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Introduction
A large p a rt of this introduction is adaptedfrom Quality in Laboratory
Hemostasis and Thrombosis 2013; 2nd Edition; chap 12:124-135

Introduction

1- General overview of haemostasis
The haemostatic balance is a delicate equilibrium between procoagulant and
anticoagulant factors, fibrinolysis, blood cells and the vessel wall. These components
interact continuously with each other to ensure effective haemostasis at the site of
injury. However, structural changes, and/or changes in levels of haemostatic
components may impair this balance resulting in either a bleeding diathesis or
thrombosis (figure 1). Primary haemostasis is defmed as the formation of the primary
platelet plug and involves platelets, the blood vessel wall and von Willebrand factor
(vWF). Abnormalities in vWF and the number of platelets may result in haemorrhage
from mucosal surfaces and prolonged bleeding after vena puncture or injury. The risk
of spontaneous bleedings increase with a decrease of platelet numbers and becomes
severe when platelet counts are below 10 x 109/L. Defects or deficiencies in the
collagen receptors (GP-IcIIa; GP VI) or defects in GP Ib/IX/V (in the case of
Bemard-Soulier syndrome) affect the binding of platelets to collagen(1) or vWF,
respectively, resulting in impaired interactions between platelets and the vessel wall.
Other platelet disorders include defects in aggregation (e.g. Bemard-Soulier
syndrome), abnormalities of platelet granules and defects in platelet procoagulant
activity.
Secondary haemostasis involves a series o f interactions between coagulation factors,
which occur on the surface of tissue-factor-bearing cells and activated platelets.(2,3)
This will result in the generation of a thrombin burst. Subsequently, thrombin
converts fibrinogen into fibrin and results in the formation of a haemostatic plug at the
site of vascular injury.(2,3) Disorders in secondary haemostasis are usually due to
deficiencies or the presence of non-functional coagulation factors. Defects in multiple
coagulation factors are usually due to vitamin K defïciency, impaired liver fimction or
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lack of gastrointestinal bacteria colonization after long-term antibiotic therapy.
Vitamin K is an important cofactor in the gamma-carboxylation of the Glutamyl
residues (Glu) present in factors II, VII, IX, X, protein C, protein S. These so-called
gamma-carboxyglutamate residues (GLA) allow these proteins to accomplish their
function within secondary haemostasis.(4,5)

Figure 1: General overview of the
haemostatic balance. Once changes occur
the haemostatic balance will be disturbed
and ultimately may result in thrombosis
or haemorrhages.

Scci*mi.iry

lucmuMAM

12

In tr o d u c tio n -------------------------------------------------------------------------------------------------------

Coagulation disorders in which more than one coagulation factor is involved are
mostly acquired. In contrast, those with only one factor defïciency are often inherited.
Examples are haemophilia A (HA) and haemophilia B.
The treatment of haemophilia consists of administration of the missing coagulation
factors via on demand or prophylactic therapy. Unfortunately, a number of patients
develop antibodies that neutralize the substituted factor resulting in treatment failure.
These antibodies are called inhibitors and are described in more detail in this chapter.

2- Coagulation Inhibitors
Acquired functional inhibitors of haemostasis are immunoglobulins (Ig’s) of
allogeneic or autologous origin that arise either spontaneously or as reaction to neoantigens and which interfere with blood coagulation. Because of their binding to
functional sites on coagulation protcins, these Ig’s may inhibit the pro- and or
anticoagulation properties of the involved protein and thereby disturb the haemostatic
balance. Most frequent inhibitors are lupus anticoagulants, a subgroup of
antiphospholipid antibodies, which bind to a complex of phospholipids and
phospholipid-binding proteins (B-2 glycoprotein-1, prothrombin and others) resulting
in prolongation of clotting times.(6) Antiphospholipid antibodies, especially the lupus
positive ones, are well-recognised risk factors for venous and arterial thrombosis.
However, lupus anticoagulant positive patients may occasionally exhibit
haemorrhagic diathesis when one or more coagulation factors are decreased. The
latter may be caused by elevated clearance of coagulation-proteins-phospholipids
complexes that are bound to non-neutralising lupus antibodies.(7)
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The other group of inhibitors recognises functional epitopes of one of the individual
coagulation proteins thereby inhibiting the functionality of that specific protein. Two
different types have been described: autologous and allogeneic inhibitors.
Autologous inhibitors may develop in patients with previously normal haemostasis by
a deregulation of the immune system. The most frequent spontaneous autologous
inhibitor is directed against factor VIII (FVIII). The reported incidence is
1:1.48 million/year.(8) Autologous FVIII inhibitors, mainly affect elderly people. In
40-50% of the cases they are associated with an underlying disorder such as an
autoimmune disease, malignancy or with pregnancy, but frequently there is no
associated underlying disease. It is a serious complication with a mortality rate of
about 10% mostly due to bleeding problems.(8) Autoimmune FIX inhibitors(9) and
FXI inhibitors, which are mainly associated with Systemic Lupus Erythemathosus,(10)
have a much lower incidence compared to autoimmune factor VIII inhibitors.
Autologous inhibitors against clotting factors V, XII and the vitamin K dependent
proteins have been described but are very rare.(11)
Allogeneic inhibitors against individual coagulation factors may develop in patients
with congenital factor defïciency following treatment with products containing the
missing factor.(12) Among these inhibitors, FVIII inhibitors in haemophilia A patients
who are treated with FVIII products are most frequent. The overall inhibitor incidence
is 25-30% with the highest reported incidence in severely affected patients with
genotypes that completely lack FVIII. The lowest incidence is reported in mild
haemophiliacs.(13) The development of FVIII inhibitors usually occurs early afiter
therapy onset (less than 50 exposure days) and for this reason generally occurs during
childhood. Factor IX (FIX) inhibitors in patients with haemophilia B are much less
common (1.5-3%) than FVIII inhibitors.(14) Patients with complete deletions or
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rearrangements of the FIX gene have a risk of inhibitor development of about 50%,
whereas in patients with nonsense or frame shift mutations this risk is about 20% and
for missense mutations the inhibitor risk is very low ( < 1 % ) . (15) T m m n n e Tolerance
Induction (ITI) therapy is successfiil in only 40% or less of haemophilia B patients
with inhibitors(16’11' 18) compared to 53%-79% in haemophilia A .(19) The treatment
with FIX concentrates is unfortunately greatly complicated by anaphylaxis.(15) Factor
XI (FXI) inhibitors may occur in severe FXI deficiency (FXI: C < 1%) which is
almost exclusively described in Ashkenazi and Iraqi Jews. The frequency of inhibitors
in severely affected patients following plasma infusion is > 30 % .(20>Most cases are
detected by routine screening because these patients mostly do not bleed
spontaneously.

3- Clinical manifestations of haemostasis inhibitors
3.1- Autologous inhibitors
Individuals with previously normal haemostasis manifest themselves clinically by an
unexpected moderate to severe bleeding tendency. Especially in the case of FVIII
autoantibodies the disease may be life-threatening and appropriate medical
intervention is a prerequisite for survival.

3.2- Alloaeneic inhibitors
Allogeneic inhibitors manifest themselves by excessive bleeding in patients with a
pre-existing haemorrhagic disorder who are treated preventively or therapeutically for
bleeding complications. These haemorrhages normally occur in unusual parts of the
body in patients with a low recovery and /or diminished half-life of infused
haemostatic products. However, the latter fïndings are not pathognomonic of the
presence of an inhibitor.
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3.3- Antibodies without inhibitor activity
These antibodies may also decrease clotting factor concentrations as a result of an
increased clearance rate of the antigen-antibody complex. ^ Additionally, increased
clearance of infused FVIII concentrate may be caused by low vWF concentrations(22)
and other additional unknown factors.(23) Therefore the clinical suspicion of an
inhibitor has to be confïrmed by objective laboratory tests.

4- Screening tests for inhibitor detection
Laboratory investigation of inhibitors always starts with screening tests followed, if
necessary, by more specifïc tests to identify the exact nature of the inhibitor.
Inhibitors of the classic haemostasis pathway are detected by one or more prolonged
basic clotting tests like prothrombin time (PT), activated partial thromboplastin time
(aPTT), and thrombin time (TT) (figure 2).

4.1- Prothrombin Time (PT)
PT is defrned as the rate at which the thrombin and subsequently fibrin is formed in
citrated plasma after addition of the calcium and a mixture of tissue factor and
phospholipids. The PT is used to assess the extrinsic pathway of the coagulation
cascade.

4.2- Thrombin time (TT)
TT refers to the time required for exogenous added thrombin to form fibrin in citrated
plasma.

4.3- Activated Partial Thromboplastin Time (aPTT)
aPTT is the time required for clot formation in recalcifïed blood plasma after contact
activation and the addition of phospholipids. This test is designed to determine
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alterations in coagulation factor levels belonging to the classic intrinsic (FXI, FIX,
and FVIII) or common (FII and fïbrinogen) coagulation cascade. Besides its
sensitivity for the mentioned coagulation factors, aberrations in the aPTT have also
been associated with age, female sex, oestrogen use, and obesity.(3,6)
In general, prolonged clotting times may be found accidentally by screening a patiënt
for a bleeding problem. However, these tests are also the first to be performed when a
patiënt presents with the suspicion of an inhibitor.
In order to discriminate between true factor deficiencies, which also prolong clotting
tests, and inhibitors, it is necessary to perform mixing tests with normal pooled
plasma, preferably in a ratio 1:1. A prolonged clotting time that is not corrected in the
mixing study is an indication for the presence of an inhibitor provided that the
presence of heparin and other therapeutically administered direct anti-ïïa and anti-Xa
inhibitors (e.g. Rivaroxaban, Argatroban, Dabigatran) has been excluded. Some
coagulation factor inhibitors have a progressive mode of action. This m e a n s that
inhibitors can only be detected when applying a prolonged incubation time of the
mixture (> 60 minutes). Ideally, mixing studies should be performed both with short
(< 1 minute) and long incubation times in order to discriminate between fast-acting
inhibitors and slow-acting ones. However, this does not give additional information
on the nature of the inhibitor because both types are described for lupus
anticoagulants and individual clotting factor inhibitors.(24)

A lupus anticoagulant (LA) is suspected in case of failure to correct a prolonged aPTT
in a 1:1 mixture with normal pooled plasma. (-25) However, such a general agreement
neither exists for the other basic coagulation tests for detecting lupus anticoagulant,
nor for other types of inhibitors like FVIII inhibitors. Therefore each laboratory has to
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build up its own experience and include appropriate control samples in the assay in
order to draw conclusions from mixing test results.

Figure 2: schematic overview of the intrinsic and the extrinsic pathway including the coagulation
factors involved in the PT and aPTT measurement
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The presence of an inhibitor can be confïrmed by treating the plasma with sepharose
bound Protein A, Protein G or 2-mercaptopyridine. Protein A and Protein G are
surface proteins of streptococci that bind the Fc-part of IgG immunoglobulins,
whereas it has been suggested that the interaction of IgM and 2-mercaptopyridine
results from combined electron donating and accepting action of the ligand or,
altematively, a mixed mode hydrophilic-hydrophobic interaction. In our laboratory
HiTrap™ Protein A HP, HiTrap™ Protein G HP and HiTrap™ IgM Purification HP
columns from Amersham Biosciences are used to remove immunoglobulins IgG
(Protein A and G) or IgM from plasma and additionally to purify the inhibitor. Mixing
studies with plasmas treated with these immunoglobulin-removing agents should be
normalized.

5- Assay of Inhibitors against individual coagulation factors
5.1 - Assay principle
All functional assays to confirm and quantify inhibitors of individual coagulation
factors are based on a universal method of measuring the decrease o f clotting factor
activity in a mixture of an exogenous source of the clotting factor (e.g. normal pooled
plasma) and the putative inhibitor plasma in a certain time period. A reference
measurement needs to be performed with the same method substituting the patiënt
plasma by a control plasma sample that does not contain an inhibitor. Residual factor
activities in the assay mixtures are measured by one-stage clotting assays (mostly
aPTT) or chromogenic assays.
Immunologie assays are not suitable for inhibitor detection because they do not
discriminate between antibodies with and without inhibitor activity.(26 28) However, in
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FVIII inhibitor-positive samples good correlations were found between EnzymeLinked Immunosorbent Assays (ELISA) methods and inhibitor methods but variable
results have been reported on specificity and sensitivity of the immunologie methods
compared to the inhibitor activity assays. (29'31)

5.2- Available methods
The first assay to measure FVIII inhibitor activity was described by Biggs and
Macfarlane <32') using the thromboplastin generation test followed by the Oxford
method(33) using bovine FVIII concentrate (cryoprecipitate) in a mixing test with
patiënt plasma. Later Kasper et al. ^ described the Bethesda assay and introduced a
more uniform method to measure FVIII inhibitors by using normal pooled plasma as
FVIII source in a 1:1 mix with patiënt plasma and imidazole buffer as control sample.
The sensitivity and specificity of the assay was further improved in the Nijmegen
Assay by buffering the normal pooled plasma and replacing the imidazole buffer by
inhibitor-free deficient plasma.(35) A variant of this assay has been recently described
in the Osaka Modified Bethesda Assay(36) that differs from the Nijmegen assay in
three points: buffering the test plasma instead of the pool plasma; using buffer as
control sample and using an algorithm to correct for the residual intrinsic FVIII
activity instead of heating of the plasma. Compared to the Nijmegen assay, the
method is more complicated and less specific due to the use of buffer as reference
sample. The Nijmegen assay focuses on FVIII but can also be used for measuring
other clotting factor inhibitors by replacing FVIII-defïcient plasma by the appropriate
factor-deficient plasma and assaying the residual activity of the appropriate factor.
The method is recommended by the International Society on Thrombosis and
Haemostasis (ISTH) Factor VIII/IX Scientific Subcommittee.(37)
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5.3- Evaluation of test results
The residual factor activity” is defined as the percentage of remaining factor activity
measured in the mixture of patiënt - and (buffered) normal pooled plasma compared
to the control mixture consisting of factor defïcient plasma and again (buffered)
normal pooled plasma. One Nijmegen Bethesda unit (NBU) is defined as the amount
of inhibitor that results in 50% residual factor activity. Inhibitor activity of patiënt
samples is read in NBU/mL from a semi logarithmic plot representing the correlation
between residual factor activity (logarithmic) and inhibitor activity (linear).(33) The
regression line is fully defined by 100% residual factor activity with 0 NBU/mL
inhibitor and 50% residual activity with 1 NBU/mL inhibitor. Altematively, the
inhibitor titre may be calculated by the algorithm: Inhibitor titre (BU/mL)= (2-log
residual activity)/0.3010. Dose-response curves of test plasma need to show
parallellism with this calibration curve. If not, inhibitor data are not reliable and an
altemative strategy needs to be followed (e.g. type 2 FVIII inhibitors).
When the residual factor activity is below 25%, retesting of more diluted samples is
recommended because of non-linearity of inhibitor concentration and residual activity
with high inhibitor titres. Dilutions have to be made with defïcient plasma.

5.4- Expected values
In most reference laboratories 0.6 BU/mL is used as the cut-off value. This value has
been derived from the results with the classic Bethesda assay and is a reflection of the
low specifïcity of this method. However, the sensitivity and specificity, including the
cut-off value, have been improved in the Nijmegen assay.(35) Due to the lack of a
universal Standard, every individual laboratory has to assign the laboratory-specifïc
cut-off value by assaying positive and negative inhibitor samples from haemophilia
patients. This may be difïïcult to perform, as most laboratories do not have these
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samples available. An altemative is to dilute one or more inhibitor-positive samples
with inhibitor-free FVIII-deficient plasma to low and very low inhibitor levels,
compare the data of the inhibitor assays of these dilutions with a set of inhibitornegative plasma samples and establish the methodological cut-off value.

6- Pitfalls and limitations of the inhibitor assay
Quality assessment of inhibitor assays is still a problem for individual laboratories
because o f the lack o f Standard and control samples. Intra-laboratory, day-to-day,
quality assessment can be performed by assaying negative and positive inhibitor
samples. Moreover, Inter-laboratory surveys of FVIII inhibitor assays have been
organised since 2005 by the Extern al quality Control of Assays and Tests Foundation
(ECAT) and by the UK National Extemal Quality Assessment Scheme (NEQUAS).
Unfortunately, the results of the ECAT surveys show rather high inter-laboratory
coefïïcients of variation; approximately 30% for the Nijmegen assay and more than
40% for the original Bethesda method. In order to address this phenomenon, a
workshop was organized with the aim to investigate assay components that contribute
to the high inter-laboratory variation and to establish minimal assay conditions for a
reliable FVIII inhibitor test.(38) It appeared that, besides buffering of normal pool
substrate plasma and the use of FVIII deficient plasma as a reference sample, the
sample diluting procedure and the use of factor VIII deficient plasma as diluent is
extremely important. Implementation of these assay conditions by the participants
may reduce the inter-laboratory variation to acceptable levels (approx. 10%).(38)
Unfortunately, tests that fully discriminate between LA and coagulation factor
inhibitors are still lacking. In order to ascertain the presence of LA it is strongly
advised to use at least two tests of different design.(39) The diluted Russell Viper
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Venom test should be included as it is hardly influenced by inhibitors of the intrinsic
factors (e.g. FVIII, FIX ).(39) Altematively, the interference of LA in the measurement
of factor inhibitors, especially FVIII inhibitors, can be bypassed by measuring the
residual activity in the Nijmegen assay with chromogenic substrates. Chromogenic
substrate assays are not influenced by LA and are therefore more specific than aPTTbased assays.(24,38,40)
F W I inhibitors can be characterized as either type l o r type II according to their
kinetic behaviour. Type 1 inhibitors mostly occur as alloantibodies in FVIII-treated
haemophilia A patients and have second order inactivation kinetics resulting in
complete inhibition of FVIII activity at high plasma concentrations.
Type II inhibitors, mostly autologous antibodies, are defined as being unable to
inactivate FVIII :C completely, even at maximum antibody concentration, and the lack
of linearity between the logarithm of residual FVIII activity and the antibody
concentration. ^ How to defïne inhibitors as type I or II can best be investigated by
measuring the effect of varying concentrations of the inhibitor on the FVIII
inactivation.(43) An important pitfall is that due to this, the inhibitor test will often
result in dilution-dependent inhibitor data. Therefore, in order to obtain reliable
results when monitoring a patiënt with type II FVIII inhibitors, typical dilutions
of the patiënt plasma have to be used that give residual activities that are as close
to 50% as possible.
The type o f deficientplasma used as control sample and as substrate plasma in the
residual activity assay greatly influences the FVIII inhibitor test results. As vWF is
the natural carrier protein for FVIII, the vWF concentration is essential for its stability
during the incubation process. We showed(43) that inhibitor titres, derived from assays
with vWF-free immune depleted FVIII-defïcient plasma as control sample and as
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substrate in the FVIII activity assay were 30-50% lower than to titres of assays using
vWF containing deficient plasma.
Probably the most frequently occurring coagulation inhibitor besides FVIII and FIX
inhibitors are inhibitors against Factor V. Until 2002 126 cases have been reported in
literature of which 87 have been reported in the decade before 2002.(44)
In two-thirds of the patients described by Streiff et a l,(44) the FV inhibitors were
caused by exposure to bovine thrombin. This thrombin, which is widely used for
haemostatic control in surgery patients, is contaminated with Factor V and this may
induce antibodies to bovine factor V that cross-react with human factor V .(45,46)
Patients will present with both an abnormal PT and aPTT and low or very low Factor
V activity. More about the detection of inhibitors against other coagulation factors as
well as its epidemiology is described in the next chapter.

7- Outline of this thesis
The work described in this thesis aims to compare and correlate the well-known
methods used to detect coagulation inhibitors with emphasis on FVIII inhibitors. The
quality of coagulation assays as well as the inter-laboratories-variation is intensively
investigated in order to develop a universal and completed algorithm to detect
coagulation inhibitors. Furthermore, we aimed to solve the threshold problem
encountered in FVIII inhibitors assays. A novel assay was developed to detect Low
titre of FVIII inhibitors. This assay is 20 fold more sensitive compared to the current
assays and is validated in severe haemophilia A patients during and after immune
tolerance induction (ITI).
In chapter 2, we review the epidemiology of acquired functional coagulation
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inhibitors and report the results of a wet-workshop, organized by the Extemal Quality
Control for Assays and Test (ECAT) Foundation, on laboratory detection of such
inhibitors. The difficulties encountered during the analytical process were highlighted
in a workshop where 8 samples representing varying conditions were tested by 10
groups of participants from 20 different countries. The most remarkable observation
was the lack of a clear step-by-step analysis of the nature of an inhibitor once a
positive mixing test had been detected. Finally, a diagnostic algorithm for the
differential diagnosis and confirmation of acquired coagulation inhibitors is
developed. Chapter 3 describes the different methods used in the detection of FVIII
inhibitors. The shortcomings of the current assays as well as the challenges are
highlighted. Chapter 4 focuses on the inter-laboratory variations in FVIII inhibitor
assays and how we can decrease the coëfficiënt of variability between the
laboratories. In order to address this problem, a workshop was organized with the aim
to investigate assay components that contribute to the high inter-laboratory variation
and to establish minimal assay conditions for a reliable FVIII inhibitor test.
Unfortunately, the results of the surveys of the ECAT still show a rather high interlaboratory coëfficiënt of variation.
C hapter 5 describes a novel assay to detect a very low titre of FVIII inhibitors. We
have intensively worked on improvement of the sensitivity and specificity of FVIII
inhibitors assays to measure inhibitor levels below the threshold of 0.6 BU, resulting
in a 20 fold more sensitive assay as compared to the classical assay. This Low titre
inhibitors assay is validated in a specifïc group of patients that successfully achieved
immune tolerance induction. C hapter 6 describes the validation of the low titre assay
and compares the sensitivity and the specificity of the low titre assay, the Bethesda
assay and the Nijmegen assay. This new low titre assay showed the presence of low
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FVIII inhibitor titres in post ITI patients, which may explain the frequent occurrence
of bleeding in post ITI patients.
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Abstract
The accurate detection and quantifïcation of coagulation inhibitors remains a
challenging problem for most diagnostic laboratories. Prolonged screening
assays and abnormal results of mixing tests with normal plasma may indicate the
presence of such inhibitors. Yet, the presence of lupus anticoagulant, heparin,
and potential contamination of plasma with therapeutically active
antithrombotic drugs has to also be ruled out.
This review covers the epidemiology of acquired functional coagulation
inhibitors, and reports the results of a wet-workshop, organized by the External
Quality Control for Assays and Test (ECAT) Foundation, on laboratory
detection of such inhibitors. The aim of the workshop was to investigate, within
groups of experts from dispersed professional laboratories, the quality of
inhibitor detection and the diffïculties encountered during the analytical process.
In this workshop 8 samples representing varying milieu were tested by 10 groups
of participants from 20 different countries. Workshop participants were asked to
report the results of all investigations performed and to provide a likely
diagnosis and/or a conclusion of the haemostasis abnormality represented by the
test samples.
Generally, the sensitivity of inhibitor detection was high but the differential
diagnosis of the type of inhibitors identifïed was unsatisfactory, as many falsepositive and false-negative results were observed. The most remarkable
observation was the lack of a clear step-by-step analysis of the nature of an
inhibitor once a positive mixing test had been detected. The possible
consequences of these observations for the appropriate diagnosis and clinical
management of patients are outlined. A diagnostic algorithm for the differential
diagnosis and confïrmation of acquired coagulation inhibitors is presented.
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Introduction
Acquired functional inhibitors of coagulation comprise inhibitors that interfere with
individual coagulation factors, often leading to bleeding, and lupus anticoagulants
(LA), which may be associated with thrombosis. The former are immunoglobulins
that arise in certain circumstances after autologous (i.e. leading to acquired
haemophilia) or allogeneic (i.e. in congenital haemophilia) exposure to coagulation
factors.

These inhibitors bind to functional epitopes on individual coagulation

proteins, thereby inhibiting their function and this results in prolongation of clotting
tests and clinically in bleeding complications. These types of inhibitors are clearly
distinct from LA, being immunoglobulins, which also prolong clotting tests

(4)

but are

directed against a complex of phospholipids and coagulation factors rather than
against individual coagulation factors. LA are, in contrast with factor inhibitors,
potentially thrombogenic. Unfortunately, LA and inhibitors against individual
coagulation factors are not always easy to distinguish from each other, either by
clinical means or laboratory assessment. Therefore, the recognition and classification
of coagulation inhibitors remains a challenge, even for more experienced diagnostic
laboratories. From a clinical viewpoint, there is a need for inhibitor testing in the case
of unexpected bleeding symptoms in patients without a significant history of bleeding
but with abnormal coagulation tests, or in patients with congenital or acquired
deficiencies of one or more coagulation factors who have been treated with
coagulation-factor substitution therapy. Inhibitor testing may also be warranted in
patients with coagulation deficiencies and treated with coagulation-factor substitution
therapy where rapid clearance of the substituted factor is suspected. Prolonged
coagulation screening assays of native plasma may indicate the presence of inhibitors.
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However, the interference of coagulation-factor deficiencies, which also prolong the
clotting time, has to be excluded. Therefore, mixing tests with patiënt plasma and
normal plasma are indicated. A prolonged clotting time that is corrected in the mixing
test is suggestive for a factor (or factors) deficiency and absence of an inhibitor,
although this may be contingent on the way in which mixing studies are performed
and a correct interpretation of “normalized” test results. For example, an immediately
performed mixing test that results in a correction will not exclude an inhibitor to
factor (F) VIII, because such inhibitors are often time- and temperature-dependent. A
prolonged clotting time that is not corrected in the mixing test is suggestive of the
presence of an inhibitor. However, LA, heparin, and/or other potential therapeutically
administered direct anti-IIa and anti-Xa inhibitors (e.g. argatroban, dabigatran, and
rivaroxaban) still have to be excluded.

(4,5>
Quantification of inhibitors can be

performed by Nijmegen or Bethesda assays. Both methods have been extensively
(3,6-8)

tested and described for the quantification of FVIII inhibitors,

(3)

•

but may also be

•

applied for other coagulation inhibitors. Previous mter-laboratory surveys on
inhibitor detection and quantification have shown both false-positive and false(9-13)

negative results in normal and inhibitor-positive samples, respectively.
Unfortunately, there is no obvious improvement over time in such errors, indicating a
persisting problem. To gain insight in the procedures used by laboratories to explore
the putative presence of an inhibitor, a workshop was organized by the Extemal
quality Control of diagnostic Assays and Tests (ECAT) Foundation in 2008. In this
article we review the relevant literature on epidemiology and diagnosis of acquired
coagulation inhibitors, reflect on the clinical and therapeutic implications of
misidentification of inhibitors and misdiagnosis of patients, report the results of the

36

Acquired Fustcüonal Coagulation inhibitors: Results o f a Wst-Workshop

workshop, and conclude with a diagnostic algorithm for inhibitor testing that reflects
the lessons leamed from the workshop.

Review on Epidemiology of Acquired Coagulation Inhibitors
Antiphospholipid antibodies (aPL), as commonly detected by the anticardiolipin
O4)
(aCL) enzyme-linked immunosorbent assay (ELISA) are present in the general
(15)

population at a prevalence of 1 to 5%.

The highest prevalence of aCL (12 to 30%)

occurs in patients with autoimmune conditions such as systemic lupus erythematosus
(16)

(SLE).

The presence of these antibodies in patiënt plasma together with clinical

manifestations of thrombosis and/or pregnancy complications is defined as the
(16-18)

antiphospholipid syndrome.

LA are a subgroup of aPL, which are directed

against a complex of phospholipids and phospholipid-binding proteins (02glycoprotein-I, prothrombin, and others) and prolong phospholipid-dependent clotting
(4,14)

tests.

O f all subgroups of aPL, LA represents the strongest risk factors for
(19,20)

thrombosis and pregnancy complications.

However, LA positive patients may

occasionally exhibit haemorrhagic diathesis when one or more coagulation factors are
decreased as result of an elevated clearance of coagulation proteins and phospholipids
(21)

complexes that are bound to non-neutralizing LA.

Autologous inhibitors of

coagulation factors may develop in patients with previously normal haemostasis by a
12

( . )

deregulation of the immune system.

The most frequent spontaneous autologous
(22)

inhibitor is directed against FVIII with a reported incidence of 1:1.48 million/year.
These inhibitors represent a serious complication because of bleeding problems with a
mortality of around 10%. In contrast, autologous inhibitors against clotting factors V,
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XI, XII, XIII and the vitamin K-dependent proteins occur even more rarely.
25)

Allogeneic inhibitors against individual coagulation factors may develop in patients

with a congenital factor deficiency because of treatment with the missing coagulation
factor or in patients otherwise treated with clotting products. Among these inhibitors,
FVIII inhibitors in haemophilia A patients who are treated with FVIII products are the
most frequent. The overall inhibitor incidence is 25 to 30% with the highest reported
incidence in severely affected patients who completely lack FVIII whereas the lowest
(26)

incidence is reported in mild haemophiliacs.

Further described risk factors are

ethnicity, family history of inhibitors, age of starting therapy, pattem of exposures to
FVIII products (on-demand versus prophylaxis) as well as the genetic background
(27)

(i.e. type of mutation).

The development of FVIII inhibitors usually occurs early

after the beginning of therapy (less than 50 exposure days) and for this reason
generally occurs during childhood. The Standard treatment for eradication of the
(28)

inhibitors is Immune Tolerance Induction (ITI) therapy

that is based on long-term

daily injections of high concentrations of FVIII protein with the aim to obtain
tolerance. The incidence of FIX inhibitors in haemophilia B patients is much lower
(29,30)

(1.5 to 3%) than FVIII inhibitors.

Patients with complete deletions or

rearrangements of the FIX gene have a risk of inhibitor development of ~ 50%,
whereas in patients with nonsense or frame shift mutations this risk is $20% and for
missense mutations <1%.

(3i)

ITI therapy is successfiil in only 40% or less of
(31-33)

haemophilia B patients with inhibitors.

In this patiënt group the treatment with
(31)

FIX concentrates unfortunately is greatly complicated by anaphylaxis.
FXI inhibitors may occur in the severe type of FXI deficiency (FXI:C < 0.01 IU/mL)
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which is almost exclusively described in Azkenazi and Iraqi Jews. The frequency of
.

.

.

inhibitors in severe patients following plasma infusion can be as high as 30%.

(34)

Most

cases are detected at routine screening because these patients mostly do not bleed
spontaneously. Allogeneic inhibitors to FV and FII, which may result from
■

replacement therapy in patients deficient for one of these factors are very rare.

C35)

The

development of FII and FV inhibitors is mostly associated with exposure to bovine
thrombin, which in the past was widely used for haemostatic control in surgery
patients.
.

(2>
Bovine thrombin preparations may be contaminated with FV and this may

.

mduce antibodies to bovine FV that cross-react with human FV.
■

-j

.

.

mcidence seems to be less than 1:1 million/year.

f35-39)

(36-38)

The annual

As currently used thrombin

preparations (at least in developed countries) now mostly comprise recombinant
material,

(40)

. . .

the likelihood of inhibitors to FV is notably reduced.

(41)

Inhibitors against

functional fibrinogen are rare and include direct inhibition of fibrin monomer
(42,43)

aggregation through paraproteins,
fïbrinopeptide A release.

(44)

delay of fïbrinopeptide B release

and of

(45>
These patients exhibit a prolonged thrombin time (TT)
(2 )

both in native plasma and in mixtures with normal plasma.

Acquired deficiency of

FXIII has been described both with and without the presence of inhibitors with an
.

. ,

mcidence that equals that o f acquired haemophilia.

(46)

Inhibitors of FXIII have been

described in association with drugs, chronic renal failure, hepatic cirrhosis, and
lymphoproliferative disorders, although about half of the patients do not have an
(46,47)

underlying disease.

In only a minority of cases is the presence of FXIII inhibitors

complicated by serious haemorrhagic conditions. Inhibitors to FXIII cannot be
detected with baseline coagulation screening tests such as activated partial
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thromboplastin time (APTT), pro- thrombin time (PT), or TT, as these tests are not
FXIII- sensitive. FXIII inhibitors are classified into three types:
1. Inhibitors that interfere with FXIII activity by preventing activation of FXIII.
2. Inhibitors that interfere with the function of FXIIIa.
(48)

3. Inhibitors altering the reactivity of the fibrin substrate.
All types of inhibitors strongly interfere with activity assays and can be diagnosed by
miYing studies with normal plasma using quantitative photometric assays. The widely
used ammonium release assay is hampered by a high background value of ~ 10%,
m
rendering the assay insensitive for abnormal low results'

Once an inhibitor is

suspected, its presence has to be confirmed by an immimoblot test or an ELISA for
antibodies against different domains of FXIII.

Inhibitor Workshop
Aim o f the Workshop
1. To investigate, using groups of laboratory experts from diverse locations and
working in the field of haemostasis, the potential to detect coagulation
inhibitors in plasma samples without access to clinical data on the samples.
2. To explore the difficulties that one can expect in trying to diagnose
haemostasis inhibitors.
3. To determine whether general analytical approach can be formulated to detect
inhibitors with laboratory methods.
Design o f the Workshop
The workshop participants were representatives of laboratories that on a regular basis
take part in ECAT surveys. Registration was open to all ECAT participants, but
because of limited space, only the first 50 registrations were accepted. These
40
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participants (from 20 different countries) were asked to work together in study groups
of fïve persons and to report one common “diagnostic” result on each analysed
sample. Eight plasma samples (maximal volume 3 mL) with prolonged APTT and/or
PT were presented for analysis of the presence of inhibitors. The identification of the
samples was different for all groups to facilitate blinded testing and prevent mutual
Consulting. To conserve time and focus testing on more specific assays, PT and APTT
were analysed before the workshop by the laboratory of Thrombosis and Haemostasis
of the Radboud University and participants were provided with these results.
The participants were asked (1) to investigate whether the samples contained an
inhibitor and, if present, to analyse the nature of the inhibitor and (2) to analyse the
reason for the prolonged APTT and/or PT if a sample did not contain an inhibitor.
The study groups established their own study plans and performed all the preanalytical activities (pre-dilution, mixing with normal plasma, and pre-incubation).
All essential clotting measurements were analysed centrally on fully automated
analysers by expert operators upon request of the individual workshop participant
groups. The groups were asked to report all results and a likely diagnosis and/or a
conclusion of the haemostasis abnormality of the plasmas on a pre-printed result
sheet.
Description o f Samples
•

Sample 1: Sample that was strongly positive for LA. This sample was
previously used in extemal ECAT surveys.

•

Sample2: Plasma derived from a patiënt with an acquired haemophilia because
of an FVIII inhibitor. The inhibitor was a type 2 and was characterized by
incomplete inactivation of FVIII activity in the plasma. In this plasma, FVIII
activity was -0 .1 0 IU/ml.
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Sample3: Plasma derived from a patiënt with an acquired FV deficiency
because of an inhibitor against FV activity (commercial origin, 1.5 BU/mL),
and was also contaminated with unfractionated heparin (~ 0.3 U/mL).

•

Sample 4: Plasma from a patiënt with afibrinogenemia who was treated with
fibrinogen (plasma fibrinogen con- tent 0.3 g/L); no inhibitor was present.

•

Sample 5: Artifïcial sample of an FVIII inhibitor type 1 (~2 BU/mL) plus LA,
diluted into FVIII-deficient plasma.

•

Sample 6: Sample derived from a patiënt anticoagulated with coumarin
(warfarin); no inhibitor was present.

•

Sample 7: Plasma with FXI inhibitor (commercial origin, ~ 6BU/mL)

•

Sample 8: Sample with FII inhibitor (commercial origin, ~ 6BU/mL)

The nominal values of the inhibitor activities were assessed by the Nijmegen inhibitor
assay.(> The nominal activities of coagulation factors were assessed by one-stage
clotting assays,

(50)

and the fibrinogen content was assessed by a physiological
(51)

coagulation method.

Evaluation of Workshop Results
•

The conclusions and/or diagnoses were written on the result sheets by the
different groups and evaluated by a central expert group.

•

All question marks, whether positive or negative, were excluded during
evaluation as being non-definitive.

•

A group reporting “FVIII inhibitor test pending” for a sample with an FVIII
inhibitor was considered a positive result. This was because there was limited
time available during the workshop, and access to testing may have prevented
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a result being available by workshop conclusion. Nevertheless, the fact that
the test result was pending indicated that the group had concluded on this
possibility.
•

When a conclusion was unclear, we reviewed the raw data of the analyses to
determine whether the conclusion was in line with the group’s assay results.

Results of the Workshop and Discussion
LA Because the presence of LA results in prolongation of phospholipid-dependent
clotting tests, laboratory diagnosis of LA is a three-step process that includes the
detection of a prolonged phospholipid-dependent screening assay, a mixing study
with normal plasma to demonstrate the presence of an inhibitor as cause of the
prolonged screening assay, and finally confirmation that the inhibitory activity is
(4,52-54)

phospholipid-dependent.

During the workshop, only 5 out of 10 groups

recognized the presence of LA in Sample 1, although all groups reported an inhibitor
based on a strongly prolonged APTT mixing test. Surprisingly, only six groups
performed both LA screening and confirmation tests. In contrast, all groups except
one reported one or more factor deficiencies, especially FV, FVIII, and FIX. This
finding is a well-known phenomenon as LA interferes with phospholipid-dependent
assays, resulting in falsely abnormal factor activities. However, these fïndings are not
conclusive for the nature of the inhibitor as both LA and individual factor inhibitors
may be causative for such fïndings. Accordingly, most participants did not use a
systematic approach to confirm or rule out the presence of LA before performing
more detailed assays. In contrast, when an abnormal mixing test is detected, it is
generally more logical to begin with an analysis for LA, as these represent by far the

43

—

— ------------------------------------------------------------------------------------------------

C hapterll

---------------------------------------------------------------------------------------------------------------

most m mmnn reason for abnormal mixing tests. The caveat is in the case of an
acutely bleeding patiënt, where assessment of clotting factors and clotting factor
inhibitors may be promoted based on urgency.
Autologous FVIII Inhibitor
Autologous FVIII inhibitors are mostly of type 2 kinetics and are characterized by the
simultaneous presence of both an inhibitor and some residual FVIII activity in
plasma. This complicates the laboratory detection of this type of inhibitor as the
presence of residual FVIII may result in normal mixing studies, especially when the
mixture of the inhibitor sample with normal plasma has not or not sufficiently been
incubated to allow optimal binding of FVIII with the inhibitor. During the workshop
the acquired autologous FVIII inhibitor type 2 in Sample 2 was correctly diagnosed
by 5 out of 10 groups, whereas the remaining 5 groups diagnosed this sample as mild
FVIII deficiency, possibly as result of an inhibitor. These results confirm the
aforementioned problem of detecting this type of inhibitor because of the presence of
residual FVIII. Therefore, in diagnosing patients with haemorrhagic problems
associated with a negative bleeding history and a low FVIII activity, one has to be
aware of the presence of type 2 FVIII inhibitors, even when the APTT of the mix
assay is apparently normal or nearly normal. An FVIII assay in the mix of patiënt
plasma and normal plasma or an FVIII inhibitor assay is indicated in these patients.
FII/FV Inhibitors
Both types of inhibitors cause a broad window of abnormal clotting assays, both in
native plasma and in mixing studies including abnormal PT and APTT. In addition,
FII inhibitors cause abnormal TT, fibrinogen assays, and clotting factor assays, both
in native plasma and in mixing studies, making it diffïcult to distinguish these from
the presence of heparin and other anti-IIa and anti-Xa substances, including the new
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oral anticoagulants. Therefore, the presence of these inhibitors has to be ruled out by
repeating the test after neutralizing the heparin with, for example, protamine chloride.
Additionally, prolonged TT in native plasma and in mixing studies has also been
described for acquired abnormal fibrinogen molecules with increased sialylation of
(55)

carbohydrate side chains.

These abnormal molecules, usually synthesized in

diseases of the liver or the biliary tract, inhibit fïbrin clot formation of normal
fibrinogen. The TT of these plasma samples mixed with normal plasma normalizes
after defibrination at 56°C. During the workshop, almost all groups reported, besides
prolonged PT and APTT in the native plasma, a marginal prolonged APTT-mix test
and a nearly normal PT-mix test in the sample with a low titre FV inhibitor (Sample
3) contaminated with unfractionated heparin (0.3 U/mL). Clearly, because of the low
titre of the inhibitor, complete binding of the inhibitor has occurred leaving no free
inhibitor in the mix assay. Therefore, the sample behaved like a (mild) FV- deficient
sample. Only one group, having measured ~1% FV activity, suggested the presence of
an FV inhibitor, whereas fïve other groups diagnosed an FV deficiency without
inhibitor. These results show that results of mixing tests in samples with low titre
inhibitors may be misinterpreted as factor-deficient samples without inhibitors. It can
be concluded that the detection of factor defïciencies always has to be succeeded by
the assay of the factor in a mix with normal plasma to exclude the presence of low
titre inhibitors. Furthermore six groups reported the presence of heparin (3/ 6 in
combination with FV deficiency) because of a prolonged TT and/or increased anti-Xa
activity. One group only reported the presence of heparin without other identifications
of FV deficiency and one group was non-conclusive. In Sample 8, 5 out of 10 groups
reported an inhibitor (sample with FII inhibitor), but only 2 groups identified this as a
prothrombin inhibitor. Four groups diagnosed this sample as contaminated with
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heparin because of a prolonged TT and an increased anti-Xa activity. Both fïndings
are indeed related, but not pathognomonic for the presence of heparin. As none of
these groups performed a reanalysis after neutralization of the heparin in the plasma
sample with protamine chloride, this may explain the misclassifications in this
sample. A prolonged TT in a mixed assay may be caused by a factor inhibitor, heparin
and/or heparin-like substances and abnormal fibrinogen molecules, as described
above. The correct diagnosis can only be reached by detailed laboratory
investigations.
Allogeneic Inhibitors against FVIII, FIX, and FXI
Inhibitors against FVIII, FEX, and FXI invariably are detected by a prolonged APTT
both in native plasma and in a mix with normal plasma. The presence of LA, heparin,
and/or other therapeutically administered direct anti-IIa and anti-Xa inhibitors (e.g.
argatroban, dabigatran, and rivaroxaban) have to be excluded. FVIII inhibitors have a
Progressive mode of action, whereas FIX and FXI inhibitors follow a direct mode.
This means that FVIII inhibitors can only be detected when applying a prolonged
incubation time of the mixture (e.g. from 1 to 2 hours), preferably warming up the
sample, as the activity of these inhibitors may also be temperature-dependent. LA is
suspected in the case of failure to correct a prolonged APTT in a 1:1 mixture within 5
(56)

seconds of normal pooled plasma.

However, such a general agreement neither

exists for the other basic coagulation tests for detecting LA nor for other types of
inhibitors such as FVIII inhibitors. Therefore, each laboratory has to develop its own
experience and include appropriate control samples in the assay to draw conclusions
on mixing tests.
During the workshop, in Sample 5 (FVIII inhibitor type 1 [2 BU/mL] plus LA), four
groups reported the presence of both FVIII inhibitors and LA based on LA-positive
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results, absence of FVIII activity, and a positive FVIII inhibitor test. Additionally,
two groups found positive LA with low FVIII activity and two groups did not give a
final conclusion although they suggested the presence of LA and/or FVIII inhibitor
This sample was rather complicated by expressing two different abnormalities.
Nevertheless, most of the groups reported a partly or completely correct conclusion,
probably because of the distinct abnormalities in the sample leaving no obscurities
after evaluation of the test results.
All groups identifïed an inhibitor in Sample 7 (sample with FXI inhibitor) but only
two groups specified this finding as an inhibitor to FXI. Five groups suggested an FXI
inhibitor but were not able to test for this because of lack of time. Three groups
suggested the presence of an LA based on a marginally positive LA conftrmation test
and/or slightly decreased FVIII and FIX activity. The latter phenomenon is a wellknown finding in LA-positive plasma samples, but may also be seen in samples with
inhibitors against clotting factors other than FVIII inhibitors. The underlying reason is
that LA and other inhibitors, such as FIX and FXI inhibitors, are direct working
inhibitors that can exert their action in APTT-based methods despite the short
incubation time. Conversely, FVIII inhibitors are time-dependent inhibitors that exert
their activity only after incubation for a certain time with its substrate. The fact is that
FVIII inhibitors, when assessed in a one-stage assay with a short incubation time, do
not specifïcally influence factor assays. In contrast, other inhibitors (such as FIX and
FXI) do have this effect because of the direct working characteristics.
Sam ples without Inhibitors
Sample 4 (plasma derived from a patiënt with afibrinogenemia) and Sample 6 (plasma
derived from a patiënt anti-coagulated with Warfarin were plasma samples without an
inhibitor. None of the groups reported an acquired inhibitor in Sample 4 and 6/10 (6
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out of 10) groups indeed diagnosed a very low fibrinogen content in this sample. Two
groups reported the presence of anti-Xa activity after the frnding of a prolonged TT.
These false-positive results of anti-Xa activity were due to the fibrinogen deficiency
in the patiënt sample.
Of the 10 groups, 8 groups diagnosed correctly Sample 6 as being plasma derived
from a coumarin-anticoagulated patiënt without an inhibitor. One group reported a
“cross- reacting inhibitor” based on low-normal prothrombin activity and low FV
activity. One group was non-conclusive. An overview of the results of the workshop
is shown in fïgure 1.

(Mis-) Interpretation of Laboratory Inhibitor Testing
The results of laboratory testing may have direct implications for the clinical
management of patients.

(5-7,58)

...

Unfortunately, the differentiation between LA and mild

inhibitors to individual coagulation factors remains a problem, mainly in nonspecialized laboratories. No data are available on the problem in “real life,” but results
of extemal quality survey programs, as well as those of the here described workshop,
show significant evidence of misclassifïcation. A correct differential diagnosis
between LA and factor inhibitor is extremely important for adequate management of
patients. LA-positive patients generally have to be protected against the risk of
undesirably thrombotic events, whereas patients with inhibitors to individual
coagulations factors generally suffer from a bleeding diathesis of variable severity, up
to life-threatening haemorrhages. False diagnosis of LA and/or inhibitors to individual
factors may therefore result in mistreatment, for example, antithrombotic treatment in
patients with factor inhibitors or supply of coagulation factor products in LA patients.
Therefore, to obtain a high level of quality, a positive mixing test should always be
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followed by an LA confirmation test to include or exclude the presence of LA, and
decreased factor activities should be confirmed or invalidated, when possible, by
assay with chromogenic substrate methods.
An additional quality problem conceming acquired inhibitors against individual
factors, are the frequently appearing false-positive and false-negative results due to
the high inter-laboratory variation of quantitative results of inhibitor assays such as
( 8 ,n - i3 )

the Bethesda assay and the Nijmegen assay.

This appears to be a lack of

standardization of the local assays as the results of an ECAT workshop has shown
that the inter-laboratoiy variation can be decreased to -10% by optimizing the
inhibitor assay as described previously.

7

Diagnostic Algorithm for Inhibitor Testing
When a screen test appears to be prolonged, repeat the assay in 1:1 mixture with pHstabilized normal plasma (pH~7.4), immediately after mixing and, if required because
of suspicion o f FVIII inhibitor, 1 to 2 hours after incubation of the mixture at 37°C. A
parallel assay is performed on a reference sample with identical clotting time (e.g.
haemophilic plasma without inhibitors). Each laboratory has to develop its own
experience on the evaluation of mixing tests and include appropriate control samples
in the assay. When the results of the mixing tests are within the reference ranges, the
presence o fa weak inhibitor may still be possible. Therefore, after excluding heparin,
the assay of coagulation factors in the native sample and, when one or more factors
are decreased, in a mix of patiënt plasma and normal plasma after 1 to 2 hours at 37°C
is indicated. A decreased recovery in the mix sample is suggestive for an inhibitor. An
inhibitor assay has to be performed for the clinically significant factor(s). If the
mixing test is prolonged, perform a TT and rule out an incorrect type of sample, for
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(59)

example, ethylenediaminetetra- acetic acid-anticoagulated plasma and serum.

If the

TT is prolonged, perform a TT in a patient/normal plasma mix and a heparin
neutralization test (and eventually anti-Xa assay) to exclude or confïrm the presence
of heparin and/or another anticoagulant inhibitor.
•

If heparin is present (i.e., normalization of TT after neutralization and/or
positive anti-Xa activity), the sample is ideally discarded and a new sample is
obtained for further testing.

•

If no heparin is present (i.e., persisting prolonged TT in mixture after
neutralization with protamine sulfate) differential diagnosis may result in
thrombin inhibitor or abnormal fibrinogen.(38,55)

If TT of undiluted plasma is normal, perform LA test with LA-sensitive reagents, and,
dependent on the clinical anamnesis, clotting factor assays with LA-insensitive
reagents to determine whether there is an isolated factor deficiency (congenital or
acquired). If the LA confirmation test is negative but one or more clotting factor
activities are abnormal with a lack of parallelism in factor assays, most probably this
is caused by the presence of LA.

(60)

Perform chromogenic assays of coagulation

factors.
A discrepancy between the one-stage assay and the chromogenic assay indicates the
presence of LA, despite the negative confirmation test. If there is no discrepancy
between the one-stage assay and the chromogenic assay, the presence of an inhibitor
against an individual coagulation factor is likely. Perform an inhibitor assay against
the conceming factor. A flowchart of the diagnostic algorithm for acquired
coagulation inhibitors is shown in figure 2.
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Conclusions
There are several limitations of the workshop that may influence the conclusions from
the results. No clinical data were available from the patiënt samples that were
presented to workshop participants (i.e. no data on bleeding or thrombosis
complications of the patients), and all the analytical work on the eight rather
complicated samples had to be performed in 4 hours. Moreover, most of the
participants were not familiar with the available reagents, m a k in g the drawing of
conclusions from the test results rather difïïcult, especially when data were not
completely clearly normal or abnormal. This problem may explain why the results of
the very complicated Sample 5, with clearly abnormal test data, were better than the
results of the rather uncomplicated Sample 1, which showed some marginal abnormal
test data. Finally, some reagents showed some unexpected characteristics (e.g. falsepositive anti-Xa activity in plasma with afibrinogenemia and in plasma with FII
inhibitor), leading to erroneous conclusions.
The most remarkable observation from the workshop was the lack of a clear step-bystep analysis of the nature of an inhibitor once a positive mixing test has been
detected. The presence of LA and possible contamination with heparin are most
frequently observed determinants for abnormal mixing tests, and these abnormalities
have to be excluded or confirmed before further undertaking analysis of the presence
o f any perceived coagulation inhibitor.
Based on general experiences as well as on the above-described results, we suggest a
diagnostic route for the confïrmation or exclusion of haemostasis inhibitors as
described above and summarized in figure 2.
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Figure 1: Overview of the qualitative results of the workshop. The results of all individual samples of each group
were scored as follows: 0: was given when the group did not draw a conclusion nor did report a valid remark
conceming the analysis of that particular sample; 1: was given when no conclusion was drawn from 1he analysis, but
any valid remark was made; 2: was given when a correct conclusion was reported without a differential diagnosis, 3.
means that a correct differential diagnosis was reported

KEY: ©
©

Completely correct diagnosis

©

Correct conclusions but no differential diagnosis
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Valid remarks but no conclusions
No valid remarks, no conclusion
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Chapier III

Abstract
Development of antibodies against factor VIII is a serious complication in the
treatment of haemophilia patients, as these antibodies inactivate factor VIII,
resulting in an increased bleeding tendency and morbidity. The clinical
manifestation of inhibitors has to be analysed by objective laboratory tests to
specify the exact nature of the inhibitor. Here, the inhibitor assays, especially the
Bethesda assay and the Nijmegen assay, are discussed including their
methodological shortcomings. In addition, this paper also discusses the epitope
specifïcity of the inhibitor assays and the methods to investigate the speciflcity of
inhibitors against factor VIII concentrates that may contribute to improve the
treatment of haemophilia A patients with inhibitors. Finally, the use and
limitations of overall clotting assays, such as clot wave form analysis,
thromboelastography, and thrombin generation assay, in the management of
haemophilia A patients with inhibitors are discussed.
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Introduction
Factor (F) VIII is a 265-kDa protein essential for coagulation. It consists of a heavy
chain with the A l, A2, and B domains, and a light chain that contains the A3, C l, and
C2 domains held together by copper ions.(1) In plasma, FVIII is non- covalently
bound to von Willebrand factor (vW F){'2,3' and upon activation by thrombin, it is
cleaved into a heterotrimer consisting of A l, A2, and A3-C1-C2 domains.(4) The B
domain is not essential for FVIII activity and is lost after activation.(5) Activated
FVIII binds to factor IX (FIX) on negatively charged phospholipid membrane
surfaces in the presence of calcium, and this complex accelerates the generation of
factor Xa. *'6, ^ Non-functional FVIII or absence of FVIII in blood results in a bleeding
disorder. Therefore, treatment of haemophilia A patients relies on administration of
exogenous FVIII. Plasma-derived FVIII (pdFVIII) concentrates used for
supplementation therapy in the 1980s were frequently contaminated with human
nnmunodeficiency virus (HIV), hepatitis B and C viruses causing mortality in a large
haemophilic population. All these problems can be prevented by the use of
recombinant FVIII (rFVIII).
In contrast, the development of immunoglobulin (Ig) G antibodies against the FVIII
protein still constitutes a major problem in the treatment of haemophilia A .(8) Besides
IgG against exogenous FVIII (alloantibodies), endogenous FVIII can also be the
subject of antibody formation (autoantibodies) resulting in acquired haemophilia A.
Moreover, in healthy individuals, natural autoantibodies to FVIII with and without
neutralizing activity have been demonstrated.(9) Neutralizing antibodies (inhibitors)
are mostly directed against epitopes located at the A2 domain (R484 to 1508), C2
domain (E2181 to V2243), and the A3 and Cl domains. (10“ 12) The epitope at the A2
domain represents the FIXa binding site, and the epitope at the C2 domain represents,
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at least partially, the vWF and phospholipid-binding region. Binding of antibodies to
these sites prevents FVIII from exerting its function, resulting in a higher bleeding
tendency with increased morbidity and mortality.(13,14) Inhibitor assays are performed
in the blood of haemophilia A patients during routine surveillance screening or when
the presence of inhibitors is suspected in the case of abnormal bleeding episodes or
poor response to FVIII replacement therapy. Early detection of inhibitory antibodies
against FVIII allows intervention at an early stage and offers the opportunity to tailor
the most effective haemostatic treatment for bleeding episodes and surgery.(15,16)
Furthermore, inhibitor levels have to be measured in patients who are being treated
according to the immune tolerance strategy in order to monitor efficacy of treatment.
Assays of FVIII inhibitors are also performed to test the immunogenicity of new
FVIII products.(17>When inhibitors are suspected, an activated partial thromboplastin
time (aPTT) mixing test with normal plasma may be used for quick screening. A
prolonged clotting time of the mixture may indicate the presence of inhibitors, but the
presence of heparin and lupus anticoagulant has to be excluded.
This paper reviews the different tests used for quantification of FVIII inhibitors and
the present methodological shortcomings of these assays. Furthermore, epitope
specificity in inhibitor assays is discussed and, fïnally, global clotting assays are
discussed as experimental altemative assays in haemophilia A patients with inhibitors.

Inhibitor Assays
The first occurrence of inhibitor development after infusion of FVIII in a haemophilia
A patiënt was described in 1941. ^ The anticoagulant activity was detected by its
ability to prolong the clotting time in a mixture with blood from a normal person. The
first quantitative method for evaluating inhibitor activity in a mixing assay, the
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Oxford method, was reported much later by Biggs and Bidwell.(19) This initial
method was based on the rate of FVIII inactivation by an excess amount of inhibitory
antibody. In the New Oxford method, described by Rizza and Biggs,(20) FVIII was
added in surplus amount compared with antibody level with an extended incubation
period up to 4 h. Later, Kasper et al ^ described the Bethesda assay, a more
standardized assay using normal pooled plasma as the FVIII source in a 1:1 (v/v)
mixture with patiënt plasma and imidazole buffer as a control. One Bethesda unit
(BU) is defïned as that amount of inhibitor that results in 50% residual FVIII activity
in this mixture. The cut-off value used in the quantification of inhibitors is usually
around 0.6 BU/mL, indicating that the assay has a low sensitivity and specificity. The"
Malmo" assay represents a modification of the classic Bethesda assay. In this assay,
normal pooled plasma is replaced by factor concentrate as a substrate for patiënt
plasma. (22> One Malmo unit of antibody corresponds to the inactivation of 1 IU of
FVIII by 1 ml of patiënt plasma and is approximately equivalent to 3.3 BU. The
Malmo assay shows high variability in the inhibitory capacity of patiënt plasma when
tested against different plasma-derived and recombinant FVIII concentrates.(23)

Nijmegen Assay
The Bethesda assay was further improved by the Nijmegen modification(24) by
buffering the normal pooled plasma with 0.1 M imidazole to pH 7.4 to prevent pH
shift during incubation and replacing the buffer as a control with haemophilic or
immune-depleted, FVIII-defïcient plasma, which prevents dilution of the protein
content in the mixture with normal plasma. The increased specificity without
affecting the sensitivity was confirmed in a Canadian study that showed a reduced
number of falsely positive assay results with the Nijmegen assay.(25) Hence, the

65

------------------------------------------------------------------------------------------------------------

Chapter I I I ---------------------------------------------------------------------------------------------------------------

Nijmegen assay is recommended as the Standard assay for FVIII inhibitor testing by
the International Society of Thrombosis and Haemostasis Factor VIII/IX Scientific
Subcommittee. A schematic representation of the Nijmegen assay is shown in Figure
1. Equal amounts of patiënt plasma and imidazole-buffered normal pooled plasma, pH
7.4, are incubated for 2 h together with a control mixture of identical normal pooled
plasma and FVIII-deficient plasma. The residual FVIII in the test mixture, defïned as
the percentage of FVIII remaining in the test mixture relative to the control mixture, is
converted to Nijmegen Bethesda units (NBU) by reading from a calibration curve
representing a linear correlation between residual FVIII activity (logarithmic) and
inhibitor units (linear). The curve is fiilly described by 0 and 1 NBU/mL, defïned as
the amount of inhibitor that results in 100% and 50% residual activity respectively.
The method is only reliable between 0 and 2 NBU/mL and, consequently, samples
with elevated titres have to be pre-diluted, preferably with factor VlII-deficient
plasma.
A more sensitive method is warranted in samples with titres below 0.6 NBU/mL and
with a suspicion of the presence of an inhibitor because of an abnormal bleeding
tendency, low FVIII recovery, or a shortened half-life of infused FVIII. Therefore,
our laboratory has put in much effort to develop a more sensitive method to measure
very low titre inhibitors based on concentrating the putative inhibitor sample. At the
moment, this test is still in validation, but the method showed at least a 10-fold
increased sensitivity, resulting in a detection limit of at least 0.05 NBU/ml.
None of the currently available inhibitor activity assays detects non-neutralizing
antibodies, present in 8-10% of haemophilia A patients with or without inhibitors.(26,
21> The influence of non-inhibiting antibodies on haemostasis has not been identifïed

yet, although the formation of such immune complexes may result in increased
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clearance of these complexes by cells in the innate immune system.(28,29) Nonneutralizing antibodies can be measured by immunologie methods such as enzymelinked immunosorbent assay (ELISA), but these methods cannot discriminate
between neutralizing and non-neutralizing antibodies.

Methodological Shortcomings In Inhibitors
The working mechanism o f FVIII inhibitors is time and temperature dependent,
which is in contrast to the other individual factor inhibitors. At 37 °C, an optimal
inhibitor titre is reached after 120-150 min of incubation, whereas at room
temperature, the FVIII inhibitor activity does not reach a steady-state condition. A
number of other factors have been identified that interfere with the detection of
inhibitors. The presence of anti-phospholipid antibodies and lupus anticoagulants
(LA) may influence FVHI inhibitor assays because of interference by LA in the onestage assay. LA are antibodies directed against epitopes of phospholipid-bound
coagulation factors. <-30~32^ Some groups have reported the simultaneous occurrence of
inhibitors toward FVIII and LA in haemophiliac ^ and non-haemophilic patients.<-3436) It is diffïcult to discriminate between the two antibodies, although it is important
because of the different implications for therapy. FVIII inhibitors are associated with
haemorrhage, whereas LA is associated with thrombosis, obstetric complications,
neurologie, and/or cutaneous symptoms.(37,38) At the moment, no tests are available
that discriminate fully between coagulation inhibitors and LA. The diluted Russell
viper venom test may discriminate the best, as it is not influenced by factors of the
intrinsic pathway including FVIII and FIX .(39) The influence of LA on inhibitor
assays can be reduced by measuring the residual activity of FVIII using chromogenic
substrate-based assays. These tests are not influenced by LA because of the high rate
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of sample dilution, and therefore are more specific than aPTT-based assays.(40)
FVIII inhibitors can be characterized as either type I or type II based on their kinetic
behaviour. Type I inhibitors (mostly alloantibodies) have first-order inactivation
kinetics that result in complete inhibition of FVIII activity at high inhibitor levels. In
contrast, type II inhibitors (mostly autoantibodies) have a second-order inactivation
rate leading to residual FVIII activity even at high titres. This lack of linearity
between FVIII residual activity and inhibitor concentration with type II in the
inhibitor test will result in dilution-dependent inhibitor data. Determination of exact
titres is difficult in these cases; so typical dilutions of the patiënt plasma have to be
used that gives a residual activity of approximately 50%.
The type of defïcient plasma may influence the results.(41,42) The type of deficient
plasma used as a control sample can be either congenital or immune-depleted plasma.
It is highly recommended to use a vWF containing FVIII-defïcient plasma. Immunedepleted plasmas containing vWF can be used, but proper control for the presence of
FVIII inhibitors is strongly recommended as this type of plasma may contain FVIII
antibodies that are co-eluted from the column during purification. Moreover, using
chemically depleted plasma (CDP) as a control sample may also lead to aberrant
results.(42) The production process of the CDP may generate minute amounts of
activated factor Va causing shortening of the clotting times in the control mixture,
leading to overestimation of the inhibitor titre in a heterogeneous system. Finally, in
order to confine the costs of the assay, a control sample with albumin is
recommended.<43>
The content of FVIII in normal pooled plasma may influence the results of the
inhibitor assay. An increased FVIII content in normal pooled plasma will need more
inhibitor to inactivate a certain percentage resulting in lower inhibitor titres. A pool of
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at least 50 healthy donors is required to guarantee a level as close as possible to 1 IU
FVIII/ml. It is necessary to calibrate the normal pooled plasma against an
international Standard of FVIII.(44) Residual FVIII activity in the patiënt plasma can
interfere with the inhibitor assay by increasing the remaining factor activity after
incubation with normal pooled plasma, leading to falsely low inhibitor titres. Heating
the test and control plasma at 58 C for 90 min overcomes this problem. This will
destroy all clotting factors, but the immunoglobulins are heat resistant leaving the
amount of inhibitor unchanged.

ïntra-and Inter-laboratory Quality Assessment
Inter-laboratory surveys of FVIII inhibitor assays have been organized by the
European Concerted Action on Thrombosis (ECAT) Foundation, on a regular basis
twice a year, since 2006. Occasionally, this kind of survey is also organized by United
Kingdom National Extemal Quality Assessment Scheme (UKNEQAS), the Royal
College of Pathologists of Australasia (RCPA) and Haematology Quality Assurance
Program (QAP). The results of the ECAT surveys show a rather high inter-laboratory
coëfficiënt of variation (average ~ 40%) for the Nijmegen assay and slightly more (—
45%) for the original Bethesda assay. Unfortunately, no real improvement in interlaboratory variation has been shown in the 3 years of ECAT surveys. Therefore, our
laboratory, together with the ECAT Foundation, planned to organize a workshop on
this subject. The aim of this workshop is to investigate components that contribute to
the high between- laboratory variability of the results of the factor VIII inhibitor
assays (observed in ECAT surveys) and to come up with suggestions to reduce the
variability of the assay. Meanwhile, it is very important that more laboratories
participate in extemal quality survey programs, and thus will improve their assays if

69

------------------------------------------------------------------------------------------------------------

Chapter H l ---------------------------------------------------------------------------------------------------------------

needed. Intra-laboratory day-to-day quality assessment has to be performed by
assaying negative and positive inhibitor samples that are stored at minus 80 C.
The use of a calibrator may result in more uniform inhibitor data and lower interlaboratory variation. Unfortunately, FVIII inhibitor standards or calibration materials
are not yet available. The FVIII and FIX Scientifïc Subcommittee of the International
Society on Thrombosis and Haemostasis (ISTH) together with the National Institute
for Biological Standards and Controls (NIBSC, Potters Bar, UK) are currently
working on the production of suitable standards. The materials include a mouse
monoclonal anti-human A2 and anti-human C2 antibody, a rabbit polyclonal antibody
and, fïnally, a human high-titre polyclonal inhibitor plasma diluted to reference values
o fl.8 a n d lO B U .(45)

Epitope Specificity Of The Inhibitor Assays
Inhibitor binding to immune dominant epitopes inhibits different functions of the
FVIII molecule (e.g., A2 and C2), although the intensity(46) and specificity(47) of
immune responses may fluctuate over time. Epitope specificity may possibly affect
FVIII activity in a distinctive way, but no data are available on this topic. A
mechanism that may cause heterogeneity in reactivity is the binding competition of
inhibitors and vWF or anionic phospholipids for the C2 domain. However, mapping
of FVIII inhibitors to its exact epitope still remains a challenge. Various techniques
have been used for epitope mapping: immunoblotting assays with polypeptide
fragments,(48_50) phage display,(51-53) inhibitor neutralization assays and competitive
inhibition assays using overlapping synthetic peptides,(54, 55) in silico prediction,(56)
and mass spectrometry.(5T) For instance, the epitope of the monoclonal antibody
ESH8 has been determined using three different techniques resulting in three
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distinctive epitopes. First, the region 2248-2285 was detected using deletion mutants;
(58) second, peptide array analysis indicated that amino acids 2265-2280(59) were
involved; and last, it was determined by peptide array analysis that ESH8 may have a
discontinuous epitope containing two sites at 2234-2238 and 2267-2270 m in the
FVIII sequence. These different results demonstrate that the identification of the exact
epitope remains a challenge.

In Vitro Testing Of In Vivo Effectiveness Of Concentrates
Inhibitor assays with FVIII concentrates as a FVIII source can be used for in vitro
reactivity testing of inhibitor activity against different types of concentrates in order
to select the best match for treatment. Inhibitor plasmas may vary in responsiveness
against different concentrates because of variation in epitope specificity of the
polyclonal inhibitors and because of variations in the FVIII structure, e.g., binding to
vWF, variable glycosylation, and variation in tertiary structures. Studies have
demonstrated that inhibitors directed against the light chain were less neutralizing in
the presence of vWF-containing concentrates, (61~64-1as vWF in concentrates protects
against neutralization by factor VIII antibodies(65' 66) because they mask the epitope
for fiirther binding of inhibitors.(67) For instance, Tagariello et al demonstrated that
FVIII concentrates containing a small amount (0.06 U/ml) of vWF had significantly
increased responsiveness toward inhibitors than concentrates with a high amount of
VWF (2.12 U/mL).(68) A recombinant concentrate without vWF demonstrated lower
inhibitor responsiveness, probably due to non-specific FVIII inactivation because of
lack of stabilizing factors. Salvagno et al described the pro-coagulant effect of
inhibitor plasmas of various titers on four different FVIII concentrates.(69) The results
indicated that FVIII products containing vWF may have benefïcial effects in patients
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with inhibitors against the C2 domain. However, these experiments were performed in
the presence of variable amounts of vWF, leading to variable results because of
possible non- specific, temperature-dependent FVIII inactivation in the samples with
low or absent vW F.(70) In conclusion, it is a challenging idea to develop in vitro
inhibitor assays to predict the in vivo effectiveness of FVIII replacement therapy.

Alternative Assays To Monitor Replacement Therapy In
Patients With Inhibitors
Haemophilia A patients with inhibitors who are treated with FVIII bypassing agents
balance between a sufficiënt haemostatic ability and a thrombogenic state. It is
important to monitor the patients’ inhibitor titre by the Nijmegen assay, although it
may not fiilly correlate with the clinical risk of bleeding or thrombosis. Global
clotting assays such as clot wave form analysis (CWFA), (-71) thromboelastography
(TEG),(72) and thrombin generation assays (TG )(73) may give additional information
on the haemostatic balance. CWFA reflects the whole clotting process including the
fïbrinolytic activity(74> during the measurement of an aPTT and prothrombin time
(PT). Algorithms have been developed to measure several parameters such as
coagulation velocity and acceleration. CWFA is especially sensitive to changes in low
coagulation factor levels. (75,16> For instance, a normalization of aPTT clot waveform
parameters was observed after FVIII infusions in two haemophilia A patients with
high responding inhibitors (FVIII:C of 3.2 and 6.5 IU/dl respectively).(77) In theory,
this normalization should result in a decreased bleeding tendency, which was indeed
observed in these two patients.
TEG evaluates the kinetics of formation, stabilization, and subsequent lysis of the
clot. In various experiments, the effect of treatment of factor Vila or factor VIII
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inhibitor bypassing activity (FEIBA) was tested using TEG in haemophilia A patients
(78-8°) anj jn a haemophilia B monkey model with inhibitors.(81) Treatment of patients
resulted in correction of the clotting times (time to initial clot formation and the time
to reach arbitrary clot strength) and, in the monkey model, the maximum amplitude
was corrected. Furthermore, Young et al used TEG to assess the effect of bypass
therapy in 16 haemophilia A patients with high inhibitor titres.(82) TEG allowed
individualization of treatment for each of the patients and resulted in more effective,
convenient, and less expensive treatment regimens.
TG measures the time-dependant changes in thrombin activity using a specific
fluorescence peptide substrate, which is cleaved by thrombin and releases a
fluorophore. TG is proposed as a sensitive and reliable method for assessing overall
clotting function in a haemophilic population with or without inhibitors.(83-86) TG
assays enable the monitoring of the in vivo thrombin-generating capacity of FVIIIbypassing agents, and thus might help to optimize treatment.(87)
In conclusion, a number of experimental methods are available that may contribute to
a better understanding of the relation between laboratory data and clinical fïndings in
haemophilia patients with inhibitors. However, these methods need to be fïirther
evaluated in order to explore their usefulness.

Conclusion
Development of accurate assays to measure inhibitor activity remains an essential
requirement in the diagnosis and monitoring of treatment o f patients with haemophilia
and inhibitors. The Nijmegen method has led to increased specifïcity and reduced
falsely positive results, but a more sensitive method of measuring inhibitor levels is
still needed. The various methodological shortcomings remain to be fully explored,
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and further standardization and optimization is required for improvement of these
assays. Moreover, the development of epitope-dependent inhibitor activity assays may
contribute to increased specifïcity of the assay, and may predict the in vivo
effectiveness of FVIII replacement therapy. Altematively, global clotting assays for
the study of FVIII inhibitors are available but need further evaluation.
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Figure 1: A schematic representation of the Nijmegen Assay

74

Factor VIII Inhibitor Assays

References
1. Vehar GA, Keyt B, Eaton D, et al. Structure of human factor VIIL Nature.
1984; 312(5992): 337-42.
2. Weiss HJ, Sussman II, Hoyer LW. Stabilization of factor VIII in plasma by the
von Willebrand factor. Studies on posttransfusion and dissociated factor VIII
and in patients with von Willebrand’s disease. J Clin Invest. 1977; 60(2): 39004.
3. Lollar P, Hill-Eubanks DC, Parker CG. Association of the factor VIII light
chain with von Willebrand factor. J Biol Chem. 1988; 263(21): 10451-55.
4. Fulcher CA, Roberts JR, Zimmerman TS. Thrombin proteolysis of purifïed
factor viii procoagulant protein: correlation of activation with generation of a
specific polypeptide. Blood. 1983; 61(4): 807-11.
5. Pipe SW. Functional roles of the factor VIII B domain. Haemophilia. 2009;
15(6): 1187-96.
6. Hultin MB. Role of human factor VIII in factor X activation. J Clin Invest.
1982; 69(4): 950-58.
7. Hultin MB. Role of human factor VIII in factor X activation. J Clin Invest.
1982; 69(4): 950-58.
8. van Dieijen G, Tans G, Rosing J, Hemker HC. The role of phospholipid and
factor V illa in the activation of bovine factor X. J Biol Chem. 1981; 256(7):
3433-42.
9. Gilles JG, Amout J, Vermylen J, Saint-Remy JM. Anti-factor VIII antibodies
of hemophiliac patients are frequently directed towards nonfunctional
determinants and do not exhibit isotypic restriction. Blood. 1993; 82(8): 245261.
10. Algiman M, Dietrich G, Nydegger UE, Boieldieu D, Sultan Y, Kazatchkine
MD. Natural antibodies to factor VIII (anti-hemophilic factor) in healthy
individuals. Proc Natl Acad Sci USA. 1992; 89(9): 3795-99.
11. Lollar P. Pathogenic antibodies to coagulation factors. Part one: factor VIII
and factor IX. J Thromb Haemost. 2004; 2(7): 1082-95.
12. Fijnvandraat K, Celie PH, Turenhout EA, et al. A human alloantibody
interferes with binding of factor IXa to the factor VIII light chain. Blood.
1998; 91(7):2347-52.

75

Chapter III

13. Acquemin M, Benhida A, Peerlinck K, et al. A human antibody directed to the
factor VIII C l domain inhibits factor VIII cofactor activity and binding to von
Willebrand factor. Blood. 2000; 95(1): 156-63.
14. Shima M, Scandella D, Yoshioka A, et al. A factor VIII neutralizing
monoclonal antibody and a human inhibitor alloantibody recognizing epitopes
in the C2 domain inhibit factor VIII binding to von Willebrand factor and to
phosphatidylserine. Thromb Haemost. 1993; 69(3): 240-46.
15. Lacroix-Desmazes S, Wootla B, Dasgupta S, et al. Catalytic IgG from patients
with hemophilia A inactivate therapeutic factor VIII. J Immunol. 2006;
177(2): 1355-63.
16. Chaney JD, Nielsen VG. Considerations for the hemophiliac patiënt with
inhibitors to factor VIII. Anesth Analg. 2001; 92(3): 785-86.
17. Goudemand J, Rothschild C, Demiguel V, et al. Influence of the type of factor
VIII concentrate on the incidence of factor VIII inhibitors in previously
untreated patients with severe hemophilia A. Blood. 2006; 107(1): 46-51.
18. Lusher JM, Lee CA, Kessler CM, Bedrosian CL. The safety and efficacy of Bdomain deleted recombinant factor VIII concentrate in patients with severe
haemophilia A. Haemophilia. 2003; 9(1): 38-49.
19. Lawrence JS, Johnson JB. The presence of a circulating anti-coagulant in a
male member of a hemophiliac family. Trans Am Clin Climatol Assoc. 1941,
(57): 223-231.
20. Biggs R, Bidwell E. A method for the study of antihaemophilic globulin
inhibitors with reference to six cases. Br J Haematol. 1959; 5: 379-95.
21. Rizza CR, Biggs R. The treatment of patients who have factor-VIII antibodies.
Br J Haematol. 1973; 24(1): 65-82.
22. Kasper CK, Aledort L, Aronson D, et al. Proceedings: A more uniform
measurement of factor VIII inhibitors. Thromb Diath Haemorrh. 1975; 34(2):
612.
23. Bemtorp E, Ekman M, Gunnarsson M, Nilsson IM. Variation in factor VIII
inhibitor reactivity with different commercial factor VIII preparations.
Haemophilia. 1996; 2(2): 95-99.
24. Astermark J, Voorberg J, Lenk H, et al. Impact of inhibitor epitope profile on
the neutralizing effect against plasma-derived and recombinant factor VIII

76

Factor VIII Inhibitor Assays

concentrates in vitro. Haemophilia. 2003; 9(5): 567-72.
25. Verbruggen B, Novakova I, Wessels H, Boezeman J, van den BM, MauserBunschoten E. The Nijmegen modifïcation of the Bethesda assay for factor
VIII:C inhibitors: improved specificity and reliability. Thromb Haemost.
1995; 73(2): 247-51.
26. Giles AR, Verbruggen B, Rivard GE, Teitel J, Walker I. A detailed
comparison of the performance of the Standard versus the Nijmegen
modifïcation of the Bethesda assay in detecting factor VIII:C

inhibitors

in the

haemophilia A population of Canada. Association of Hemophilia Centre
Directors of Canada. Factor VIII/IX Subcommittee of Scientifïc and
Standardization Committee of International Society on Thrombosis and
Haemostasis. Thromb Haemost. 1998; 79(4): 872-75.
27. Coutinho A, Kazatchkine MD, Avrameas S. Natural autoantibodies. Curr Opin
Immunol. 1995; 7(6): 812-18.
28. Kazatchkine MD, Sultan Y, Burton-Kee EJ, Mowbray JF. Circulating immune
complexes containing anti-VIII antibodies in multi-transfused patients with
haemophilia A. Clin Exp Immunol. 1980; 39(2): 315-20.
29. Dasgupta S, Navarrete AM, Andre S, et al. Factor VIII bypasses CD91/LRP
for endocytosis by dendritic cells leading to T-cell activation. Haematologica.
2008; 93(1): 83-89.
30. Dasgupta S, Navarrete AM, Bayry J, et al. A role for exposed mannosylations
in presentation of human therapeutic self-proteins to CD4+ T lymphocytes.
Proc Natl Acad Sci USA. 2007; 104(21): 8965-70.
31. Brandt JT, Triplett DA, Alving B, Scharrer I. Criteria for the diagnosis of
lupus anticoagulants: an update. On behalf of the Subcommittee on Lupus
Anticoagulant/Antiphospholipid Antibody of the Scientifïc and
Standardisation Committee of the ISTH. Thromb Haemost. 1995; 74(4): 118590.
32. Wilson WA, Gharavi AE, Koike T, et al. International consensus statement on
preliminary classification criteria for definite antiphospholipid syndrome:
report of an international workshop. Arthritis Rheum. 1999; 42(7): 1309-11.
33. Triplett DA. Protean clinical presentation of antiphospholipid-protein
antibodies (APA). Thromb Haemost. 1995; 74(1): 329-37.

77

Chapter III

34. Blanco AN, Cardozo MA, Candela M, Santarelli MT, Perez BR, Lazzari MA.
Anti-factor VIII inhibitors and lupus anticoagulants in haemophilia A patients.
Thromb Haemost. 1997; 77(4): 656-59.
35. Saxena R, Dhot PS, Saraya AK, Singh H, Malhotra OP. Simultaneous
occurrence of factor VIIIC inhibitor and lupus anticoagulant. Am J Hematol.
1993; 42(2): 232-33.
36. Saxena R, Mishra DK, Kashyap R, Choudhry VP, Mahapatra M, Bhargava M.
Acquired haemophilia A study of ten cases. Haemophilia. 2000; 6(2): 78-83.
37. Biron C, Durand L, Lemkecher T, et al. Simultaneous occurrence of lupus
anticoagulant, factor VIII inhibitor and localized pemphigoid. Am J Hematol.
1996; 51(3): 250-51.
38. Triplett DA, Asherson RA. Pathophysiology of the catastrophic
antiphospholipid syndrome (CAPS). Am J Hematol. 2000; 65(2): 154-59.
39. Harris EN, Pierangeli SS. “ Equivocal” antiphospholipid syndrome. J
Autoimmun. 2000; 15(2): 81-85.
40. Verbruggen B. Diagnosis and quantification of factor VIII inhibitors.
Haemophilia. 2010; (16): 20-24.
41. Chandler WL, Ferrell C, Lee J, Tun T, Kha H. Comparison of three methods
for measuring factor VIII levels in plasma. Am J Clin Pathol. 2003; 120(1):
34-39.
42. Scandella D, Gilbert GE, Shima M, et al. Some factor VIII inhibitor antibodies
recognize a common epitope corresponding to C2 domain amino acids 2248
through 2312, which overlap a phospholipid-binding site. Blood. 1995; 86(5):
1811-19.
43. Verbruggen B, Giles A, Samis J, Verbeek K, Mensink E, Novakova I. The
type of factor VIII deficient plasma used influences the performance of the
Nijmegen modification of the Bethesda assay for factor VIII inhibitors.
Thromb Haemost. 2001; 86(6): 1435-39.
44. Verbruggen B, van HW, Novakova I, Lillicrap D, Giles A. A 4% solution of
bovine serum albumin may be used in place of factor VTII:C deficient plasma
in the control sample in the Nijmegen Modification of the Bethesda factor
VIII:C inhibitor assay. Thromb Haemost. 2002; 88(2): 362-64.
45. Mannucci PM, Tripodi A. Factor VIII clotting activity. In: Laboratory

78

Factor VIII Inhibitor Assays

Techniques in Thrombosis. A Manual, 2nd ed. of ECAT Assay Procedures,
1999; 107-13.
46. DiMichele DM. Inhibitor treatment in haemophilias A and B: inhibitor
diagnosis. Haemophilia. 2006; 12(Suppl 6): 37-41.
47. Reding MT, Wu H, Krampf M, et al. Sensitization of CD4+ T cells to
coagulation factor VIII: response in congenital and acquired hemophilia
patients and in healthy subjects. Thromb Haemost. 2000; 84(4): 643-52.
48. D ’Oiron R Pipe SW, Jacquemin M. Mild/moderate haemophilia A: new
insights into molecular mechanisms and inhibitor development. Haemophilia.
2008; 14(Suppl 3): 138-46.
49. Scandella D, Mattingly M, de GS, Fulcher CA. Localization of epitopes for
human factor VIII inhibitor antibodies by immunoblotting and antibody
neutralization. Blood. 1989; 74(5): 1618-26.
50. Di Giambattista M, Branckaert T, Laub R. Mapping of natural anti-factor VIII
antibodies in plasma pools from healthy donors: use of rationally designed
synthetic peptides. Biologicals. 2001; 29(34): 229-32.
51. Scandella D, DeGraaf MS, Mattingly M, Roeder D, Timmons L, Fulcher CA.
Epitope mapping of human factor VIII inhibitor antibodies by deletion
analysis of factor VIII fragments expressed in Escherichia coli. Proc Natl
Acad Sci USA. 1988; 85(16): 6152-56.
52. van den Brink EN, Turenhout EA, Bank CM, Fijnvandraat K, Peters M,
Voorberg J. Molecular analysis of human anti-factor VIII antibodies by V
gene phage display identifies a new epitope in the acidic region following the
A2 domain. Blood. 2000; 96(2): 540-45.
53. Voorberg J, van den Brink EN. Phage display technology: a tooi to explore the
diversity of inhibitors to blood coagulation factor VIII. Semin Thromb
Hemost. 2000; 26(2): 143-50.
54. Villard S, Lacroix-Desmazes S, Kieber-Emmons T, et al. Peptide decoys
selected by phage display block in vitro and in vivo activity of a human antiFVIII inhibitor. Blood. 2003; 102(3): 949-52.
55. Foster PA, Fulcher CA, Houghten RA, Zimmerman TS. Synthetic factor VIII
peptides with amino acid sequences contained within the C2 domain of factor
VIII inhibit factor VIII binding to phosphatidylserine. Blood. 1990; 75(10):

79

Chapter III

1999-04.
56. Foster PA, Fulcher CA, Houghten RA, Zimmerman TS. A synthetic factor
VIII peptide of eight amino acid residues (1677-1684) contains the binding
region of an anti-factor VIII antibody which inhibits the binding of factor VIII
to von Willebrand factor. Thromb Haemost. 1990; 63(3): 403-06.
57. Foster PA, Fulcher CA, Houghten RA, Zimmerman TS. Synthetic factor VIII
peptides with amino acid sequences contained within the C2 domain of factor
VIII inhibit factor VIII binding to phosphatidylserine. Blood. 1990; 75(10):
1999-04.
58. Foster PA, Fulcher CA, Houghten RA, Zimmerman TS. A synthetic factor
VIII peptide of eight amino acid residues (1677-1684) contains the binding
region of an anti-factor VIII antibody which inhibits the binding of factor VIII
to von Willebrand factor. Thromb Haemost. 1990; 63(3): 403-06.
59. Di Giambattista M, Branckaert T, Hougardy V, Kemball-Cook G, Laub R. In
silico prediction of FVIII epitopes recognised by natural autoantibodies in
polyvalent immunoglobulin concentrates. Mol Immunol. 2007; 44(8): 190313.
60. Ansong C, Miles SM, Fay PJ. Epitope mapping factor VIIIA2 domain by
affinity-directed mass spectrometry: residues 497-510 and 584-593 comprise
a discontinuous epitope for the monoclonal antibody R8B12. J Thromb
Haemost. 2006; 4(4): 842-47.
61. Scandella D, Gilbert GE, Shima M, et al. Some factor VIII inhibitor antibodies
recognize a common epitope corresponding to C2 domain amino acids 2248
through 2312, which overlap a phospholipid-binding site. Blood. 1995; 86(5):
1811-19.
62. Albert T, Egler C, Jakuschev S, et al. The B-cell epitope of the monoclonal
anti-factor VIII antibody ESH8 characterized by peptide array analysis.
Thromb Haemost. 2008; 99(3): 634-37.
63. Villard S, Piquer D, Raut S, Leonetti JP, Saint-Remy JM, Granier C. Low
molecular weight peptides restore the procoagulant activity of factor VIII in
the presence of the potent inhibitor antibody ESH8. J Biol Chem. 2002;
277(30): 27232-39.
64. Kallas A, Talpsep T. von Willebrand factor in factor VIII concentrates protects

80

Factor VIII Inhibitor Assays

against neutralization by factor VIII antibodies of haemophilia A patients.
Haemophilia. 2001; 7(4): 375-80.
65. 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.
2001; 7(4): 369-74.
66. Auerswald G, Spranger T, Brackmann HH. The role of plasma-derived factor
Vlü/von Willebrand factor concentrates in the treatment of hemophilia A
patients. Haematologica. 2003; 88(6):EREP05.
67. Behrmann M, Pasi J, Saint-Remy JM, Kotitschke R, Kloft M. Von Willebrand
factor modulates factor VIII immunogenicity: comparative study of different
factor VIII concentrates in a haemophilia A mouse model. Thromb Haemost.
2002; 88(2): 221-29.
68. Amano K, Arai M, Koshihara K, et al. Autoantibody to factor VIII that has
less reactivity to factor VlII/von Willebrand factor complex. Am J Hematol.
1995; 49(4): 310-17.
69. Sukhu K, Keeling DM, Giangrande PL. Variation in inhibitor reactivity in
acquired haemophilia A with different concentrates. Clin Lab Haematol. 2000;
22(5): 287-90.
70. Suzuki T, Arai M, Amano K, Kagawa K, Fukutake K. Factor VIII inhibitor
antibodies with C2 domain specifïcity are less inhibitory to factor VIII
complexed with von Willebrand factor. Thromb Haemost. 1996; 76(5): 74954.
71. Tagariello G, Zanotto D, Radossi P, Sartori R, Belvini D, Salviato R. In vitro
reactivity of factor VIII inhibitors with von Willebrand factor in different
commercial factor VIII concentrates. Am J Hematol. 2007; 82(6): 460-62.
72. Salvagno GL, Astermark J, Ekman M, et al. Impact of different inhibitor
reactivities with commercial factor VIII concentrates on thrombin generation.
Haemophilia. 2007; 13(1): 51-56.
73. Verbruggen B, van HW, Budde U. Methodological shortcomings in
assessment of factor VIII concentrate inhibition. Haemophilia. 2007; 13(5):
680-81.
74. Downey C, Kazmi R, Toh CH. Novel and diagnostically applicable
information from optical waveform analysis of blood coagulation in

81

Ckapter III

disseminated intravascular coagulation. Br J Haematol. 1997; 98(1): 68-73.
75. Chen A, Teruya J. Global hemostasis testing thromboelastography: old
technology, new applications. Clin Lab Med. 2009; 29(2): 391-07.
76. Bemtorp E, Salvagno GL. Standardization and clinical utility of thrombingeneration assays. Semin Thromb Hemost. 2008; 34(7): 670-82.
77. Shima M. Understanding the hemostatic effects of recombinant factor Vila by
clot wave form analysis. Semin Hematol. 2004; 41(1 Suppl 1): 125-31.
78. Shima M, Matsumoto T, Fukuda K, et al. The utility of activated partial
thromboplastin time (aPTT) clot waveform analysis in the investigation of
hemophilia A patients with very low levels of factor VIII activity (FVIII :C).
Thromb Haemost. 2002; 87(3): 436-41.
79. Matsumoto T, Shima M, Takeyama M, et al. The measurement of low levels
of factor VIII or factor IX in hemophilia A and hemophilia B plasma by clot
waveform analysis and thrombin generation assay. J Thromb Haemost. 2006;
4(2): 377-84.
80. Austen DE, Lechner K, Rizza CR, Rhymes IL. A comparison of the Bethesda
and New Oxford methods of factor VTII antibody assay. Thromb Haemost.
1982; 47(1): 72-75.
81. Yoshioka A, Nishio K, Shima M. Thrombelastogram as a hemostatic monitor
during recombinant factor Vila treatment in hemophilia A patients with
inhibitor to factor VIII. Haemostasis. 1996; 26(Suppl 1): 139-42.
82. Ingerslev J, Christiansen K, Calatzis A, Holm M, Sabroe EL. Management and
monitoring of recombinant activated factor VII. Blood Coagul Fibrinolysis.
2000; 11 (Suppl 1): S25-S30.
83. Hayashi T, Tanaka I, Shima M, et al. Unresponsiveness to factor VIII inhibitor
bypassing agents during haemostatic treatment for life- threatening massive
bleeding in a patiënt with haemophilia A and a high responding inhibitor.
Haemophilia. 2004; 10(4): 397^00.
84. Tomokiyo K, Nakatomi Y, Araki T, et al. A novel therapeutic approach
combining human plasma-derived Factors Vila and X for haemophiliacs with
inhibitors:

evidence of a higher thrombin generation rate in vitro and more

sustained haemostatic activity in vivo than obtained with Factor Vila alone.
Vox Sang. 2003; 85(4): 290-299.

82

Factor VIII Inhibitor Assays

85. Young G, Ebbesen LS, Viuff D, et al. Evaluation of thromboelastography for
monitoring recombinant activated factor VII ex vivo in haemophilia A and B
patients with inhibitors: a multicentre trial. Blood Coagul Fibrinolysis. 2008;
19(4): 276-282.
86. Barrowcliffe TW, Kemball-Cook G, Gray E. Binding to phospholipid protects
factor Vni from inactivation by human antibodies. J Lab Clin Med. 1983;
101(1): 34-43.
87. Turecek PL, Varadi K, Keil B, et al. Factor VIII inhibitor-bypassing agents act
by inducing thrombin generation and can be monitored by a thrombin
generation assay. Pathophysiol Haemost Thromb. 2003; 33(1): 16-22.

83

The factor VIII inhibitor
assays can be standardized:
results of a workshop
Bert Verbruggen, Myriam Dardikh, Robert Polenewen,
Clint van Duren and Piet Meijer
Journal o f thrombosis and haemostasis 2011; 2003-8

Chapter IV

Abstract
The Bethesda and the Nijmegen assays are commonly used for the measurement of
inhibitor levels in hemophilia A patients. Despite test innovations, the betweenlaboratory coëfficiënt of variation (CVb) of factor VIII inhibitor test data in external
quality surveys remains very high (40-60%) with a high degree of false-negative and
false-positive results resulting in undesired effects on treatment.
A workshop is organized in order to address the causes of this phenomenon and to
suggest ways to improve the assays. Fifteen laboratories showing a high CVb in
regular surveys and using a variety of methods participated in the wet workshop,
which included four different sessions where variables probably contributing to the
high CVb (e.g. use of non-buffered plasma, FVIII- deficient plasma, sample dilution
and APTT reagents) were investigated.
The CVb varied from 30% to 70% in the first session of the workshop when the
participants used their own test settings and reagents. The use of buffered normal
pooled plasma and FVHI-deficient plasma as a reference sample by all participants
did not significantly alter the CVb (35-50%) but decreased the number of false
positives. However, the use of buffered pooled plasma in combination with
standardized sample dilution procedures by all participants showed a significant
improvement (CVb, 10- 20%).
These results may contribute to improvement of FVIII inhibitor testing. However,
improved inter- laboratory comparison of factor VIII inhibitor assay results can only
be reached when further local standardization is implemented.
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Introduction
Factor VIII (FVIII) inhibitors are immunoglobulins that recognize and bind functional
epitopes on the FVIII molecule, thereby inhibiting the functionality of the protein. The
immunological processes that lead to the formation of the inhibitors may be autologous or
allogeneic. Autologous FVIII inhibitors have been described in individuals with previously
normal haemostasis and may develop by a deregulation of the immune system with
generally no underlying associated disease.(1-3) These patients generally have a severe
bleeding pattem characterized by massive hematomas. Allogeneic FVIII inhibitors may
develop in patients with congenital FVIII deficiency after treatment with FVIII
concentrates.(4) Haemophilic patients with FVIII inhibitors may be clinically recognized
by having an increased bleeding tendency, frequently from unusual sites, which results in a
strong need for FVIII supply due to a low recovery and a shortened half-life. However, a
clinical suspicion of the presence of FVIII inhibitors has to be confxrmed by objective
laboratory tests as the clinical fmdings are not pathognomonic for inhibitors. All FVIII
inhibitor assays are based on a universal principle of measuring the decrease of clotting
FVIII activity in a mixture of an exogenous source of FVIII (e.g. normal pooled plasma)
and the putative inhibitor containing plasma, relative to a reference measurement with the
same method substituting the patiënt plasma by a FVIII-defïcient plasma sample that does
not contain FVIII inhibitors. The most commonly used methods are the Bethesda assay(5)
and the Nijmegen assay,<6) a modification of the Bethesda assay with improved sensitivity
and specificity. a> From the data of extemal quality surveys it became clear that a high
number of laboratories used some kind of mix of the Bethesda and the Nijmegen assay (i.e.
buffered normal pooled plasma as substrate plasma [Nijmegen method] and Imidazole
buffer as reference sample [Bethesda method]).(8) Although several papers have been
published on the standardization of the FVIII inhibitor assays,(9_I1) the between-laboratory
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coëfficiënt of variation in extemal quality surveys is very high (40% or more), with a high
number of false-positive and false-negative results, without a tendency for improvement in
tim e.(8) However, for a number of reasons reliable inhibitor assays are needed for the safe
and accurate treatment of patients. Firstly, the earlier an inhibitor is detected the better may
be the outcome of the therapy.(12,13) Furthermore, in clinical practice, false-negative test
results will leave patients at risk of bleeding complications because of long-term
insufficiënt treatment caused by inhibitor- driven unexpected rapid clearance of FVIII from
the circulation.(l4,l5) In contrast, false-positive tests will result in overtreatment and
unnecessary high costs, but most of all may have an undesired and aggravating
psychological impact on both patiënt and environment. Inadequate monitoring of inhibitorpositive patients will disturb the therapy and will cause confusion for patiënt and treating
doctor. Finally, large between-laboratory variability in FVIII inhibitor assays may hamper
the transferability of test results between clinical centres. This is not only important for
multicentre clinical trials but also for individual haemophilic patients who nowadays even
travel for business or leisure.
It can be concluded that there is an urgent need for better standardization of FVIII inhibitor
tests. Therefore, in an attempt to improve the reliability of inhibitor assays a wet workshop
on FVIII inhibitor assays was organized. The aim of the workshop was to investigate
components that contribute to the high between-laboratory variability of the results of the
FVIII inhibitor assays observed in ECAT surveys and to establish minimum assay
conditions for a reliable FVIII inhibitor measurement.

Materials and methods
Factor VIII inhibitor-positive samples (n = 6) were prepared by diluting samples with high
inhibitor activities with immune- depleted FVIII-deficient plasma (von Willebrand content
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(K)
64%; Technoclone , Vienna, Austria) as described below. The nominal values of the
FVIII inhibitor activity of the samples were assessed in a reference laboratory using the
Nijmegen methodology. Monoclonal antibodies against the FVIII C2 domain (ESH-8) and
against the A l domain (ESH-5) were purchased from American Diagnostica Inc.
(Stamford, CT, USA) and diluted to a fïnal activity of 1.6 BU mL'1 (sample 1) and 0.8 BU
mL'1 (sample 2). Citrated plasma of a haemophilia A patiënt with high titre FVIII
inhibitors was diluted to a fïnal activity of 1.4 BU mL'1 (sample 3) and 0.7 BU mL'1
(sample 4). High titre purifïed polyclonal FVIII antibody derived from a haemophilia
patiënt who developed inhibitors during treatment with FVIII products(16) was diluted to a
fïnal activity of 2 BU mL'1 (sample 5) and 15 BU mL'1 (sample 6). FVIII- deficient plasma
(F)
without inhibitors (Technoclone ) was used as a negative sample (sample 7).
FVIII activity assays for the inhibitor quantifïcation in the pre-workshop survey and during
the various sessions o f the workshop were performed with modifïed one-stage assays using
different types of APTT reagents (APTT SP and Synthasil from IL®; APTT BM, APTT
Kaolin and Cephascreen from Stago®; Actin FS and Pathromtin SL from Siemens®;
APTT S and APTT HS from Trinity Biotech®) and FVIII-deficient substrate plasma from
various manufacturers: Diagnostica Stago, Asniéres sur Seine, France; Siemens Healthcare
Diagnostics, Eschbom, Germany; Precision Biologie Inc, Dartmouth, Canada; Laboratory
Instrumentation Laboratory, Bedford, MA, USA; Trinity Biotech, Wicklow, Ireland;
Merck, Whitehouse Station, NJ, USA.
Calibrator plasmas used for mixing with the inhibitor samples and for calibration of the
FVIII activity assay were mostly home-made (FVIII activity 0.9-1.0IU mL'1, n = 9); the
remaining were from Technoclone® (FVIII activity 1 IU mL'1, n = 2), Siemens® (FVIII
activity 0.9 IU mL"1), Stago® (Unicalibrator®, FVIII activity 0.9 IU mL"1) and Precision
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Biologics® (Cryocheck®, FVIII activity 0.68 IU mL'1, n = 2). STA-Rack and STA
Evolution coagulation analyzers were used during the workshop for the analysis of FVIII
activity. All other equipments (e.g. pipettes, pH meters and incubators) were calibrated
(R)

before the workshop. Imidazole (Merck ) was dissolved in distilled water to a
concentration of 4 mol L"1 and the pH was adjusted to 7.4.

Factor VIII inhibitor assays
All participants of the pre-workshop survey and the wet workshop used either the Bethesda
assay(5) or the Nijmegen assay, (6> or a variant of either of these assays (see section
selection of workshop participants). The basic procedure of both assays is a 2h incubation
of patiënt samples with 0.1 mol L'1 Imidazole-buffered (pH 7.4, Nijmegen method) or
non-buffered (Bethesda method) normal pooled plasma with a FVIII activity of 100%, and
a reference mixture of test-specific normal pooled plasma with factor VlII-deficient plasma
(Nijmegen method) or 0.1 mol L"1Imidazole buffer pH 7.4 (Bethesda method).
After incubation the residual FVIII activity (the relative percentage of factor VIII activity
in the patiënt mixture compared to the reference mixture) is transferred to inhibitor Units
mL-1 , where one inhibitor Unit is defïned as the amount of inhibitor that results in 50%
residual FVIII activity. Inhibitor activity of patiënt samples is read from a semi-logarithmic
plot representing the correlation between residual FVIII activity (logarithmic) and inhibitor
activity (linear). The regression line is fully defïned by 100% residual FVIII activity with
no inhibitor and 50% residual FVIII activity with 1 IU inhibitor mL'1.
Pre-workshop survey
A pre-workshop survey was carried out in 51 laboratories within Europe in order to be able
to make a selection of laboratories for participation in the workshop. The 51 laboratories
were selected from the approximately 175 regular participants of the ECAT extemal
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quality assessment program on the basis of a high variety in methodology and test results.
Seven plasma samples mentioned above were sent by the ECAT Foundation to selected
sites for analysis of FVIII inhibitor activity. The laboratories were asked to perform the
assays in the local laboratories according to their regularly used routine method for FVIII
inhibitor testing. The results were reported back to the ECAT.
Selection o f the workshop participants
Afiter having reported the results of the 51 laboratories, 15 centres were invited for the
workshop according to two criteria. Firstly, the laboratories invited were representing
equally the following four method-groups: (i) users of the pure Bethesda assay; (ii) users
of the pure Nijmegen assay; (iii) users of the Bethesda assay, but with FVIII-deficient
plasma as a reference sample instead of Imidazole buffer; and (iv) users of the Bethesda
assay with buffered normal plasma as the FVIII source instead of non-buffered normal
pooled plasma. Secondly, the between- laboratory coefïïcients of variation (CV) of the test
results of the various samples of the 15 invited laboratories were identical to those of the
pre-workshop survey of the 51 laboratories.
Design o f workshop
During the workshop, in four 4h sessions, the identical samples of the pre-workshop
survey were analyzed by representatives of the participating laboratories. The analytical
conditions of the sessions are summarized in Table 1.Participants used Standard report
forms for the presentation of their results. All raw measurement data were re-evaluated by
the investigators to avoid any clerical or calculation error in the reported results.
Data evaluation
GRAPHPAD software (Prism for Mac OS X, version 5.0d; Graphpad software, Inc, La
Jolla, CA, USA) was used for statistical analysis and graphical representation.
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Results
All laboratories (n = 51) that were invited to participate in the pre-workshop survey
reported back the results, giving a response rate of 100%. The mean results and the
coefficients of variation (CV) of the six inhibitor-positive samples did not differ between
the results of the 51 laboratories and the 15 laboratories that were selected for the
workshop (t-test and F- test, P > 0.05), which excluded a selection bias (Table 2). The
measured inhibitor activity of the inhibitor-free sample (sample 7) in the pre-workshop
survey and in the fïrst workshop session varied from 0.0 BU mL'1to 1.25 BU mL'1 (n = 15,
mean 0.2 BU mL'1) and from (0 BU mL"1 to 0.6 BU mL"1), respectively (Fig. 1, slightly
negative results were noted as ‘0’). The results of participants who used their own nonbuffered normal pooled plasma (Fig. 2, square symbols, n = 5) are significantly higher (ttest, P < 0.02) than the results of participants who used commercial plasmas that are
presumed to be buffered (open triangles, n = 5) or buffered home- made normal pooled
plasma (closed triangles, n = 5). In contrast, in session two, when all participants used their
home reagents but with the normal substrate plasma buffered and FVIII deficient plasma as
a reference sample, the measured inhibitor activity varied from 0 to 0.20 BU mL'1 with a
mean of 0.00 BU mL"1. The results from sessions 3 and 4 were similar to these results
(Figure 1).
The means and the between-laboratory CVs of the results of the pre-workshop survey and
of the four sessions of the workshop for the inhibitor-containing samples are shown in
Table 2. No significant changes (F-test, P > 0.05) in the CVs were observed during the first
two workshop sessions compared with the pre-workshop results. During the first two
workshop sessions the participants used sample dilution rates that were identical to those
used in the pre-workshop survey and were dependent on the participants’ local procedures.
For the inhibitor-positive samples 1-5 the dilution rates varied from 1 (undiluted) to 10; for

92

----------------------

The factor VIII inhibiior assays can be slandardized: results o f a workshop

---------------------

sample 6 the dilution range varied from 1 to 20. A strong correlation (two-tailed, Spearman
rank) was observed between the dilution factor and the measured inhibitor activity in all
samples, even in session 2 when all participants used a standardized assay. In Figure 3 this
is shown for sample 1 (P < 0.01) and sample 6 (P < 0.001). Additionally, the effect of the
type of diluents on the measured activity was also investigated. In all samples where the
buffer was used as sample diluent the mean results were significantly higher compared
with assays with FVIII-deficient plasma as sample diluents (t-test, P < 0.02), and the latter
results were significantly higher (P < 0.03) compared with undiluted samples. The results
of session 2 of sample 1 that are representative for all other samples are shown in Table 3.
A significant (F test, P < 0.05) decrease of between- laboratory CVs appeared in all
samples in the third session when universal buffered normal pooled plasma and universal
reference sample (FVIII-defïcient plasma) were used in combination with a universal
dilution strategy. A further decrease of between-laboratory CVs was observed in the fourth
session in samples 2 ,3 and 6 when all participants used a universal method and universal
reagents, including universal APTT reagent, for the assay of residual FVIII activity.
Moreover, the mean activities of samples 1 and 2 were significantly lower and of samples
3 and 4 significantly higher (paired t-test, P < 0.05) in session 3 compared with session 2.
There were no significant differences between the inhibitor activity results and the nominal
value, which were assessed by the reference laboratory before the workshop.
The participant from the reference laboratory used the same reagents and procedures
during the pre-workshop survey and the four sessions of the workshop as the final
procedure in the fourth session was identical to the home method of the reference
laboratory. The statistical data of these results are presented in Table 4. These data may be
representative of the intra-laboratory variation.
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Discussion
The variability of the results of the pre-workshop survey and of the fïrst session of the
workshop, when participants used their regular home reagents and procedures, was largely
identical (Table 2), confirming the historical data of extemal quality surveys conceming
the high between-laboratory variation.
In the pre-workshop survey and in session 1 the measured inhibitor activities of the
inhibitor-negative sample (sample 7) were increased to as high as 1.25 BU mL"1 (Figure 1).
Four out of five results that were higher than 0.2 BU m L 1, in the survey and in session 1,
were obtained from assays with non-buffered homemade normal pooled plasma as
substrate plasma in the incubation mixture. In contrast, the results of eight out of 10
participants who used buffered homemade normal pooled plasma or commercial plasma,
which is presumed to be buffered, showed an inhibitor activity of < 0.2 BU mL'1. The
inhibitor activity of this sample tumed to values between 0 and 0.2 BU mL'1 when all
participants buffered the normal substrate plasma and used FVIII-defïcient plasma as a
reference sample in sessions 2, 3 and 4. These results clearly show that buffering the
normal pooled plasma in combination with the use of FVIII-deficient plasma as a reference
sample strongly increases the specifïcity of the assay, as was already reported years ago.(7)
However, in spite of the improved specifïcity of the assay in session 2, the variability of
the assay results of the inhibitor- positive samples did not improve compared with session
1 (Table 2).
There may be a number of reasons for this phenomenon. Firstly, the inhibitor activity is
highly influenced by the sample dilution factor (Fig. 3A,B, Table 3), giving a higher
activity at an increasing dilution factor. Some laboratories always use high dilutions for the
test plasma (e.g. 1:10), even when inhibitor activities are lower than 2 BU mL'1, where
undiluted samples would be sufficiënt. In samples with low inhibitor activity, this will
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result in very low results in the analysis giving increased variability after correction for the
dilution. This phenomenon highly contributed to the high CV in session 2 in the samples
with low inhibitor activity (samples 1-5). Moreover, also the type of diluents interferes
with this sample dilution phenomenon. In sample 1, four participants used undiluted
samples, resulting in inhibitor activity ranging from 1.5 to 1.9 BU mL'1, whereas 7 out of
15 participants used imidazole- buffer diluted samples (dilution factor 2-5) giving a mean
inhibitor activity of 4.7 BU mL'1. In contrast, three participants, who used FVIII-defïcient
plasma as diluents, received a mean activity of 2.9 BU mL'1despite even higher dilutions
(dilution factor 2-10) compared with the use of buffer dilutions. Identical data were found
in the remaining inhibitor-positive samples. From earlier w ork(6) it is known that FVIII is
less stable in aqueous dilutions and therefore it is likely that in mixtures with highly diluted
samples with buffer diluent there is an increased non-specifïc inactivation of FVIII
resulting in higher than expected inhibitor titres. It can thus be concluded that the dilution
factor and the type of diluent greatly influences the inhibitor results. An additional source
of variability is the use of too low rates of test plasma dilutions. Some laboratories used
low dilutions in the sample with a high inhibitor activity (sample 6), resulting in a residual
activity lower than 20%; the results of these dilutions are unreliable(5> and will give falsely
low inhibitor activities.
All these fmdings explain the high variability, even when the assay itself has been
standardized, as was the case in session 2. The assay of the inhibitor samples was
standardized in sessions 3 and 4 by using universal buffered normal pooled plasma,
universal reference sample (FVIII-defïcient plasma) and universal dilutions of the inhibitor
samples. In session 3 the assay of the residual FVIII activity was performed by each
laboratory’s own method whereas, in session 4 this step was further standardized by using
universal reagents.
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The CV in session 4 improved slightly (samples 1,4 and 5) to strongly (samples 2, 3 and
6) as compared with session 3. These results indicate an effect of the used APTT reagent
for the FVIII activity assay as this was the main difference between these sessions. Indeed,
assays with Actin FS® (Siemens®) showed the lowest values in all samples in session 3,
where assays with APTT SP® and Synthasil® (both from IL®) were consequently at the
higher end of the range (data not shown). However, insufficiënt data are available to draw
defïnite conclusions about the contribution of the APTT reagent to the CV of the inhibitor
test. To solve this problem a post-workshop survey has to be performed with local and
universal APTT reagent.
The between-laboratory CVs in session 4 varied from 5.2% (sample 2, 0.9 BU mL'1) to
13.4% (sample 4, 0.5 BU mL'1) and are very close to the inter-assay CV of the reference
laboratory (4.0% to 11.3%, Table 4). These data indicate that the between-laboratory CV
with users of universal APTT- reagent may reach the level of the intra-laboratory CV,
representing the liquid handling (operators) factor, when the performance of the assay will
be optimally standardized. A further decrease of the between-laboratory CV may not be
expected as the between-laboratory CV of the FVIII assays in ECAT surveys also amounts
about 10%.(17) In conclusion, the data of the pre-workshop survey and of the workshop
itself show that, despite the efforts that were put into standardization procedures, the
comparability of FVIII inhibitor assay results between different laboratories is still
problematic. The extent of the variability exceeds the allowable limit as it has been shown
that it influences patiënt management decisions.(TI) However, as is shown in sessions 3
and 4, a reliable performance with a low variability between laboratories can be reached.
Therefore, laboratories need at least to include in their local procedures the use of buffered
normal pooled plasma as the substrate and the use of FVIII-deficient plasma as the
reference sample. Conceming the pre-analytical treatment of test samples, these should
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only be diluted to a minimum extent and with FVIII-deficient plasma as diluent.
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Table 1 Methods and materials (analytical conditions) that were used in the pre-workshop survey
(session 0) and in the four sessions of the workshop

Session
0
1
2

3

4

Analytical condition
Pre-workshop survey / home method.
Repeat home method on central location, with reagents and dilutions as used
in the pre-workshop survey.
Nijmegen method with own reagents: buffered (own) NP / FVIII-defïcient
plasma as reference sample / dilutions as used in survey / own reagents for
FVIII measuTement.
Nijmegen method with universal incubation conditions: buffered universal
NP / universal FVIII-deficient plasma / universal dilutions / own FVIII
deficient plasma and reagents for FVIII measurement.
Nijmegen assay with universal reagents / universal dilutions / universal
reagents for FVTII measurement

NP: Normal pooled plasma
FVIII: factor VIII.
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samples in the two pre-workshop surveys, in 51 respectively and the selected 15 laboratories in the
four sessions of the workshop. The inhibitor activities are expressed in U mL"1 (between brackets)
as percentage and the coëfficiënt of variation
Pre-Workshop Survey

Workshop

Results

Sample no.
(Nominal
inhibitor
activity)

51
laboratories

Laboratories
selected for
the w orkshop

Session 1

Session 2

Session 3

Session 4

1
(1.6 U m L 1)

2.32
(35.8%)

2.69
(42.6%)

2.97
(39.0%)

3.40
(40.7%)

1.94
(9.6%)

1.93
(7.6%)

2

0.79
(49.0%)

1.02
(30.6%)

1.33
(69.1%)

1.18
(51.4%)

0.90
(14.1%)

0.94
(5.2%)

0.97
(41.2%)

1.16
(38.6%)

1.17
(30.2%)

0.98
(34.6%)

1.18
(12.5%)

1.16
(6.4%)

(0.7 U m L )

0.44
(69.5%)

0.59
(68.7%)

0.61
(45.2%)

0.50
(42.8%)

058
(14.7%)

0.50
(13.4%)

5
(2.0 U mL *)

1.74
(36.0%)

1.74
(37.1%)

2.34
(41.0%)

2.31
(35.7%)

2.32
(12.8%)

2.22
(12.0%)

6

11.0
(35.8%)

11.5
(44.3%)

14.9
(41.3%)

17.0
(38.1%)

15.5
(10.1%)

14.6
(5.8%)

46.8

43.6

44.3

40.6

13.8

8.4

<0.8 ü m L ')
3
(1.4 U m L )

4

(15 U m L )

Mean CV
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Table 3 Range and mean (between brackets) of the inhibitor activities of sample 1 in session 2,
categorized according to the sample pre-dilution strategy

Type of diluting
medium

Diluting rate
(l=undiluted)

No. of laboratories

n.a.

1

4

Range of inhibitor
activity NBU/ml
(mean)
1.5-1.9 (1.7)

FVIII deficient
plasma

2-10

4

2.2-4.0 (2.9)

Buffer

2-5

7

3.4-S.6 (4.7)

FVIII: Factor VIII
n.a: not applicable
U: Unites

Table 4 Mean, Standard deviation (SD) and coëfficiënt of variation (CV) of the results of the
six inhibitor-positive samples measured in the pre- workshop and the four sessions of the
workshop by the reference laboratory

Sample
1
2
3
4
5
6

SD
0,11
0,11
0,01
0,06
0,10
1,44

Mean (BU ml'1)
1,92
1,06
1,21
0,53
2,22
15,85

100

CV (%)
5,6
10,4
4,0
11,3
4,4
9,1

The factor VIII inhibitor assays can be standardized: results o f a workshop

Sample7
1.41.31 . 2-

J

1’1"

& 1.0 -

a

X 0.9'

M 0.8-1
|

0.7'

!.,h

1 0-5| 0.4^ 0.30.2

:

•

0.1H

-t
Pre-workshop

Session 1

Session 2

Session3

Figure 1 Individual inhibitor activities (expressed in BUmL"1) of the inhibitor-negative sample
measured by the participating laboratories during the pre-workshop survey and the workshop
sessions 1—4
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Figure 2 Individual inhibitor activities of the inhibitor-negative sample measured by all workshop
participants in sample7 during session 2. The results were categorized according to the type of
normal plasma that was used as substrate plasma in the incubation with patiënt plasma: ■=
laboratory’s own non-buffered normal pooled plasma; 4 = commercially pooled plasma, not
additionally buffered; *= laboratory’s own buffered normal pooled plasma
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Figure 3 Relationship between inhibitor activities and sample pre-dilution factors of samples six
(A) and one (B) measured by the participating laboratories in session 2.
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The most serious complication in the treatment of haemophilia A (HA) patients with
factor (F) VIII concentrates is the development of inhibitors(1). The Standard
treatment for eradication of the inhibitors is immune tolerance induction (ITI) therapy
<2>that is based on long-term daily injections of high concentrations of FVIII protein

with the aim of obtaining tolerance. Despite the intensive FVIII supply, ITI therapy is
greatly complicated by bleeding episodes<3). In 2002, an international multicentre
prospective randomized trial was started in order to investigate the optimal dose (50
IU kg 1 thrice weekly vs. 200 U kg day"1 ) for the eradication of the in h ib ito rs.T h e
trial was terminated by the end of 2009 for ethical reasons, because it became clear
that treatment with the high dose (200 U kg"1 day'1) rendered significantly less
bleeding complications compared with the low-dose treatment. This fïnding of
bleeding discrepancy between the two dose regimens persisted even in the post-ITI
prophylactic phase (although not significant, P = 0.088), during which the inhibitors
were not detectable with the established assays.(5)
In our Haemophilia Treatment Centre in Nijmegen, we also recorded an abnormal
high need for FVIII supply to prevent bleedings in the early post-ITI phase with
formerly inhibitor - positive patients. We hypothesized that patients in the early postITI phase still have low-titre inhibitors that cannot be detected with the established
assays, but contribute to rapid disappearance from the circulation of FVIII. The
putative low- titre inhibitors may, therefore, be responsible for the higher bleeding
risk in this stage of treatment. In order to test this hypothesis we developed a low-titre
inhibitor assay that is 20 times more sensitive than the commonly used (Nijmegen)
assay.
The method is based on concentration of the test plasma by selective protein fïltration
and quantification of the inhibitor titre by a mixing assay as described below. At first,
residual FVIII that may interfere with the test was removed from both the test and
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reference (FVIII-defïcient plasma) samples by heating the plasma samples for 1.5 h at
58 °C followed by a short centrifugal step (2 min at 18 000 g). This procedure also
inactivated all other coagulation factors. Thereafter, 0.5 mL of the supematant plasma
was centrifuged for 45 min at 4200 g at room temperature in an Ultra-Free®-4
centrifugal filter unit with a nominal molecular weight limit of 100 kD (Millipore®,
Billerica, MA, USA). The concentrates were collected from the filter unit and mixed
in a ratio of 3:1 with 0.1 mol L"1 Imidazole buffered normal pool plasma, pH 7.4.
After incubation at 37 °C for 2h, the remaining FVIII activity was assayed by a
chromogenic substrate method (Coatest® SP Factor VIII, IL®, Bedford, MA, USA)
according to the manufacturer’s instructions. The residual activity was defined as the
percentage of remaining FVIII activity in test plasma compared with reference
plasma. The inhibitor activity, expressed in Bethesda Units, was calculated with the
following algorithm: inhibitor activity (BU mL’1) representing the original algorithm
of the Bethesda assay(6) with corrections for the degree of IgG concentration (‘c’) and
factor 2 for the altemative ratio of test plasma to normal plasma. The IgG
concentration factor was determined by measuring IgG concentration in native plasma
and in concentrates. Because of small variations in the assay some results were
slightly negative (between - 0.01 and 0.00); these results are reported as
0.00 BU mL-1.

BU Ml _1 = (2 —log residual activity)/(0.3010 X 2c)

The Nijmegen method was performed as described previously.(7) Pharmacokinetic
studies were performed by intravenous infusion of ± 25 IU FVIII concentrate per
kilogram bodyweight. CTAD (Vacutainer, Becton Dickinson, Plymouth, UK)
(Citrate-Theophylline-Adenosine-Dipyrida- mole) plasma was obtained before the
infusion and 5,10,15,20, 30,40, 50 and 60 min and 2,4, 6, 8,10 and 24 h after the
109

------------------------------------------ Ckapier V -------------------------------------------infusion. The plasma samples were analysed for FVIII: C activity and von Willebrand
factor (VWF) ristocetin cofactor activity. FVIII half-life was calculated using noncompartmental analysis. The reference interval of the low-titre FVIII inhibitor assay
was assessed in a cohort of normal, healthy persons (n = 9) who had no history of
bleeding and in a cohort of severe HA patients (n = 7) without a history of inhibitors
and a normal FVIII half-life (mean 8.2 h, range 6.4 - 11.0 h) after infusion of FVIII
concentrates. In both groups, the measured inhibitor activity ranged from 0.00 to 0.03
BU mL’1, giving a cut-off value for the low-titre assay of 0.03 BU mL"1.
Thereafïter, the low-titre assay was performed in consecutive samples of severe
haemophilia A patients (n = 7) with a recent history of inhibitors. The patients had
been treated according to various regimens of ITI therapy (patients I—III in Nijmegen,
patients IV-VII in Bonn) and had reached tolerance shortly before study inclusion
according to a normalized Nijmegen inhibitor assay (titre < 0.6 BU). The treatment of
these patients then was changed to a prophylactic strategy with the objective of
preventing bleedings. The fïrst sample after reaching tolerance in patients I-VI
showed increased inhibitor titres ranging from 0.09 to more than 0.8 BU in
combination with decreased half-life (patients I—III) or low FVIII activity after FVIII
administration (patients IV-VI) (Table 1). Patiënt VII showed normal low-titre results
together with low FVIII recovery, indicating an altemative reason for the latter
phenomenon. In order to rule out that the increase of inhibitor titres in this assay was
due to a non-specifïc or matrix phenomenon because of the concentration procedure,
the native inhibitor-positive samples were passed through a Protein A Sepharose
column to remove the IgG fraction containing the inhibitor and analysed again with
the low-titre assay. The inhibitor activity with the low-titre assay of all purifïed
samples appeared to be zero, indicating that the increase in titre after concentration is
IgG specific and is not influenced by other factors.
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The FVIII half-life of patients I and II and the FVIII recovery of patiënt IV
normalized after Iong-term prophylactic treatment of the patients with FVIII products
parallel to normalization of the low-titre assay (Table 1). The low-titre assay of
patiënt III also normalized, but the half-life of FVIII remained very short, probably
caused by a low VWF level in this patiënt (about 30%). The FVIII recovery in
patients V and VI remained low in combination with increased low titre results.
The commonly used Nijmegen and Bethesda FVIII inhibitor assays exhibit a poor
sensitivity for low-titre inhibitors. For this reason no data are available describing the
effect of these marginal inhibitors on the kinetics of infused FVIII. Therefore, we
developed a new FVIII inhibitor method based on the Nijmegen assay with a
detection limit as low as 0.03 BU mL"1. With this assay we could demonstrate that
low-titre inhibitors are still present in the early post-ITI phase in haemophiliacs who
have been treated or FVIII inhibitors. These low-titre inhibitors dccrcasc the half-life
and the recovery of infused FVIII products. As the efficacy of treatment of HA
patients is greatly influenced by the length of time an individual spends with a low
level of coagulation FV III(8), our data may explain the frequent occurrence of
bleeding in the aforementioned patients. This finding will be investigated further in
patients included in the international ITI study.<4)
Implementation of this new assay for monitoring patients suspected of having lowtitre inhibitors will not only increase the efficacy of the treatment but will also avoid
frequent pharmacokinetic studies.

111

------------------------------------------------------------------------------------------------------------

Chapter V

------------------------------------------------------------------------------------------------------

Acknowledgements
We are grateful to P. Brons for inclusion of paediatric patients in this study, to K.
Verbeek and R. Polenewen for their skilful technical laboratory assistance and to I.
Dielen, H. van Wanroy and C. Liem for performing the pharmacokinetic studies.

Figure 1

Hcating tbc samples and control (« 58 C for 1.5h

♦
Ccntrifugation for 2 minfa 1S0ÖÜ RPM, RT

*

Addition of fluorescent marker

*

Ultra-filtration for 45 min(<i 4200 g. RT

v
Dctermination of conccntration Factor: C f

112

Low-titre mhibiicrs Assay

1B

Hcated and
conccuiratcd
Patiënt Plasma

I

Test mixture

V

I

I

Buffered FVIII
source

3/4 patiënt plasma

I

Heated and concentratcd
FVIII dcficienl Plasma

Control mixture

1 / .{ I l l l f f A V A i l

Ifficubatiocs for 2h Cs' 37®C

I

Factor VIII aetmtv assav
*

Calculatc inhibitor activity (NBU/mi)
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Table 1: Summary of the low titre assay, FVIII-activity and FVIII half-life’s after FVIII administration in

seven severe haemophiliacs with a history of FVIII inhibitors at the end of ITI treatment with tolerance
development. Half-life’s were calculated as described in the text. The FVIII activity was assayed with a onestage assay. The “Expected FVIII levels” were dependent on FVIII dose and time relapse after administration
and were derived from data of inhibitor-free patients who also have been treated with identical doses of FVIII
concentrates (personal communication Dr. Oldenburg.
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Abstract
Immune tolerance induction is so far the only proven method to eradicate FVIII inhibitors
in patients with haemophilia A. Tolerance is currently defined as normalization of FVIII
pharmacokinetic parameters after administration of FVIII product, especially FVIII halflife and 30-minutes FVIII recovery. FVIII-recovery below 66 % and half-life < 6h were
taken as indicative of the presence of FVIII inhibitors in the International Immune
Tolerance Study (I-ITI Study). However, the large variations in test results are multifactorial resulting in strong inter-individual scatter and wide reference ranges. Moreover
the tests are rather aggravating for the patiënt because of the need for multiple blood
sampling moments.
In order to investigate whether inhibitor assays can be used as significant parameter to
detect the state of tolerance, the Nijmegen assay (NA), the Bethesda assay (BA) and the
low titre assay (LTA) were performed in plasma samples of 13 pharmacokinetic studies
from those subjects in the I-ITI study who successfully achieved immune tolerance. Both
the sensitivity and specificity of each FVIII inhibitor assays were investigated relative to
the pharmacokinetic parameters. In addition, the usefulness of measuring FVIII-recovery
within 30 minutes was explored.
The inhibitor data with NA were all within the normal range (0.0-0.2 BU/ml). The results
with the BA varied from 0.2-0.9 BU/ml including two subjects with abnormal inhibitor
values (0.8 resp.0.9 BU/ml). With the LTA the results varied between 0.00 and 0.18 BU/ml
including 10 abnormal results. Neither BA levels (P= 0.70) nor NA levels (P=0.91)
correlated signilïcantly with FVIII half-life. In contrast, the LTA correlated strongly with
the corresponding half-life (P=0.02).
FVIII-recovery was normal in all patients and no correlation was detected between the
half-life and recovery 30 minutes post-infusion. Furthermore, FVIII half-life of 7.0 hours
was established as most optimal and was used for further analysis of the results. The ROC
curves of the BA, the NA, LTA and FVIII recovery were calculated using a half-life of 7.0
hours as inhibitor status criterion. The highest specificity (75%) combined with a
sensitivity of 100% is observed for the LTA representing a cut off value of 0.04 BU/ml.
The low titre assay is a new, important parameter to confirm successful immune tolerance
induction outcome, as it is a reliable tooi to exclude the presence of low titre of FVIII
inhibitors
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Introduction
Haemophilia A (HA) is an X chromosome-linked disorder, characterized by a complete or
partial lack of coagulation factor (F) VIII activity in the blood. (1'3)
The treatment of HA patients consists of administration of plasma-derived or recombinant
FVIII concentrates. In the western world, prophylactic treatment in patients with severe
haemophilia generally starts at a young age after the fïrst bleeding episode (before or around the
age of one year) in order to prevent severe haemorrhage and subsequent joint damage.(4 7) The
replacement therapy may be complicated by the development of inhibitory antibodies that
neutralize FVIII. FVIII inhibitors occur in 30-40 % of severe HA patients but are less
commonly in mild and moderate haemophilia. (8' 10) The peak incidence for new inhibitors
occurs in early childhood, soon after replacement therapy begins. The aetiology of inhibitor
formation is complex and still not fiilly understood. Both genetic, environmental and treatment
factors have been described. (11'21)
The preferred treatment for the eradication of allogeneic FVIII inhibitors is Immune Tolerance
Induction (ITI) therapy. (22"25) This therapy restores normal factor VIII pharmacokinetics and
permits normal replacement therapy including factor VIII prophylaxis. The data from the
International Immune Tolerance Induction (I-ITI) study show that 69.7% of subjects reaching a
study end-point of achieved tolerance.(26)
The confïrmation of the state of tolerance, i.e. the complete disappearance of inhibitors, at the
end of the ITI treatment is critical to establish an optimal long term cost-effective therapeutic
strategy and ensuring the patiënt’s ultimate well-being. Tolerance is currently defïned as the
normalization of FVIII pharmacokinetic parameters inclusive of FVIII half-life, because halflife has been the most sensitive available indicator of inhibitor disappearance. Estimation of
pharmacokinetics in small children is burdensome because of the need for multiple blood
samples over 48 hours and a 72-hours washout period prior to the evaluation of kinetics.
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Furthermore, the considerable interpersonal variation in pharmacokinetics and the paucity of
pharmacokinetic reference data for very small children hinders the clear interpretation of these
parameters and makes the precise determination of the tolerant state difficult. (21) The classical
Bethesda and Nijmegen inhibitor assays and the determination of the 15-30 minute FVIII
recovery after FVIII administration are rather insensitive methods for the detection of low
levels of FVIII inhibitor since these parameters are frequently normal even when the half-life is
decreased and the patients remain sub-optimally responsive to factor VIII replacement. (26)
There is, therefore, an urgent need for a more sensitive and specific screening tooi to test for the
presence or absence of low titre FVIII inhibitors that may persistently impacting FVIII
pharmacokinetics. Recently, a highly sensitive inhibitor assay based on the Nijmegen assay was
developed and tested in a small number of patients after ITI treatment.(28) This low titre assay
(LTA) has a limit of detection of 0.03 BU/ml and is therefore about twenty times more sensitive
than the original Nijmegen assay. In the current study, we investigated the sensitivity and
specificity of this low titre assay for the detection of complete tolerance in a group of paediatric
subjects with severe haemophilia A and high titre of inhibitors who successliïlly ended ITI
therapy based on pre-determined pharmacokinetic parameters (I-ITI study). The results of the
LTA are compared with those of the Bethesda assay, the Nijmegen assay and the FVIII
recovery.
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Materials and methods
Subjects
The subjects who were included in the current study were recruited from the International
Immune Tolerance Induction (I-ITI) study.(26) In the I-ITI cohort, 115 HA subjects with FVIII
inhibitors were randomised to either 50 IU/kg FVIII thrice weekly (n=58) or 200 IU /kg FVIII
daily (n=57). All study details and results have been recently described.(26) Details which are of
interest for the current study are described below.
The effect of the ITI treatment was monitored monthly by performing the Bethesda assay (BA)
or Nijmegen inhibitor assay (NA). FVIII recovery after infusion of 50 U FVIÜ/kg was
measured monthly once the BA (measured locally) became negative. Once FVIII recovery
normalized to > 66% of expected, a FVIII half-life study following an infusion of 50 U
FVIII/kg was performed after a 72 hours wash-out period and was repeated every 12 weeks
until the half-life was > 6 hours, the marker of successful tolerance adopted by this study. FVIII
half-life was calculated centrally using the non-compartmental method WinNonWin software
(Pharsight, St Louis, USA) using FVIII activity measurements in pre-infusion samples, and in
samples drawn 15-30 minutes, one, two, four, six, twenty-four and forty-eight hours after
infusion. Twelve subjects who achieved a negative inhibitor titre by NA or BA were potentially
eligible for inclusion in the current study. For fïnal inclusion, subjects required at least one
complete set of FVIII pharmacokinetic (PK) data as well as the availability of pre-infusion
samples for inhibitor assays. Four subjects were excluded from the current study because of the
lack of pharmacokinetic data. Ultimately, eight subjects who underwent a total of 13 PK
studies could be included (four subjects with one PK study; three subjects with two studies and
one subject with three evaluations). Since all subjects included in the I-ITI study were children,
parental informed consent was obtained as part of the pivotal ITI study for the use of these
samples in ancillary studies. Local ethical approval in Nijmegen was obtained in Nijmegen and
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the study was registered at www.trialiegister.nl (NTR 2949). Plasma samples from the included
PK studies were stored at a central location at-80° C and shipped to Nijmegen on dry ice at the
conclusion of the pivotal study. All pre-infusion samples were tested for FVIII inhibitors with
the NA, the BA and the low titre assay (LTA).
FVIII-recovery at various time points after administration of FVIII concentrate was calculated
from the results of the pharmacokinetic data according to the algorithm:
Recovery (%) = [{Post-infusion level (%) - Pre-infusion level (%)} / {(dose (IU)/weight (kg)} x
2] xlOO.
Inhibitor assays
The inhibitor levels were confïrmed in Nijmegen with NA (29) and BA (30) as originally
described and these data were used in this manuscript. All plasma samples were heated for 1.5
hours at 58 °C and centrifuged for 5 minutes at 18.000g before analysis, in order to remove
residual FVIII. The cut-off value for both assays was estimated to be 0.6 BU/ml. Because of
analytical variations in the FVIII assay some residual values tumed out to be slightly >100%
rendering inhibitor results of the NA that were borderline negative; these results are reported as
0.0 BU/ml.
The LTA was performed as recently described.(28) In short, heated subject plasma was
concentrated by centrifiigation for 45 minutes at 4200 RPM using Ultra-Free4 centrifugal filter
units with a nominal molecular weight limit of 100 KD (Millipore®). The concentrate was
mixed with 0.1M Imidazole buffered normal pool plasma, pH 7.4, in a ratio of 3:1. After
incubation for 2 hours at 37 °C, the remaining FVIII activity was assessed by a chromogenic
substrate method (Coatest® SP Factor VIII, IL®) according to the manufacturer’s instructions.
The residual activity was defined as the percentage of remaining FVIII activity in test plasma
compared to reference plasma. The inhibitor activity, expressed in BU, was calculated with the
following algorithm: inhibitor activity (BU/ml) = {(2-log residual activity)/0.3010}/ 2c),
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representing the original algorithm of the BA {(2-log residual activity)/0.3010}(30) adjusted for
the degree of IgG concentration factor (“c”) and factor 2 for the altemative ratio of test plasma
to normal plasma. The IgG concentration factor was determined by measuring IgG
concentration in the original plasma and in the concentrates.
Von Willebrand factor (VWF) antigen measurements were performed with the ELISA test kit
Asserachrom®VWF:Ag (Diagnostica Stago, Asniére, France). The VWF concentration was
expressed as a percentage of normal pool plasma (100%).
Receiver Operating Characteristic (ROC) curves
The usefulness of the currently investigated diagnostic tests (NA, BA, LTA and FVIIIRecovery) for the detection of the presence of FVIII inhibitors was analysed by using Receiver
Operating Characteristic (ROC) curves.(31) For this purpose, FVIII half-life after replacement
serves as a reference parameter for the presence or absence of residual FVIII inhibitor. In the IITI study a subject was considered to be positive for an inhibitor when the FVIII half-life was
below a limit value of 6 h. Using this true inhibitor condition, ROC curves were constructed for
recovery, BA, NA and LTA by plotting the sensitivity against the 1-specificity of these tests at
various cut-off values of the respective assays. The area under the curve (AUC) of ROC curves,
i.e. the proportion of the area of the entire graph that lies beneath the curve, is considered to be
the parameter that reflects the accuracy of the test. In order to investigate which FVUI half-life
determination best reflects the presence or absence of an inhibitor, ROC curve analyses were
performed with 6, 7, TA and 8 hours as limiting half-life values.
Statistical Analyses
ROC-curve data were calculated using Statistical Package for the Social Sciences (SPSS, IBN®
SPSS®, UK) version 19. All P values were two sided; P-value < 0.05 was considered to
indicate statistical significance.
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Results
The results of the FVIII half-life, the 15-30 minutes and 24-hours FVIII-recovery, the BA, the
NA, the LTA and the von Willebrand factor assay are listed in table 1.
The FVIII half-lives varied from 2.8 to 15.3 hours, where 6 out of 13 PK studies showed a halflife of <6 hours, which was defïned as abnormal in the original I-ITI study. The 15-30 minutes
recovery results were all normal according to the ITI study criterion (>66%) and ranged from
66-127%. The 24-hours recovery ranged from 1-30% but no reference ranges are available for
this parameter. All FVIII inhibitors values were within the normal (negative) range with the NA
(0.0-0.2 BU/ml). Two PK studies showed abnormal inhibitor values with the BA (0.8 and 0.9
BU/ml respectively) where the overall results ranged from 0.2 to 0.9 BU/ml. Inhibitor values
with the LTA varied between 0.00 and 0.18 BU/ml. VWF concentration data were normal in all
subjects (range: 59-142%).
A significant correlation could neither be found between the half-life and the 15-30 minutes
FVIII recovery, nor between the half-life and the 1, 2,4 and 6-hours FVIII recovery (data not
shown). In contrast, a significant direct correlation was detected between the half-life and the
24-hours recovery (p= 0.01).
No significant inverse correlation was detected between the half-life and the inhibitor levels
measured with the Bethesda assay and the Nijmegen assay. In contrast, a positive inverse
correlation was detected between the results of the LTA and the corresponding half-life
(p=0.02, figure 2). However, there was no significant correlation between the LTA and the 24hours recovery (p=0.21).
A significant correlation between the FVIII half-life and subjects von Willebrand Factor (VWF)
concentration was observed (P=0.037, fig 3), whereas significance could not be detected for the
correlation between VWF and LTA and between VWF and FVIII recovery.
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ROC curves were calculated for 15-30 minutes FVIII recovery, BA, NA and LTA using
multiple potential values for FVIII half-life (6, 7, 7.5 and 8 hours) as the limit value for the
presence or absence of inhibitors.
The area under the curve (AUC) of ROC curves, which is considered to be the parameter that
reflects the accuracy of the test, was calculated for all parameters of all curves in order to reveal
the half-life that will yield optimal results. Results are shown in table 2. Only the ROC curve of
the LTA in combination with a limit value for the FVIII half-life of 7 hours appeared to differ
significantly from the reference curve. Therefore a limiting half-life of 7.0 hours was
considered to be the most optimal and was used for further analysis o f the results. ROC curves
of the BA, NA, LTA and FVIII recovery were calculated using a half-life of 7.0 hours as the
negative inhibitor status criterion (figure 4). The highest specificity (75%) combined with a
sensitivity of 100% of the LTA for the detection of decreased half-life appears to be at a LTA
cut off level of 0.04 BU/ml.

Discussion
The response to ITI therapy in haemophilia patients with FVIII inhibitors may be sufïiciently
monitored in its early stages by inhibitor assays like the NA, the BA and functional ex-vivo
methods like FVIII recovery measurements after concentrate replacement. However, due to
their limited sensitivity, the reliability of these assays to demonstrate inhibitor disappearance is
inadequate in the fïnal stage of the ITI treatment, when the inhibitor activity has declined to a
very low level. The reference method for the detection of inhibitor disappearance is the
demonstration of normalization of the FVIII half-life after FVIII-concentrate replacement,
which is calculated from the data of a pharmacokinetic study.
The aim of the current study was to investigate the potency of the FVIII-recovery measurement,
the NA, the BA, and the recently described LTA to detect the presence or absence of very low
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titre VIII inhibitors in patients at the end of the ITI treatment. Therefore the correlations were
analysed between the half-life after FVIII administration on the one hand and the results of the
inhibitor assays and FVIII recovery on the other, in subjects at the final stage of ITI treatment
with a negative Nijmegen inhibitor test (<0.6 BU/ml) and a normalized 15-30 minutes FVIII
recovery (>66%).
The results of the NA varied from 0.0 to 0.2 BU/ml and are clearly below the detection limit of
the assay (0.6 BU/ml). These fïndings explain the lack of a significant correlation with the
FVIII half-life and render the NA unusable for low titre estimation. The inhibitor levels
measured with the BA are clearly higher (0.2-0.9 BU/ml). This is most probably caused by the
low specificity of the Bethesda assay as previously reported by our group in 1995. (29) A low
specificity leads to a high number of false positive results rendering the assay unfït for the
confïrmation of the absence of inhibitors. Moreover, the lack of a significant correlation
between the half-life and BA confirms unsuitability of this test in the low inhibitor range.
The 15-30 minute post-infusion FVIII recovery is generally accepted as a simple measure of the
presence of clinically relevant inhibitors. However, although 6 of 13 half-lives were clearly
decreased (<6 hours), no significant correlation could be found between the half-life and the 1530 minutes, 1,2 and 4 hours FVIII recovery determinations. This lack of significant correlation
can be explained by the slow and time dependent association between FVIII and its inhibitors
caused by the binding of FVIII to VWF. In contrast, a strong correlation (p= 0.01) was found
between the FVIII half-life and the 24-hour recovery. Although LTA also signifïcantly
correlated with the half-life, a significant correlation could not be detected between LTA and
24-hour recovery. Moreover, the use of 24 hours recovery to monitor for low titre inhibitors is
both a significant hardship for the patiënt (requiring a pre-infusion 72-hours washout period,
and either a 24-hours hospital stay, or an additional outpatient visit for blood sampling), and
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highly inefïïcient when compare with an assay that may be able to obviate a premature
pharmacokinetic study.
A significant correlation was found between the LTA and the FVIII half-life (Fig 2, p= 0.02).
The lowest normal value for the half-life was estimated in the I-ITI study at 6 hours. All six PK
studies with an abnormal half-life (<6 hours) appeared to show an inhibitor activity >0.04
BU/ml with the LTA, indicating a high sensitivity of this assay for an abnormal half-life. Three
out of thirteen PK studies showed both a normal FVIII half-life and negative inhibitor activity
with the LTA. Four out of seven PK studies with normal half-life, all from different subjects,
showed an increased inhibitor activity (>0.04 BU/ml) suggesting a low specificity of the LTA.
This relatively low specificity was not reported in an earlier study of nine healthy volunteers
and seven haemophilia A subjects without inhibitors showing an LTA inhibitor activity < 0.03
BU/ml. It is more likely that the inter-individual variation of the half-life may be the reason for
the discrepancy between the half-life and the inhibitor activity with the LTA. It has already
been published that VWF factor concentration is a major factor influencing the FVIII half-life
(32). We also observed a significant correlation between FVIII half-life and native vWF
concentration in this cohort taking into account that none of our subjects received FVIII
concentrate containing VWF (fig. 3). This phenomenon may, at least partly, account for the
discrepancy between half-life and inhibitor activity with the LTA, given that 3 out of 4
discrepant samples show the highest VWF concentration. An additional source of discrepancy
may be the consensus definition of normal half-life (> 6 hours) that was used in the I-ITI study.
Data on PK in children that have emerged since the I-ITI was initiated suggest that even in the
face of considerable inter-patient variability, that the lower limit of normal half-life may more
accurately be 7 hours.(27,33) In order to investigate whether an altemative lower limit value for
the half-life would yield better results, ROC curves were constructed with the results of the low
titre assay using different limit values for the normal range of FVIII half-life. The results (table
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2) clearly show that a lower limit reference of 7 hours for FVIII half-life yields the highest area
under the curve which also appears to be significantly different from the reference line in the
ROC curve. In contrast, none of the other parameters appeared to be significantly different from
the reference line. Hereby we may conclude that the inhibitor activity with the LTA is the only
parameter, which reliably reflects the half-life of infused FVIII. However, the low titre inhibitor
activity and the half-life of infused FVIII concentrate are two sides of one coin, the coin of
FVIII survival. The low titre inhibitor activity seems to be a very suitable tooi to detect a state
of tolerance after ITI treatment. In contrast, the variations in outcome of half life studies are
multi-factorial as half-life is influenced by VWF and low titre inhibitor activity (this
manuscript), blood group (33), type of product, age and body weight (34), and probably
additional factors yet to be recognized. Therefore, both parameters may be supplementary to
each other especially in patients in the final stage of ITI treatment. Once a tolerant state has
been established by the LTA, a PK study has to be performed in order to design a personalized
prophylaxis strategy.
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Table 1 Inhibitor activities (Nijmegen Assay, Bethesda Assay and Low Titre Assay), FVIII half-lives,
15-30 minutes and 24-hours FVIII-recoveiy data and von Willebrand Factor concentration of included
13 PK studies.
Subject

Halflife
(hrs)

1
2
3
4
5
6
7
8
9
10
11
12
13

BA
(BU/ml)

15.3
7.1
11.4
5.9
3.9
4.0
2.8
7.1
6.4
9.6
8.0
3.6
5.8

0.3
0.2
0.9
0.2
0.5
0.5
0.6
0.6
0.6
0.5
0.6
0.4
0.8

NA
(BU/ml)

0.2
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.2

LTA
(BU/ml)

0.00
0.02
0.04
0.05
0.06
0.06
0.18
0.08
008
0.09
0.10
0.14
0.16

15-30
minutes
Recovery

24-hours
Recovery

(%)

(%)
127
68
78
70
92
101
84
81
86
103
66
73
86

30
8
18
4

22
1
25
6
6
11

7
1
4

Von
Willebrand
Antigen

(%)
82
75
80
65
68
68
64
58
92
96
142
70
80

BA= Bethesda Assay
NA=Nijmegen Assay
LTA=Low Titre Assay
hrs= hours
BU=Bethesda Units

Table 2 Data of the areas under the curve of the BA, NBA and LTA using respectively 6h, 7h, 7i/2h and
8 h half-life of infused FVIII as limit value for the presence or absence of inhibitors.

Area under the Curve
FVIII Tl/2
6
7
7.5
8

Bethssd?, Assay

Nijmegea Assay

0.38
0.54
0.54
0.37

0.59
0.36
0.45
0.58
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Lcw Titre Assay
0.71
0.90"

0.75
064

15-30 min FVm
Recovery
0.54
0.56
0.55
0.42
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Half-life (h)
Figure 1: No correlation exists between the FVIII half-life (hours) and the 15-30 minutes
FVIII- recovery (%) after FVIII administration of 50 IU/kg (P=0.97). Correlation
coëfficiënt rs = 0.07.

H alf-life (h)
Figure 2: Inverse correlation exists between the FVIII half-life and the LTA (P=0.02).
Correlation coëfficiënt rs=- 0.63.
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Figure 3: Correlation between the FVIII half-lives and von Willebrand Factor levels. A
significant coirelation exists between the two parameters (P=0.037). Correlation coëfficiënt
rs= 0.58.
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Figure 4: ROC curves of the results of the Bethesda Assay, the Nijmegen Assay and Low
Titre Assay at Tm of 7h in severe paediatric HA patients that successfiilly have ended the
ITI therapy
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Accurate detection and quantifïcation of acquired coagulation inhibitors remains a
challenging problem even for specialised laboratories. Abnormal coagulation tests,
sometimes in combination with a bleeding tendency in patients without a significant
history of bleeding and unexpected bleeding pattems in patients with a congenital
coagulation factor deficiency who have been treated with coagulation-factor
substitution therapy may be suspicious for the presence of acquired inhibitors. Ideally,
the laboratory results confirm the clinical anamneses. However, a number of variables
may hamper a correct diagnosis. Broad sensitivity and specificity ranges due to large
varieties in reagents, different performance characteristics of the assays and
interference by anticoagulants (e.g. heparin) or lupus anticoagulants (L A )(1,2) often
complicate a correct diagnosis. This thesis summarises and discusses the current
status of acquired inhibitor detection with emphasis on Factor Vin inhibitors.

Is it necessary to improve the iimitations of the current assays?
Mixing tests are the commonly used methods to screen for inhibitors. A prolonged
clotting time (e.g. aPTT or PT) that is not corrected in a mixing test with normal pool
plasma is an indication for the presence of inhibitors but only after exclusion of
heparin or LA contamination.
Immunological methods like enzyme-linked immunosorbent assays (ELISAs) are not
suitable to quantify inhibitors as they measure the total amount of immunoglobulins
(Ig’s) and therefore are not able to distinguish between inhibitory and non-inhibitory
antibodies. Nevertheless, a good correlation has been described between ELISA
results and factor VIII inhibitor titres determined by the Bethesda assay when
inhibitor values are higher than 0.6 BU/ml.(3)
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Chapter 2 reviews the epidemiology of acquired functional coagulation inhibitors
and reports the results of a workshop on the detection and quantifïcation of inhibitors.
The aim of the workshop, with participation of 50 laboratories from 20 different
countries, was to investigate within groups of experts from dispersed professional
laboratories, the quality of inhibitor detection and the difficulties encountered during
the analytical process. The participants were asked to report the results of all
investigations performed and to provide a likely diagnosis and/or a conclusion of the
haemostasis abnormality that were found in 8 test samples. The results showed that
the sensitivity of inhibitor detection by screening assays was high but the differential
diagnosis of the type of inhibitors by more specialized (confïrmation) assays was
unsatisfactory, as many false positive and false negative results were observed. The
most remarkable observation was the lack of a clear step-by-step analysis of the
nature of an inhibitor once a positive mixing test was detected. Therefore a welldocumented diagnostic route (algorithm) for detection, confïrmation or exclusion of
haemostasis inhibitors was developed and described in this chapter. This algorithm is
recommended as guidance for the detection of acquired inhibitors. In addition to time
and cost saving, the use of this algorithm leads to reliable diagnosis and thereby an
adequate patiënt management.

Nature of FVIII Inhibitors
Neutralizing anti-factor VIII antibodies may arise as allo-antibodies after treatment
with FVIII concentrates in patients with congenital haemophilia A and constitute a
major problem in the treatment of haemophilia A. (4) Approximately 20-30% of the
patients with severe haemophilia A develop inhibitors. A second type of anti-factor
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VIII anti-bodies, known as auto-antibodies, is directed against endogenous FVIII in
previously healthy individuals and leads to acquired haemophilia.(5,6)
Factor VIII allo-antibodies are generally polyclonal populations of immunoglobulins
that are targeted to multiple antigenic sites present within the A2, A3, Cl and C2
domains of the FVIII molecule. <
"1’8> Auto-antibodies are mostly directed towards the
C2 domain of factor VIII protein and thereby inhibiting factor VIII binding to
phospholipids and/or von Willebrand factor (vWF). Both classes of inhibitoiy
antibodies mhibit FVIII activity resulting in a higher bleeding tendency with
increased morbidity and mortality.(9,10, n)
Subclass analysis by immunoblot and enzyme-linked immunosorbent assays (ELISA)
revealed that FVIII inhibitors comprise subtypes IgGl, IgG2, IgG3 and IgG4 (u’13,14,
15)- A previous study showed a significant correlation between the level of anti FVÏÏIIgGl, IgG2 and IgG4 subclasses and inhibitors titres measured in a small cohort of
severe Haemophilia A patients. (14) In the same study, it was observed that
contribution of IgG2 to the total anti FVIII IgG's was minor, which is in contrast to
what has been reported by Reding at a l.(16) The relative contribution of each subclass
is currently under investigation by analysing the IgG subclasses in plasma samples of
the International immune tolerance induction (I-ITI) study. This information is of
major importance to understand the outcome of the ITI therapy and its
pathophysiology.

Why measuring FVIII inhibitors?
It is necessary to detect inhibitors at an early stage of development and for
unequivocal detection of complete eradication of these inhibitors at the end of
immune tolerance induction (ITI) therapy? The answer is YES as the earlier the
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detection the better the outcome of therapy. Additionally, proper detection at the end
of the ITI renders evidence-based decisions to stop treatment. (l7,l8> Specific and
reproducible assays are also needed for monitoring inhibitor levels during treatment in
order to control efficacy of the treatment and adequate treatment of bleeding episodes.
Furthermore, for epidemiologie reasons, there is a need for reliable inhibitor testing in
order to investigate inhibitor risk in relation to potential risk factors e.g. the type of
product, genotype etc. The ultimate goal is to define individualised treatment
strategies to lower the risk to develop inhibitors.

How reliable are FVIII Inhibitors assays and could they be
standardized?
The classical Bethesda assay (B A )(19) and the Nijmegen assay (NA) are the currently
used methods for quantifying inhibitor levels in patiënt plasma. The Nijmegen assay
is recommended as the Standard assay for FVIII-inhibitor testing by the International
Society of Thrombosis and Haemostasis Factor VIII/IX Scientifïc Subcommittee. The
characteristics and shortcomings of the method are described in detail in chapter 3.
Two important shortcomings need to be addressed. First, the cut-off value of the
Bethesda assay is usually around 0.6 BU/mL, indicating that the assay has a low
sensitivity for low titre of inhibitors.(20) Furthermore, a comparison study between the
BA and NA confirmed a low specificity of the BA as a reduced number of false
positive results were obtained with the N A .(21)
Second, the inter-laboratory variation is high although both BA and NA assays are
“standardized”. Previous extemal quality control surveys of FVIII inhibitors,
organized by the European Concerted Action on Thrombosis ECAT (since 2005) and
the UK National Extemal Quality Assessment Scheme (NEQAS) showed a high inter142
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laboratory coëfficiënt of variation (CVb) of about 30% for the NA. The CVb was
even higher than 40% for the BA. a l’ 22) These results were confïrmed in a preworkshop survey of the ECAT performed in 2009 and a workshop on factor VIII
inhibitor assays performed in Nijmegen that same year.
C hapter 4 describes the results of the workshop and the diffïculties encountered in
the quantification of FVIII inhibitors. Fifteen laboratories participated in the
workshop, which included 4 different sessions where variables, probably contributing
to the high inter-laboratory variation {e.g. use of (non)-buffered plasma, FVIIIdeficient plasma, sample dilution, APTT reagents}, were investigated.
The results of the workshop confïrmed the previously obtained results in the Canadian
population (21,that buffering the normal pool plasma (NPP) and using FVIII-defïcient
plasma as the reference plasma decreased the number of false positive results
obtained in inhibitor negative samples(23) and therefore improved the specificity of
the assay. Furthermore, the dilution rate appeared of major importance. Increased
dilution of plasma samples resulted in higher inhibitor levels compared to less diluted
identical samples. Moreover, the type of the diluent used to dilute the plasma samples
influenced the assay results. During the workshop, the inter-laboratory CV decreased
to around 10% when all participants used exactly the same method. This observation
suggests that an improved standardization of the FVIII inhibitor assay (NA) is a
prerequisite but also achievable. However, it is fundamental that the individual
laboratories really implement the recommendations.
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Is a more sensitive assay necessary to improve the detection of
FVIII inhibitors?
The main disadvantage of the NA is its insensitivity for low titre inhibitors. Therefore
a more sensitive FVIII inhibitor method, based on the Nijmegen assay, was developed
and highlighted in chapter 5. The first modification is the ultrafiltration step that
allows a 4 to 5 fold concentration of patiënt plasma as well as control plasma. The
second modification is the ratio test plasma/normal pool plasma of the incubated
mixtures. Three parts of concentrated patiënt plasma and Controls are mixed with one
part of buffered-NPP and incubated for 2 hours at 37 degrees Celsius. Residual factor
VIII activity can be determined by either the FVIII one stage assay or the FVIII
chromogenic assay. The last one is more suitable because of its accuracy and requires
less material. The modified assay is 20 times more sensitive than the classical assays
and has a detection limit of 0.04 BU mL"1. With this assay the presence of low titre
FVIII inhibitors in the early post-ITI phase in patients with haemophilia A was
detected. These low-titre inhibitors still decrease the half-life of infused FVIII
products and may explain the frequent occurrence of bleeding in the early post-ITI
patients(24)
Chapter 6 describes the results of the validation study of the low titre assay in
patients included in the international ITI study. (26> The reference method for the
detection of inhibitors is the FVIII half-life and the recovery after FVIII-concentrate
administration, which are calculated from the data of the pharmacokinetic studies.
These studies are burdensome for the patients, as it requires multiple blood sampling
moments. Correlation between the half-life after FVIII administration on one side and
the results of the inhibitor assays and FVIII recovery on the other, were analysed in
subjects at the final stage of ITI treatment showing a negative NA (<0.6 BU/ml) and
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a normalized 15-30 min recovery (>66%). (2S’ 2S> A significant correlation was
observed between the low titre assay and the half-life. Remarkably, no significant
correlation could be found between the half-life and the 15-30 minutes FVIII
recovery. This lack of significant correlation can be explained by the slow and time
dependent association between FVIII and its inhibitors caused by the binding of FVIII
to VWF.
In order to investigate which limit value for the half-life yields the best results,
Receiver Operating Characteristic (ROC) curves were constructed with the results of
the low titre assay, NA, BA and FVIII recovery using different limit values for the
FVIII half-life. The results showed that a FVIII half-life o f 7 hours yielded the highest
area under the curve and thus the highest sensitivity and specificity for the low titre
assay and appeared to be signifïcantly different from the reference line in the ROC
curve. In contrast the BA, NA, or 30 minutes FVIII recovery appeared not to be
signifïcantly different from the reference line indicating a lower sensitivity and
specificity.
Altogether our results showed that a more sensitive assay is necessary to improve the
detection o f FVIII inhibitors and to reliably reflect the half-life of infused FVHI in the
post ITI phase.

Clinical relevance of novel assays
Accurate and reproducible detection of inhibitors is very important in managing
bleedings and its complications in haemophilia A patients with inhibitors.
Furthermore, proper inhibitor detection is also important for management purposes.
False negative test results may lead to under-treatment o f the patients, which in turn
may result in a tendency to bleed. In contrast, false positive results may lead to
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overtreatment and thus increased costs. As already mentioned, much effort has been
invested in improving the current FVIII inhibitor assays and in the design of the LTA.
The cut-off value of the LTA is determined in healthy volunteers as well as severe
haemophilia A patients without history of inhibitors. However the validation of this
assay has been performed in only 8 subjects from ITI-Germany and thirteen subjects
from the International ITI. The results are very promising since a significant
correlation is observed between the LTA and the FVIII half-life. In addition the assay
is independent from the vWF concentration.
This more sensitive assay may enable to defer and minimize the use of
pharmacokinetic measurements to determine tolerance in severe paediatric
Haemophilia A patients. Nowadays, this assay is applied in the comprehensive
haemophilia Centre Nijmegen when FVIII half-life is abnormal or to detect the state
of tolerance in previously inhibitor positive patients. This patient-friendly test requires
only one blood sample eind thus prevents for the patiënt an at least one day stay at the
hospital.

Concluding Remarks
Acquired inhibitors remain a challenging problem in thrombosis haemostasis
diagnostics. The developed “algorithm” for the detection of coagulation inhibitors is
a reliable guidance that should carefully be followed to detect coagulation inhibitors
in general and FVIII inhibitors in particularly.
The BA and NA assay are the only reliable methods to quantify FVIII-inhibitors when
the inhibitor titre is more than 0.6 BU/ml. Increased specifïcity can be obtained by
implementing the workshop fïndings; e.g. the use of buffered-NPP and FVIII
defïcient plasma as control plasma and proper sample dilutions. Up to now
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pharmacokinetic studies (PK) are often performed to prove the eradication of
inhibitors at the end of ITI. The weakness of analysis as an end point marker is that it
may suggest tolerance prematurely in patients with still a low normal half-life
compared to their previous FVIII half-life. It is proven that both the sensitivity and
specificity of the LTA is increased as the samples of the International ITI study
showed unequivocally the significance of low titre inhibitors, which are undetectable
by the classical Bethesda and Nijmegen assays. The subjects generally show short
FVIII half-life’s with a high need for FVIII products and therefore need to continue
with the ITI treatment in order to fully eradicate the inhibitors. Management of this
process may be much better performed with the low titre assay as compared to PK
analyses. We, furthermore, showed that 30-minutes FVIII recovery analysis, the
usually applied method in the detection of (low titre) inhibitors is not appropriate as
the recovery data were all normal and showed no correlation with the FVIII half-life.
However, the reference limits for the FVIII half-life is hampered by the huge interindividual variation caused by a number of factors.
The effective confirmation of the state of tolerance, i.e. the complete disappearance of
inhibitors, at the end of the ITI treatment is critical to establish an optimal long term
cost-effective therapeutic strategy and to ensure the patient’s ultimate well-being.
Our data showed reasonable evidence that the LTA may be the only parameter that
reliably reflects the half-life of infused FVIII in the post ITI phase.
The results of this thesis explain how to correctly detect coagulation inhibitors in
general and FVIII inhibitors in particular. Comparing the BA, NA and LTA results in
the international ITI study may start the discussion on how to best confirm the state of
tolerance in formerly inhibitor positive patients. Validation of the LTA in a large
cohort of paediatric and adult patients is still needed to confirm the preliminary results
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and the answer the following question: is it possible to get rid of this burdensome PK
studies in young children to detect the tolerance?
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Betrouwbare detectie en kwantificering van verworven stollingsremmers is en blijft een
uitdaging, zelfs voor gespecialiseerde laboratoria. Een bloedingsneiging in patiënten zonder
een voorgeschiedenis van bloedingen, of onverwachte bloedingspatronen bij patiënten die zijn
behandeld met substitutietherapie vanwege een congenitale deficiëntie van een of meer
stollingsfactoren, kunnen duiden op de aanwezigheid van remmers. Idealiter zouden de
testresultaten van het laboratorium de klinische anamnese moeten bevestigen. Echter, een
aantal variabelen, zoals de gevoeligheid en specificiteit van de beschikbare reagentia, de
kenmerken van de test en de interferentie van anticoagulantia (bijvoorbeeld heparine) of de
aanwezigheid van lupus anticoagulans,(1,2) zorgen voor extra moeilijkheden om de juiste
diagnose te stellen. In dit proefschrift wordt de huidige stand van zaken van detectie van
verworven stollingsremmers samengevat en bediscussieerd, en worden nieuwe testen
beschreven voor verbetering van de detectie van deze remmers, in het bijzonder factor (F)
VlII-remmers.

Is het noodzakelijk om de huidige screeningstesten voor remmers te
verbeteren?
Mengproeven zijn de meest gebruikte methoden voor het screenen van stollingsremmers.
Mengproeven zijn bloedstolling testen in mengsels van patiënten plasma en normaal pool
plasma (NPP). Een verlengde stollingstijd, bijvoorbeeld een aPTT (geactiveerde partiële
tromboplastine tijd) die niet corrigeert in een mengproef met verzameld normaal plasma
(NPP) is een indicatie is voor de aanwezigheid van remmers. De aanwezigheid van heparine
en lupus anticoagulans moet hierbij worden uitgesloten.
Immunologische methoden zoals “enzyme-linked immunosorbent assays” (ELISA's) zijn niet
geschikt voor het detecteren en kwantificeren van remmers aangezien ze de totale hoeveelheid
immunoglobulines (Ig's) meten. Daarbij wordt geen onderscheid gemaakt tussen remmende
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en niet-remmende antilichamen. Toch is een goede correlatie beschreven tussen ELISA
resultaten en FVIII-remmer activiteit.(3)
Hoofdstuk 2 geeft een overzicht van de epidemiologie van verworven stollingsremmers en
beschrijft de resultaten van een “workshop" (praktijkbijeenkomst) over de
laboratoriumdetectie en kwantificering van remmers. Het doel van de workshop was
onderzoek te doen naar de kwaliteit van remmer bepalingen in professionele ziekenhuis
laboratoria, en de moeilijkheden te inventariseren die zich voordoen tijdens het analyseproces.
Aan 50 deelnemers, die werkten in groepen van 5 personen, werden 8 plasma monsters
aangeboden ter analyse van mogelijke aanwezigheid van remmers, en werd gevraagd om de
resultaten van alle uitgevoerde onderzoeken te noteren en een waarschijnlijke diagnose en / of
een conclusie van de hemostase afwijkingen die werden gevonden te rapporteren. De
resultaten toonden aan dat de gevoeligheid voor detectie van remmers hoog was, maar de
differentiële diagnose van het type remmer was onbevredigend. Dit werd veroorzaakt door het
grote aantal vals positieve en vals negatieve resultaten. De meest opmerkelijke observatie was
het ontbreken van een duidelijke stap-voor-stap analyse naar de aard van een remmer indien
eenmaal een gestoorde mengproef test was vastgesteld. In dit hoofdstuk is een goed
gedocumenteerde diagnostische route (algoritme) beschreven om de karakterisering van een
hemostase-remmer te vereenvoudigen.

Factor VlII-remmers
Neutraliserende allo-anti-FVIII-antilichamen (FVIII-remmers) kunnen ontstaan na
behandeling van hemofilie A patiënten met FVIII concentraten en vormen daarbij een groot
probleem in de behandeling.(4) Ongeveer 20 -30% van de patiënten met ernstige hemofilie A
ontwikkelen remmers. Een tweede type FVIII-remmers, bekend als auto-immuun
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antilichamen, gericht tegen het endogene (lichaamseigen) FVIII kan in voorheen gezonde
individuen leiden tot verworven hemofilie.(5,6)
FVIII allo-antilichamen zijn in het algemeen polyklonale populaties van immunoglobulinen
die gericht zijn tegen verschillende antigene plaatsen in de A2, A3, Cl en C2-domeinen van
het FVHI-molecuul.(7,8) Auto-immuun antilichamen zijn hoofdzakelijk gericht tegen de
functionele plaats in het C2 domein van het FVIII eiwit en remmen daarbij de binding aan
fosfolipiden en / of von Willebrand factor (vWF). Na binding aan specifieke epitopen op
FVIII, belemmeren deze remmende antilichamen FVIII zijn functie uit te oefenen. Dit
resulteert in een hogere bloedingsneiging met verhoogde morbiditeit en mortaliteit.(9,10’U)

Waarom moeten FVIII-remmers gemeten worden?
Het is noodzakelijk om remmers in een vroeg stadium te detecteren. Des te eerder de detectie,
des te beter is het resultaat van de therapie. Bovendien is een gevoelige detectie aan het einde
van de immuun tolerantie inductie (ITI) therapie noodzakelijk om een conclusie te kunnen
trekken over het succes van behandeling en de strategie te bepalen voor de verdere aanpak.
Specifieke en reproduceerbare testen zijn ook nodig voor de controle tijdens de behandeling
van een patiënt met een remmer met het oog op doeltreffendheid van de behandeling en
adequate controle van de bloeding episoden. Het is ook om epidemiologische redenen nodig
om betrouwbare testen te ontwikkelen om potentiële risicofactoren zoals het type product,
genotype enzovoort goed te inventariseren. Het uiteindelijke doel is om te komen tot een
geïndividualiseerde behandeling strategie met het doel het risico voor de ontwikkeling van
remmers te verlagen.
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Hoe betrouwbaar zijn FVIII-remmerstesten en is het mogelijk om ze
te standaardiseren?
De Bethesda test (BA) en de Nijmegen test (NA) zijn momenteel de meest gebruikte
methoden voor detecteren en kwantificeren van FVIII-remmers. De Nijmegen test wordt
aanbevolen als de standaard test voor FVIII-remmers door de wetenschappelijke
subcommissie voor factor VIII en IX van de ISTH (International Society of Trombosis and
Hemostasis). De kenmerken en tekortkomingen van de bepalingen zijn beschreven in
hoofdstuk 3. De cut-off waarde van de BA is meestal rond de 0,6 BU/ml, wat aangeeft dat de
test een lage sensitiviteit en specificiteit heeft voor remmers met lage activiteit.(18) De hogere
specificiteit van de NA werd bevestigd in een Canadese studie waarin een verminderd aantal
vals positieve resultaten met de NA werd gevonden.(19)
Hoewel BA en NA-testen zijn gestandaardiseerd is de tussen-laboratorium variatie groot.
Resultaten van externe kwaliteitscontrole onderzoeken van FVIII-remmer bepalingen,
georganiseerd door het internationale kwaliteitsbeoordeling controle programma (ECAT)
(sinds 2005) en het Britse nationale externe kwaliteitsbeoordeling controle programma
(UKNEQAS) vertoonden een hoge inter-laboratorium variatiecoëffïciënt (CVb) van ongeveer
30% voor de NA en hoger dan 40% voor de B A .(19,20) Deze resultaten werden bevestigd in
een rondzending van de ECAT uitgevoerd in 2009, en een daarop volgende workshop over de
bepaling van FVIII-remmers uitgevoerd in Nijmegen in hetzelfde jaar.
Hoofdstuk 4 beschrijft de resultaten van de workshop en de problemen bij het kwantificeren
van FVIII-remmers.
Vijftien laboratoria namen deel aan de workshop, die uit 4 verschillende sessies bestond. Alle
variabelen die waarschijnlijk bijdragen aan de hoge inter-laboratorium variatie {bv het
gebruik van (niet)-gebufferd plasma, FVIII-deficiënt plasma, monsterverdunning, aPTT
reagentia}, werden onderzocht.
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De resultaten van de workshop bevestigden dat het bufferen van normaal pool plasma en het
gebruik van FVIII-defïciënt plasma als referentie plasma het aantal vals-positieve resultaten
in remmer negatieve monsters verminderden en dus de specificiteit van de assay
verbeterden21. Bovendien bleek dat de mate van de verdunning van de plasmamonsters van
groot belang is. Hogere verdunning van het plasma monster resulteerde in hogere remmers
titer. Bovendien had het gebruikte verdunningsmedium invloed op de testresultaten. Tijdens
de workshop daalde de inter-laboratorium CV tot ongeveer 10% maar alleen als alle
deelnemers precies dezelfde methode gebruikten, wat suggereert dat er potentiele
mogelijkheden zijn om FVIII-remmer testen te standaardiseren. Daarvoor is het een eerste
vereiste dat de individuele laboratoria de aanbevelingen ook werkelijk implementeren.

Is een meer gevoelige test nodig om de detectie van FVIII-remmers te
verbeteren?
Het grootste nadeel van de NA is de ongevoeligheid voor remmers met lage titer. Daarom is
een nieuwe gevoelige FVIII remmer methode ontwikkeld, gebaseerd op de NA, en
beschreven in hoofdstuk 5. De belangrijkste wijziging in deze test is de ultrafïltratiestap
waarbij zowel patiënten plasma als controle plasma 4 tot 5 keer worden geconcentreerd. Een
tweede wijziging in de methode is de aangepaste ratio van test plasma en NPP van de
incubatie mengsels. Drie delen geconcentreerd patiënten plasma en controle plasma worden
gemengd met één deel NPP, gedurende 2 uren bij 37 °C geïncubeerd en geanalyseerd op
overgebleven FVIII activiteit met een chromogene bepaling. Deze lage-titer remmer test is 20
maal gevoeliger dan de klassieke testen (BA en NA) een heeft een detectiegrens van 0,04
BU/mL. Met deze test konden we de aanwezigheid van lage-titer FVIII remmers bepalen in
hemofïliepatiënten met een remmer verleden in de eerste fase na de ITI therapie. Deze lagetiter remmers verkortten de halfwaardetijd van toegediende FVIII-producten en verklaarden
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de vaak voorkomende bloedingen in de vroege post-ITI periode aangezien de effectiviteit van
de behandeling van HA patiënten sterk wordt beïnvloed door de lengte van de tijd dat een
persoon doorbrengt met een te lage niveau van de stollingsfactor FVIII. (22>
Hoofdstuk 6 beschrijft de resultaten van de validatie van de lage-titer test bij patiënten die
deel hadden genomen aan de internationale ITI studie(24). De klassieke referentiemethoden
voor de detectie van remmers zijn, naast de remmer bepalingen, de FVIII halfwaardetijd en de
FVIII overleving na 30 minuten (”recovery”) die beiden berekend worden uit de gegevens
van farmaco-kinetische studies na de toediening van FVIII concentraat. Patiënten met een
negatieve Nijmegen inhibitor test (<0,6 BU / ml), een genormaliseerde 15-30 minuten
recovery (> 66%) en een normale halfwaardetijd (>6 uren) werden gezien als succesvol
behandeld.(23,24) De farmaco-kinetische studies zijn echter belastend voor de patiënten omdat
meerdere bloedafnamen vereist zijn. De vraagstelling was of de lage-titer methode deze testen
zou kunnen vervangen. Correlatie tussen de halfwaardetijd na de toediening van FVIII
enerzijds en de resultaten van de remmers test en FVIII recovery anderzijds werd
geanalyseerd bij patiënten in het eindstadium van ITI behandeling. Een significante correlatie
werd waargenomen tussen de lage titer test en de halfwaardetijd. Geen significantie werd
gevonden tussen de halfwaardetijd en 15-30 minuten recovery. Het ontbreken van deze
significante correlatie kan worden verklaard door de langzame en tijdsafhankelijke relatie
tussen FVIII en remmers veroorzaakt door de binding van FVIII aan VWF.
Om te onderzoeken welke halfwaardetijd de optimale resultaten geeft, werden Receiver
Operating curves (ROC) gemaakt met de resultaten van de lage titer test, NA, BA en
recovery met verschillende grenswaarden voor FVIII halfwaardetijd. De resultaten gaven aan
dat een grens referentiewaarde van FVIII halfwaardetijd van 7 uur, de hoogste oppervlakte
onder de curve voor de lage titer bepaling oplevert die ook significant verschillen van de
referentielijn. Geen van de andere parameters bleek significant te verschillen van de
referentielijn.
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De klinische relevantie van de nieuwe test
Nauwkeurige en reproduceerbare detectie en kwantificering van remmers is zeer belangrijk
bij het behandelen van bloedingen en complicaties in hemofilie A patiënten met remmers.
Vals negatieve testresultaten kunnen leiden tot onvoldoende behandeling van de patiënten en
kunnen resulteren in bloedingen. Daarentegen kunnen vals-positieve resultaten leiden tot
overbehandeling en daarmee tot een stijging in de kosten. De ontwikkeling van de lage titer
remmer assay kan bijdragen aan een meer betrouwbaar en gemakkelijk uit te voeren
procedure om de aanwezigheid of afwezigheid van klinisch relevante lage-titer remmers te
detecteren.
Geconcludeerd kan worden dat de lage-titer test van Factor VIII remmers veel voordelen
heeft boven farmaco-kinetisch onderzoek ten aanzien van de detectie van lage concentraties
FVIII-remmer. De test is bovendien onafhankelijk van de concentratie van von Willebrand
factor en is patiëntvriendelijk.

Conclusie
Het "algoritme" zoals beschreven in hoofdstuk 2 is een betrouwbaar hulpmiddel voor het
opsporen van stollingsremmers in het algemeen en FVIII-remmers in het bijzonder, en leidt
bij zorgvuldig gebruik naar de juiste diagnose.
De Nijmegen bepaling is de meest betrouwbare test voor het bepalen van FVIII-remmer
activiteit indien deze hoger is dan 0.6 BU/ml. De sensitiviteit van FVIII-remmer testen is
verbeterd door de ontwikkeling van lage-titer methode. Deze is 20-maal gevoeliger is dan de
klassieke testen en heeft een detectielimiet van 0.04 BU/ml. De klinische relevantie van de
lage titer assay is aangetoond in de internationale ITI studie waar is bewezen dat deze test
correleert met de halfwaardetijd. Daarom kan de lage titer assay worden gebruikt als een
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betrouwbare parameter om tolerantie te meten na de ITI-therapie. Verder onderzoek in een
groter cohort is aan te bevelen om het belang van de lage-titer remmer test te inventariseren.
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Dankwoord
Volgens sommigen een cliché, maar niet voor mij: een promotie afronden doe je niet
alleen. Ik heb onderzoek uitgevoerd met alle ups en downs en alle emoties die erbij
horen. Nu mijn proefschrift af is, wil ik iedereen die mij gesteund en geholpen heeft
bedanken.

Beste Bert, je was mijn steunpilaar tijdens mijn promotie. Vanaf het moment dat ik
van onderzoek switchte, was jij zichtbaar aanwezig. Ik mocht van je leren over de
stolling in het algemeen en de FVIII-remmers in het bijzonder. Trots ben ik dat ik
onder jouw begeleiding het vervolgonderzoek op de door jou ontwikkelde Nijmegen
Assay heb mogen doen. Je stond altijd klaar voor me en ik mocht je storen op ieder
moment van de dag, zelfs tijdens je vakanties in het verre buitenland. Jouw
enthousiasme voor de wetenschap, je oog voor details en je objectieve en strenge
manier van het bekijken van data hebben ons tot een mooie samenwerking gebracht.
We moesten lang wachten op de data vanuit het buitenland om the low titre assay te
kunnen publiceren maar het is ons gelukt! We waren teleurgesteld over de data van de
ITI, maar er is uiteindelijk toch een mooi artikel geschreven. Het is niet anders: de
patiëntenpopulaties zijn klein bij zulke zeldzame ziektes.
Van onze co-auteurs hebben we verschillende reacties gekregen. We hebben ze
geclassificeerd in type I- en type II-reacties, genoemd naar de FVIII-type remmers.
Onze werkbesprekingen waren bijzonder, vaak bij jouw thuis, in de tuin of op het
terras als het lekker weer was. Het begon met een heerlijk kopje koffie gevolgd door
jouw “home made ” brood met pindakaas om daarna direct ter zake te komen.
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Lieve Bert en lieve Annie, Ik weet niet hoe ik jullie kan bedanken. Ons contact stopt
niet na dit boek. Jullie hebben allebei heel veel voor mij betekend tijdens mijn
promotieonderzoek.

Beste Waander, tijdens mijn sollicitatiegesprek voor de promotieplaats vroeg jij me
hoe ik mezelf zou zien over vier jaren. Ik antwoordde direct: “gepromoveerd!!” Mijn
promotie duurde helaas meer dan vier jaren, maar het is me gelukt een mooi boek af
te kunnen ronden. Nu nog de verdediging. Ik wil je bedanken voor de kans die je me
gegeven hebt om in jouw groep te promoveren.
Ik heb de afgelopen jaren heel veel geleerd. Ik dacht dat ik al ontgroend was toen ik in
jouw groep begon, maar de echte ontgroening begon met mijn promotieonderzoek.
Beste Waander, ik wil je graag bedanken voor de begeleiding, voor de kans die je me
gegeven hebt om me binnen de stollingswereld te ontwikkelen. Zoals het meedoen
aan de jaarlijks cursus van de Nederlandse Vereniging voor Trombose en Hemostase
(NVTH). Dat is la crème de la crème voor iedere onderzoeker binnen de trombose en
hemostase.
Ik was blij dat jij me vrijliet om mijn gang te gaan. Dank je wel voor je vertrouwen in
mij, want dankzij jou en Joop had ik een aanstelling als postdoc in Frankfurt gekregen.

Beste Joop, halverwege mijn promotietraject ben jij hoofd van onze afdeling
geworden. Jouw rol is daarna onmisbaar geworden. Ik wil je bedanken voor je
concrete en duidelijke aanpak, voor je vertrouwen, je betrokkenheid en voor het snel
lezen van dit proefschrift.
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Beste Robert, dank je wel voor je samenwerking en jouw hulp voor het technische
werk. Je was heel kritisch naar hoe ik de experimenten moest uitvoeren. Ik moest er
niet aan denken als de duplo’s niet goed waren. Je kwam me opzoeken en zei:
“volgende keer netjes werken, meisje”. Als ik terugdenk aan het aantal van 96 plaatjes
dat we moesten meten tijdens de ITI-studie en het probleem rondom het visceuse
concentraat, zie ik je voor me, jouw geheime la met alle tools en vooral de exotische
pipetten (met capillaires) die zeker onmisbaar waren tijdens het uitvoeren van de
experimenten. Voor j e collegialiteit zeg ik ‘chapeau!’. Ook tij dens j e ziekte stond j ij
klaar voor me. Je positieve houding gaf me heel veel moed. Beste Robert, dank je wel
voor je tomeloze inzet.

Beste Clint, werken met jou is gekoppeld aan lachen. Dank je wel voor de technische
hulp en voor de bereidheid om back up te zijn als Robert er niet was of het te druk had
met de diagnostiek. Dankzij jou bestaat er op de STA een FVIII-ijklijn die Myriam
heet. Ik vind het bijzonder!

Beste Bea, dank je wel voor het helpen met het vWF-antigen.
Beste Selene, Thessa, Louis, Marion, Patricia en de hele groep van de moleculaire
diagnostiek, ik wil jullie bedanken voor alle moleculaire expertise. Al zijn niet alle
technieken terug te vinden in dit proefschrift, het was leerzaam om ze uit te voeren.

Beste Wideke, Kitty, Marieke, Monique, Sandy, Ans, Bas en Ans, jullie werkgebied
was ver van mijn onderzoek, maar dat was geen obstakel voor jullie om aan mij te
vragen hoe het me mij en mijn onderzoek ging. Dank jullie wel voor jullie interesse.

165

VIII

----------------------------------------------------------------------------------------------------------

Chapter VIII

------------------------------------------------------------------------------------------------------------

Beste Natascha, beste Mark, we hadden het vaak over de promotie, het onderzoek en
ook hoe lastig het is. Ik wil jullie heel graag bedanken voor jullie steun tijdens mijn
promotie en ik wens jullie heel veel succes in jullie carrières.

Beste Larissa, dank je wel voor je kritische opmerkingen tijdens de werkbesprekingen
en heel veel succes met de afronding van jouw promotie.

Onze supersecretaresse ‘la Nelleke’: toen ik op de vierde zat, kon ik gemakkelijk bij
je langskomen om wat te vragen. Dank je wel voor het regelen van de administratieve
zaken en ook voor de workshops over mozaïek en sieraden maken.

Beste Trix, jouw rol tijdens mijn promotie was ook heel groot. Inhoudelijk kon jij me
niet helpen maar operationeel heb jij heel veel voor me gedaan, zodat alles volgens de
planning kon verlopen. Het is zeker niet gemakkelijk om met een kleine groep er toch
voor te zorgen dat of Robert of Clint met mij kan werken. Ook buiten het werk heb jij
me in moeilijke tijden gesteund. Dank je wel.

Beste Arnoud, toen jij nog in onze groep zat, kwam ik vaak bij je voor al mijn vragen
over de stolling. Dat was niet zo gek, w antje zat in dezelfde kamer met Mark en mij
na het vertrek van Natascha. Het was voor ons een luxepositie die niet lang heeft
geduurd. Ik heb je scherpe analyse altijd gewaardeerd. Jouw vertrek naar een andere
groep heb ik samen met Mark gezien als een groot gemis voor onze groep.
Beste Arnoud, beste Trix, dank jullie wel dat jullie tijdens mijn promotie mijn
paranimfen willen zijn. Het betekent heel veel voor mij.
Een proviofieondsiioek rondje niet alleen af!
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