as small series
or case reports.
The Malmö protocol was first conceived and used
for inhibitor hemophilia B patients with good results;
however, none of those patients had had allergic
reactions to FIX [48,49] .
Due to the possibility of anaphylaxis or in patients
who already experienced allergic reactions, usually the
first step of treatment is a desensitization protocol in
order to abolish such reactions to FIX. This has been
attempted by gradually increasing the dose of FIX
concentrate given intravenously or subcutaneously
[99,108,112] , by using slow intravenous infusion of FIX
concentrate [100,108,112] , or by eliminating the antibody
from bloodstream with plasmapheresis [102,103] . Similarly, different approaches have been undertaken to
perform ITI. Usually FIX is given at high daily doses
[99,100,104,107,109,110,112–114] but attempts with lower dose
have been reported as well [100,105,109,110] , the Malmö protocol was adopted in some cases often omitting immunoadsorption [99,100,112] , continuous FIX infusion was
used in one case [115] and, more recently, various immunosuppressive drugs as mycophenolate or rituximab
have been added to treatment protocols with or without parenteral Ig and steroids [78,106–108,111,113,116–120].
Nephrotic syndrome usually occurs 8–10 months after
ITI start and prevents ITI continuation irrespective of
the result obtained [99–101,112] .
Due to the limited number of cases reported, it is not
possible to evaluate which treatment regimen is associated with the better outcome. Moreover adverse reactions can heavily affect the success rates that are rather
low, not exceeding 30% as reported in the NAITR [11] .
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ITI & hemophilia B: what still needs to be
investigated
Feasibility of ITI in hemophilia B patients with inhibitors still need to be optimized; however, the major
limit is represented by the fact that the immunologic
mechanism underlying the immune response against
FIX is still unknown. Considering the clinical symptoms, it is assumable that an IgE-mediated reaction
is triggered and complement activation products are
involved; however, this has never been demonstrated
so far.
Similarly, the pathogenesis of nephrotic syndrome
remains unclear. Renal biopsy revealed histology consistent with membranous glomerulonephritis in two
cases; however, no glomerular FIX deposition was
detected [101,111] .
Due to the peculiar behaviour of inhibitors in
hemophilia B patients, the use of immunosuppressive
therapies that may produce a rapid clearance of the
antibody from the circulation is quite attractive even
if scarcely accomplished so far. The use of rituximab
for inhibitor eradication in patients with hemophilia
B with inhibitors who failed ITI have been reported
for a total of 10 patients [78,106–108,111,116–120] . Undetectable inhibitor titer was obtained in seven patients
after a median of 2.5 months and relapse was reported
only in one case [118] . The two nonresponders did not
receive FIX concomitantly and in three successful

cases other immunosuppressive drugs were associated [106,111,119] . Although a number of good responses
have been reported, they are all single case reports,
whose analysis does not allow to draw any conclusion
and further studies are needed to ascertain long-term
safety and efficacy of these therapeutic approaches.
Conclusion
Inhibitor development still represents tha major clinical challenge in the management of patients with
hemophilia. Inhibitor eradication is the only way to
significantly impact on the morbidity related to such
complication. Immune tolerance induction treatment
is high but not fully successful at this aim since several
predictors of success and failure interact in the same
patient. In this light future studies need to be carried out in order to optimize and tailor this treatment
strategy in different patient groups.
Future perspective
ITI was introduced nearly 30 years ago. Despite its
successful clinical application, still there is no clear
understanding of the mechanisms responsible for
the downregulation or abolishment of the established anti-FVIII antibody response and the induction of long-lasting immune tolerance. Currently
none of the single immunomodulation protocols (i.e.,
immunosuppressive drugs, anti-idiotypic antibodies,

Executive summary
Background
• Inhibitor development is the main complication of hemophilia replacement therapy.
• Inhibitors occur in 25–30% of children with severe hemophilia A and 2–5% of those with severe hemophilia B.
• In the presence of high-titer inhibitors standard replacement therapy is ineffective, hence the control of
bleeding episodes is difficult and prophylaxis, aimed at preventing joint damage, is unfeasible.
• In the presence of inhibitors, patients are prone to develop chronic progressive joint damage that often cause
physical disability.

Immune tolerance induction: what is known
• Immune tolerance induction (ITI) treatment is the only therapeutic strategy able to eradicate persistent hightiter inhibitors with a success rate of 60–80%.
• Many patient- and treatment-related predictors of ITI response have been identified since the first report of
ITI in late 1970.
• High success rates have been obtained with heterogeneous treatment schedules.
• ITI is demanding both for patients/parents and for clinicians because it is often accomplished with daily
infusions of high-dose FVIII/FIX.
• ITI is a costly treatment and this aspect limits its affordability worldwide.
• ITI optimization is essential in order to tailor treatment on the basis of predictors of response and to better
allocate available resources.

ITI: what needs to be investigated
• The main aspect of ITI that still needs to be investigated pertains the identification of the immunological
mechanisms that regulate immune tolerance.
• Other major open issues in this field regard the definition of ITI response with respect to short- and longterm outcomes, ITI in patients with hemophilia B, ITI in patients with mild/moderate hemophilia, the use of
immunosuppressive drugs as adjuvant therapies and the role of von Willebrand factor.
• A detailed pharmaco-economic assessment of ITI should be included in future studies.
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B-cell depleting antibodies) that have been investigated
is able to eradicate inhibitors and induce long-term tolerance to FVIII without ITI. A combination therapy
that targets different pathways is most likely to be successful. The ideal strategy should include the depletion
of memory B and/or T cells and/or long-lived plasma
cells to eliminate pre-existing immune response combined with the expansion of antigen-specific Treg cells
to maintain long-term T-cell hyporesponsiveness to
FVIII. Properly designed clinical trials that include
an extensive analysis of the immune system during the
whole course of ITI are awfully needed; however, due
to the rarity of these patients only a joint international/
multinational collaboration could allow such a study.
While exploring these aspects of basic research,
the clinical optimization of standard ITI protocols is
eagerly needed and at this aim it is needed to:
•

Identify patient characteristics associated with ITI
response that may help to draw risk profiles for
success and/or failure of ITI;

•

Identify patient and/or treatment characteristics
related to high chances of ITI success and to the
maintenance of long-term tolerance;

•

Better explore the long-term safety and efficacy
of immunosuppressive drugs in the frame of
multicenter controlled clinical trials;

•

Evaluate the cost–effectiveness of ITI considering
the long-term outcome of joint status of patients
who achieved success in order to appreciate the
concrete result of the often relevant economic
investment done to afford huge amount of concentrate for a single course of successful ITI as
currently defined;

•

Revise the definitions of success on the basis of the
results of a long post-treatment follow-up.

Financial & competing interests disclosure
The authors have no relevant affiliations or financial involvement with any organization or entity with a financial
interest in or financial conflict with the subject matter or
materials discussed in the manuscript. This includes employment, consultancies, honoraria, stock ownership or options,
expert testimony, grants or patents received or pending, or
royalties.
No writing assistance was utilized in the production of this
manuscript.
8

DiMichele D, Kroner B, the Factor VIII/IX Subcommittee
of the International Society for Thrombosis and Hemostasis.
The maintenance of tolerance after successful immune
tolerance induction in hemophilia A and B: the North
American Registry. Haematologica 85(Suppl. 10), 40–44
(2000).

9

Haya S, López MF, Aznar JA, Batlle J, the Spanish
Immune Tolerance Group. Immune tolerance treatment in
haemophilia patients with inhibitors: the Spanish Registry.
Haemophilia 7(2), 154–159 (2001).

10

Mariani G, Kroner B for the Immune Tolerance Study
Group (ITSG). Immune tolerance in hemophilia with factor
VIII inhibitors: predictors of success. Haematologica 86(11),
1186–1193 (2001).

11

DiMichele DM, Kroner BL. The North American Immune
Tolerance Registry: practices, outcomes, outcome predictors.
Thromb. Haemost. 87(1), 52–57 (2002).

12

Coppola A, Margaglione M, Santagostino E et al. Factor
VIII gene (F8) mutations as predictors of outcome in
immune tolerance induction of hemophilia A patients with
high-responding inhibitors. J. Thromb. Haemost. 7(11),
1809–1815 (2009).

13

Lenk H. ITT Study group. The German Registry of
immunotolerance treatment in hemophilia – 1999 update.
Haematologica 85(Suppl. 10), 45–47 (2000).

14

Mauser-Bunschoten EP, Nieuwenhuis HK, Roosendaal G,
van den Berg HM. Low-dose immune tolerance induction in
hemophilia A patients with inhibitors. Blood 86(3), 983–988
(1995).

15

Rothschild C, Laurian Y, Satre EP et al. French previously
untreated patients with severe hemophilia A after exposure

References
Papers of special note have been highlighted as:
• of interest; •• of considerable interest.
1

Mannucci PM, Tuddenham EGD. The hemophilias – from
royal genes to gene therapy. N. Engl. J. Med. 344(23),
1773–1779 (2001).

2

Wight J, Paisley S. The epidemiology of inhibitors in
haemophilia A: a systematic review. Haemophilia 9(4),
418–435 (2003).

3

Morfini M, Haya S, Tagariello G et al. European study on
orthopaedic status of haemophilia patients with inhibitors.
Haemophilia 13(5), 606–612 (2007).

4

Brackmann HH, Gormsen J. Massive factor-VIII infusion
in haemophiliac with factor-VIII inhibitor, high-responder.
Lancet. 2(8044), 933 (1977).

•

This is the first report of use of immune tolerance
induction (ITI) in a hemophilic patient.

5

DiMichele DM, Hoots K, Pipe SW, Rivard GE,
Santagostino E. International workshop on immune
tolerance induction: consensus recommendations.
Haemophilia 13(Suppl. 1), 1–22 (2007).

••

Consensus recommendations on ITI by an International
Expert Panel.

6

Wight J, Paisley S, Knight C. Immune tolerance induction
in patients with haemophilia A with inhibitors: a systematic
review. Haemophilia 9(4), 436–463 (2003).

7

Kroner BL. Comparison of the International Immune
Tolerance Registry and the North American Immune
Tolerance Registry. Vox. Sang. 77(Suppl. 1), 33–37 (1999).

future science group

Clinical Trial Outcomes

www.future-science.com

331

Clinical Trial Outcomes

Mancuso & Cannavò

to recombinant factor VIII: incidence of inhibitor and
evaluation of immune tolerance. Thromb. Haemost. 80(5),
779–783 (1998).
16

Bidlingmaier C, Kurnik K, Escuriola-Ettingshausen C et al.
Immune tolerance induction with a factor VIII concentrate
containing von Willebrand factor (Haemoctin SDH) in
14 patients with severe haemophilia A. Haemophilia 17(5),
e831–e848 (2011).

30

Kurth M, Puetz J, Kouides P et al. The use of a single
von Willebrand factor-containing plasma-derived FVIII
product in hemophilia A immune tolerance induction: the
US experience. J. Thromb. Haemost. 9(11), 2229–2234
(2011).

17

Damiano ML, Hutter JJ Jr, the Tri-Regional Nursing Group.
Immune tolerance for haemophilia patients with inhibitors:
analysis of the western United States experience. Haemophilia
6(5), 526–532 (2000).

31

18

Unuvar A, Warrier I, Lusher JM. Immune tolerance
induction in the treatment of paediatric haemophilia A
patients with factor VIII inhibitors. Haemophilia 6(3),
150–157 (2000).

Callaghan MU, Rajpurkar M, Chitlur M, Warrier I,
Lusher J. Immune tolerance induction in 31 children with
haemophilia A: is ITI less successful in African Americans?
Haemophilia 17(3), 483–489 (2011).

32

19

Rocino A, Papa ML, Salerno E, Capasso F, Miraglia E,
De Biasi R. Immune tolerance induction in haemophilia
A patients with high-responding inhibitors to factor VIII:
experience at a single institution. Haemophilia 7(1), 33–38
(2001).

Rivard GE, Rothschild C, Toll T, Achilles K. Immune
tolerance induction in haemophilia A patients with inhibitors
by treatment with recombinant factor VIII: a retrospective
non-interventional study. Haemophilia 19(3), 449–455
(2013).

33

20

Orsini F, Rothschild C, Beurrier P, Faradji A, Goudemand J,
Polack B. Immune tolerance induction with highly purified
plasma-derived factor VIII containing von Willebrand factor
in hemophilia A patients with high-responding inhibitors.
Haematologica 90(9), 1288–1290 (2005).

Rothschild C, D’Oiron R, Borel-Derlon A, Gruel Y,
Navarro R, Negrier C. Use of Haemate P as immune
tolerance induction in patients with severe haemophilia
A who failed previous induction attempts: a multicentre
observational study. Haemophilia 19(2), 281–286 (2013).

34

21

Barnes C, Rivard GE, Poon MC et al. Canadian multiinstitutional survey of immune tolerance therapy (ITT) –
experience with the use of recombinant factor VIII for ITT.
Haemophilia 12(1), 1–6 (2006).

Escuriola Ettingshausen C, Kreuz W. A review of immune
tolerance induction with Haemate P in haemophilia
A. Haemophilia 20 (3), 333–339 (2014).

35

Meeks SL, Chapman RL, Kempton C, Dunn AL. Late
immune tolerance induction in haemophilia A patients.
Haemophilia 19(3), 445–448 (2013).

36

Oldenburg J, Jimenez-Yuste V, Peirò-Jordàn R, Aledort LM,
Santagostino E. Primary and rescue immune tolerance
induction in children and adults: a multicentre international
study with a VWF-containing plasma-derived FVIII
concentrate. Haemophilia 20(1), 83–91 (2014).

37

El Alfy MS, Tantawy AAG, Ahmed MH, Abdiun IA.
Frequency of inhibitor development in severe hemophilia A
children treated with cryoprecipitate and low-dose immune
tolerance induction. Haemophilia 6(6), 635–638 (2000).

38

Hay CRM, DiMichele DM on behalf of the International
Immune Tolerance Study. The principal results of the
International Immune Tolerance Study: a randomized dose
comparison. Blood 119(6), 1335–1344 (2012).

••

The first and unique randomized-controlled trial on ITI in
hemophilia.

39

Mariani G, Siragusa S, Kroner BL. Immune tolerance
induction in hemophilia A: a review. Semin. Thromb. Hemost.
29(1), 69–76 (2003).

40

Salviato R, Belvini D, Radossi P et al. F8 gene mutation
profile and ITT response in a cohort of italian haemophilia A
patients with inhibitors. Haemophilia 13(4), 361–372 (2007).

41

Peyvandi F, Jayandharan G, Chandy M et al. Genetic
diagnosis of haemophilia and other inherited bleeding
disorders. Haemophilia 12(Suppl. 3), 82–89 (2006).

42

Lenk H. The German National Immune Tolerance Registry,
1997 update. Study group of German haemophilia centres.
Vox. Sang. 77(Suppl. 1), 28–30 (1999).

22

23

24

25

Rocino A, Santagostino E, Mancuso ME, Mannucci PM.
Immune tolerance induction with recombinant factor VIII
in hemophilia A patients with high responding inhibitors.
Haematologica 91(4), 558–561 (2006).
Gringeri A, Musso R, Mazzucconi MG et al. Immune
tolerance induction with a high purity von Willebrand
factor/VIII complex concentrate in haemophilia A patients
with inhibitors at high risk of a poor response. Haemophilia
13(4), 373–379 (2007).
Kurth MAH, DiMichele DM, Sexauer C et al. Immune
tolerance therapy utilizing factor VIII/von Willebrand factor
concentrate in haemophilia A patients with high titre factor
VIII inhibitors. Haemophilia 14(2), 50–55 (2008).
Unuvar A, Kavakli K, Baytan B et al. Low-dose immune
tolerance induction for paediatric haemophilia patients with
factor VIII inhibitors. Haemophilia 14(2), 315–322 (2008).

26

Valentino LA, Recht M, DiPaola J et al. Experience with
a third generation recombinant factor VIII concentrate
(Advate) for immune tolerance induction in patients with
haemophilia A. Haemophilia 15(3), 718–726 (2009).

27

Platokouki H, Pergantou H, Xafaki P, Komitopoulou
A, Aronis S. Immune tolerance induction with high von
Willebrand factor/factor VIII content ratio concentrate in
children with haemophilia A and high-responding inhibitor.
Haemophilia 15(2), 617–619 (2009).

28

332

Oldenburg J et al. Induction of immune tolerance in
haemophilia A inhibitor patients by the ‘Bonn Protocol’:
predictive parameter for therapy duration and outcome. Vox.
Sang. 77(Suppl. 1), 49–54 (1998).

29

ter Avest PC, Fischer K, Gouw SC, Van Dijk K, MauserBunschoten EP. Successful low dose immune tolerance
induction in severe haemophilia A with inhibitors below 40
Bethesda Units. Haemophilia 16(102), 71–79 (2010).

Clin. Invest. (Lond.) (2015) 5(3)

future science group

Immune tolerance induction in hemophilia

43

Brackmann HH et al. Immune tolerance for the treatment of
factor VIII inhibitors – twenty years’ ‘Bonn Protocol’. Vox.
Sang. 70(Suppl. 1), 30–35 (1996).

44

Batlle J, López MF, Brackmann HH et al. Induction
of immune tolerance with recombinant factor VIII in
haemophilia A patients with inhibitors. Haemophilia 5(6),
431–435 (1999).

45

46

Mauser-Bunschoten EP et al. Low-dose immune tolerance
therapy. The Van Creveld Model. Vox. Sang. 70(Suppl. 1),
66–67 (1996).
Greninger DA, Saint-Remy JM, Jacquemin M, Benhida A,
DiMichele DM. The use of factor VIII/von Willebrand
factor concentrate for immune tolerance induction
in haemophilia A patients with high-titre inhibitors:
association of clinical outcome with inhibitor epitope profile.
Haemophilia 14(2), 295–302 (2008).

Clinical Trial Outcomes

58

Hodge G, Han P. Effect of factor VIII concentrate on
antigen-presenting cell (APC)/T-cell interactions in vitro:
relevance to inhibitor formation and tolerance induction. Br.
J. Haematol. 109(1), 195–200 (2000).

59

Rossi G, Sarkar J, Scandella D. Long-term induction
of immune tolerance after blockade of CD40-CD40L
interaction in a mouse model of hemophilia A. Blood 97(9),
2750–2757 (2001).

60

Sakurai Y, Shima M, Tanaka I, Fukuda K, Yoshida K,
Yoshioka A. Association of anti-idiotypic antibodies with
immune tolerance induction for the treatment of hemophilia
A with inhibitors. Haematologica 89(6), 696–703 (2004).

61

van Helden PM, Kaijen PH, Fijnvandraat K, van den Berg
HM, Voorberg J. FVIII-specific memory B cells in patients
with hemophilia A. J. Thromb. Haemost. 5(11), 2306–2308
(2007).

47

Smith MP, Spence KJ, Waters EL et al. Immune tolerance
therapy for haemophilia A patients with acquired factor VIII
alloantibodies: comprehensive analysis of experience at a
single institution. Thromb. Haemost. 81(1), 35–38 (1999).

62

Hausl C, Ahmad RU, Sasgary M et al. High-dose factor VIII
inhibits factor VIII-specific memory B cells in hemophilia
A with factor VIII inhibitors. Blood 106(10), 3415–3422
(2005).

48

Nilsson IM, Jonsson S, Sundqvist SB, Ahlberg A, Bergentz
SE. A procedure for removing high titer antibodies by
extracorporeal protein sepharose A adsorption in hemophilia:
substitution therapy and surgery in patients with hemophilia
B and antibodies. Blood 58(1), 38–44 (1981).

63

Chao H, Walsh CE. Induction of tolerance to human factor
VIII in mice. Blood 97(10), 3311–3312 (2001).

64

Rawle FE, Pratt KP, Labelle A, Weiner HL, Hough C,
Lillicrap D. Induction of partial immune tolerance to factor
VIII through prior mucosal exposure to the factor VIII C2
domain. J. Thromb. Haemost. 4(10), 2172–2179 (2006).

65

Finn JD, Ozelo MC, Sabatino DE et al. Eradication of
neutralizing antibodies to factor VIII in canine hemophilia A
after liver gene therapy. Blood 116(26), 5842–5848 (2010).

66

van Helden PMW, van den Berg HM, Gouw SC et al. IgG
subclasses of anti-FVIII antibodies during immune tolerance
induction in patients with hemophilia A. Br. J. Haematol.
142(4), 644–652 (2008).

67

Whelan SF, Hofbauer CJ, Horling FM et al. Distinct
characteristics of antibody responses against factor VIII in
healthy individuals and in different cohorts of hemophilia A
patients. Blood 121(6), 1039–1048 (2013).

68

Gensana M, Altisent C, Aznar JA et al. Influence of von
Willebrand factor on the reactivity of human factor VIII
inhibitors with factor VIII. Haemophilia 7(4), 369–374 (2000).

69

Astermark J, Voorberg J, Lenk H et al. Impact of inhibitor
epitope profile on the neutralizing effect against plasmaderived and recombinant factor VIII concentrates in vitro.
Haemophilia 9(5), 567–572 (2003).

70

Escuriola Ettingshausen C, Kreuz W. Role of von Willebrand
factor in immune tolerance induction. Blood Coagul.
Fibrinolysis 16(Suppl. 1), s27–s31 (2005).

71

Kreuz W. The role of VWF for the success of immune
tolerance induction. Thromb. Res. 122(Suppl. 2), s7–s12
(2008).

72

Linde R, Ettingshausen C, Voigt B, Klingebiel T, Kreuz W.
First successful elimination with a new protocol in a high
responding haemophilia A patient after failure of various
immune tolerance induction regimens. Blood 98(11), 2236
(2001).

73

Collins PW. Novel therapies for immune tolerance in
haemophilia A. Haemophilia 12(Suppl. 6), 94–101 (2006).

49

Nilsson IM, Berntorp E, Zettervall O. Induction of split
tolerance and clinical cure in high-responding hemophiliacs
with factor IX antibodies. Proc. Natl Acad. Sci. USA 83(23),
9169–9173 (1986).

50

Nilsson IM, Berntorp E, Zettervall O. Induction of immune
tolerance in patients with haemophilia and antibodies to
factor VIII by combined treatment with intravenous IgG,
cyclophosphamide and factor VIII. N. Engl. J. Med. 318(15),
947–950 (1988).

51

Freiburghaus C, Berntorp E, Ekman M, Gunnarsson M,
Kjellberg BM, Nilsson IM. Tolerance induction using the
Malmö treatment model 1982–1995. Haemophilia 5(1),
32–39 (1999).

52

Collins PW, Chalmers E, Hart DP et al. Diagnosis and
treatment of factor VIII and IX inhibitors in congenital
haemophilia: 4th edition. Br. J. Haematol. 160(2), 153–170
(2013).

53

Gringeri A. VWF/FVIII concentrates in high risk
immunotolerance: the RESIST study. Haemophilia 13(Suppl.
5), 73–77 (2007).

54

Saint-Remy JM. Hemophilia factor VIII therapy. B- and
T-cell tolerance: for basic concepts to clinical practice.
Haematologica 85(Suppl. 10), 93–96 (2000).

55

Waters B, Lillicrap D. The molecular mechanisms of
immunomodulation and tolerance induction to factor VIII.
J. Thromb. Haemost. 7(9), 1446–1456 (2009).

56

Scott DW, Pratt KP, Miao CH. Progress toward inducing
immunologic tolerance to factor VIII. Blood 121, 4449–4456
(2013).

57

Saint-Remy JM, Jacquemin MG, Gilles JG. Anti-idiotypic
antibodies: from regulation to therapy of factor VIII
inhibitors. Vox. Sang. 77(Suppl. 1), 21–24 (1999).

future science group

www.future-science.com

333

Clinical Trial Outcomes
74

Collins PW, Mathias M, Hanley J et al. Rituximab and
immune tolerance in severe hemophilia A: a consecutive
national cohort. J. Thromb. Haemost. 7(5), 787–794 (2009).

75

Biss TT, Velangi MR, Hanley JP. Failure of rituximab to
induce immune tolerance in a boy with severe haemophilia
A and an alloimmune factor VIII antibody: a case report
and review of the literature. Haemophilia 12(3), 280–284
(2006).

76

77

Streif W, Escuriola Ettingshausen C, Linde R, Kropshofer G,
Zimmerhackl LB, Kreuz W. Inhibitor treatment by
rituximab in congenital hemophilia A – two case reports.
Hamostaseologie. 29(2), 151–154 (2009).
Aleem A, Saidu A, Abdulkarim H et al. Rituximab as a single
agent in the management of adult patients with haemophilia
A and inhibitors: marked reduction in inhibitor level and
clinical improvement in bleeding but failure to eradicate the
inhibitor. Haemophilia 15(1), 210–216 (2009).

89

Knight C, Paisley S, Wight J, Jones ML. Economic
modelling of different treatment strategies for haemophilia A
with high-responding inhibitors. Haemophilia 9(4), 521–540
(2003).

90

Rasekh HR, Imani A, Karimi M, Golestani M. Cost-utility
analysis of immune tolerance induction therapy versus
on-demand treatment with recombinant factor VII for
hemophilia A with high titer inhibitors in Iran. Clinicoecon.
Outcomes Res. 3, 207–212 (2011).

91

Berger K, Schopohl D, Eheberg D, Auerswald G, Kurnik K,
Schramm W. Treatment of children with severe haemophilia
A and inhibitors: a health economic evaluation for Germany.
Klin. Padiatr. 225(3), 152–158 (2013).

92

Briet E. Factor IX inhibitors in hemophilia B patients: their
incidence and prospects for development with high purity
factor IX products. Blood Coagul. Fibrinolysis 2(Suppl. 1),
47–50 (1991).

78

Fox RA, Neufeld EJ, Bennett CM. Rituximab for adolescents
with haemophilia and high titre inhibitors. Haemophilia
12(3), 218–222 (2006).

93

Ljung RC. Gene mutations and inhibitor formation in
patients with haemophilia B. Acta. Haematol. 94(Suppl. 1),
49–52 (1995).

79

Kubisz P, Plamenova I, Holly P, Stasko J. Successful
immune tolerance induction consisting of high-dose
factor VIII rich in von Willebrand factor and pulsed
intravenous immunoglobulin: a case report. J. Med. Case.
Rep. 6(1), 350–353 (2012).

94

Giannelli F, Green PM, Sommer SS et al. Haemophilia B:
database of point mutations and short additions and deletions
– eight edition. Nucleic Acids Res. 26(1), 265–268 (1998).

95

Li T, Miller CH, Payne AB, Hooper WC. The CDC
Hemophilia B mutation project mutation list: A new online
resource. Mol. Genet. Genomic Med. 1(4), 238–245 (2013).

96

Rydz N, Leggo J, Tinlin S, James P, Lillicrap D. The
Canadian ‘national program for hemophilia mutation
testing’ database: a ten-year review. Am. J. Hematol. 88(12),
1030–1034 (2013).

97

Tagariello G, Belvini D, Salviato R et al. The Italian
haemophilia B mutation database: a tool for genetic
counselling, carrier detection and prenatal diagnosis. Blood
Transfus. 5(3), 158–163 (2007).

98

Rallapalli PM, Kemball-Cook G, Tuddenham EG,
Gomez K, Perkins SJ. An interactive mutation database for
human coagulation factor IX provides novel insights into
the phenotypes and genetics of hemophilia B. J. Thromb.
Haemost. 11(7), 1329–1340 (2013).

99

Warrier I, Ewenstein BM, Koerper MA et al. Factor IX
inhibitors and anaphylaxis in hemophilia B. J. Pediatr.
Hematol. Oncol. 19(1), 23–27 (1997).

80

de Cos C, Rodriguez-Martorell J. Successful immune
tolerance induction with a plasma-derived FVIII concentrate
and intravenous immunoglobulins in a pediatric patient with
congenital severe hemophilia A and poor prognostic factors.
Blood Coagul. Fibrinolysis 25(1), 77–80 (2014).

81

Hay CRM, Ludlam CA, Colvin BT et al. Factor VIII
inhibitors in mild and moderate-severity haemophilia A.
Thromb. Haemost. 79(4), 762–766 (1998).

82

Eckhardt CL, van Velzen AS, Peters M et al. Factor VIII
gene (F8) mutation and risk of inhibitor development in
nonsevere hemophilia A. Blood 122(11), 1954–1962 (2013).

83

Thompson AR, Murphy MEP, Liu M et al. Loss of tolerance
to exogenous and endogenous factor VIII in a mild
hemophilia A patient with an Arg593 to Cys mutation. Blood
90(5), 1902–1910 (1997).

84

Franchini M, Mengoli C, Lippi G et al. Immune tolerance
with rituximab in congenital haemophilia with inhibitors:
a systematic literature review based on individual patients’
analysis. Haemophilia 14(5), 903–912 (2008).

85

Kempton CL, Allen G, Hord J et al. Eradication of
factor VIII inhibitors in patients with mild and moderate
hemophilia A. Am. J. Hematol. 87(9), 933–936 (2012).

86

Van Velzen AS, Eckhardt CL, Peters M et al. Inhibitor
eradication therapy in non-severe hemophilia A. J. Thromb.
Haemost. 11(Suppl. 2), Abstract 207 (2013).

87

88

334

Mancuso & Cannavò

Aledort LM, Kroner B, Mariani G. Hemophilia treatment.
Immune tolerance induction: treatment duration analysis
and economic considerations. Haematologica 85(Suppl. 10),
83–85 (2000).
Colowick AB, Bohn RL, Avorn J, Ewenstein BM. Immune
tolerance induction in hemophilia patients with inhibitors:
costly can be cheaper. Blood 96(5), 1698–1702 (2000).

Clin. Invest. (Lond.) (2015) 5(3)

100 Tengborn L, Hansson S, Fasth A, Lubeck PO, Berg A,

Ljung R. Anaphylactoid reactions and nephrotic syndrome
– a considerable risk during factor IX treatment in patients
with haemophilia B and inhibitors: a report on the outcome
in two brothers. Haemophilia 4(6), 854–859 (1998).
101 Dharnidharka VR, Takemoto C, Ewenstein BM, Rosen S,

Harris HW. Membranous glomerulonephritis and nephrosis
post factor IX infusions in hemophilia B. Pediatr. Nephrol.
12(8), 654–657 (1998).
102 Barnes C, Rudzki Z, Ekert H. Induction of immune

tolerance and suppression of anaphylaxis in a child with
haemophilia B by simple plasmapheresis and antigen
exposure. Haemophilia 6(6), 693–695 (2000).
103 Barnes C, Brewin T, Ekert H. Induction of immune

tolerance and suppression of anaphylaxis in a child with

future science group

Immune tolerance induction in hemophilia

hemophilia B by simple plasmapheresis and antigen exposure:
progress report. Haemophilia 7(4), 439–440 (2001).

113 Klarmann D, Martinez Saguer I, Funk MB et al. Immune

tolerance induction with mycophenolate-mofetil in two
children with haemophilia B and inhibitor. Haemophilia
14(1), 44–49 (2008).

104 Suzuki N, Watanabe J, Kudoh T et al. Successful induction

of immune tolerance in a patient with haemophilia B with
inhibitors. Haemophilia 9(3), 340–342 (2003).

114

Nagel K, Laudenbach L, Rivard GE, Jardine L, Chan AK,
Pai MK. Immune tolerance for a patient with factor IX
inhibitors – a case report. Haemophilia 17(2), 315 (2011).

115

Tengborn L, Berntorp E. Continuous infusion of factor IX
concentrate to induce immune tolerance in two patients with
haemophilia B. Haemophilia 4(1), 56–59 (1998).

116

Mathias M, Khair K, Hann I, Liesner R. Rituximab in the
treatment of alloimmune factor VIII and IX antibodies
in two children with severe haemophilia. Br. J. Haematol.
125(3), 366–368 (2004).

117

Chuansumrit A, Moonsup Y, Sirachainan N, Benjaponpitak
S, Suebsangad A, Wongwerawattanakoon P. The use of
rituximab as an adjuvant for immune tolerance therapy in a
haemophilia B boy with inhibitor and anaphylaxis to factor
IX concentrate. Blood Coagul. Fibrinolysis 19(3), 208–211
(2008).

118

Alexander S, Hopewell S, Hunter S, Chouksey A. Rituximab
and desensitization for a patient with severe factor IX
deficiency, inhibitors, and history of anaphylaxis. J. Pediatr.
Hematol. Oncol. 30(1), 93–95 (2008).

119

Batorova A, Morongova A, Tagariello G, Jankovicova D,
Prigancova T, Horakova J. Challenges in the management
of haemophilia B with inhibitor. Semin. Thromb. Hemost.
39(7), 767–771 (2013).

105 Soto I, Vicente GM, Corte JR, Urgelles MF, Pinto CR.

Successful induction of immune tolerance with FIX
recombinant in a patient with haemophilia B with inhibitor.
Haemophilia 10(4), 401–404 (2004).
106 Beutel K, Hauch H, Rischewski J, Kordes U, Schneppenheim

J, Schneppenheim R. ITI with high-dose FIX and combined
immunosuppressive therapy in a patient with severe
haemophilia B and inhibitor. Hamostaseologie 29(2), 155–157
(2009).
107 Barnes C, Davis A, Furmedge J, Egan B, Donnan L,

Monagle P. Induction of immune tolerance using rituximab
in a child with severe haemophilia B with inhibitors and
anaphylaxis to factor IX. Haemophilia 16(5), 840–841
(2010).
108 Ranta S, Verbruggen B, Wikstrom A, Makipernaa A.

Identical but different: haemophilia B in monozygotic twins
with inhibitor in one brother and subsequent successful
immune tolerance induction. Haemophilia 18(4), e349–e351
(2012).
109 Klukowska A, Laguna P, Waleszkiewicz-Majewska B et al.

Successful immune tolerance induction in two boys with
haemophilia B and inhibitory antibodies. Haemophilia 18(3),
e67–e69 (2012).
110

111

Castaman G, Bonetti E, Messina M et al. Inhibitors in
haemophilia B: the Italian experience. Haemophilia 19(5),
686–690 (2013).
Verghese P, Darrow S, Kurth MH, Reed RC, Kim Y,
Kearney S. Successful management of factor IX inhibitorassociated nephrotic syndrome in a hemophilia B patient.
Pediatr. Nephrol. 28(5), 823–826 (2013).

Clinical Trial Outcomes

120 Gamerman S, Singh AM, Makhija M, Sharathkumar A.

Successful eradication of inhibitor in a patient with severe
haemophilia B and anaphylaxis to factor IX concentrates:
is there a role for Rituximab and desensitization therapy?
Haemophilia 19(6), e382–e385 (2013).

112 Ewenstein BM, Takemoto C, Warrier I et al. Nephrotic

syndrome as a complication of immune tolerance in
hemophilia B. Blood 89(3), 1115–1116 (1997).

future science group

www.future-science.com

335

