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Native plasma-derived FVIII/VWF complex has lower
sensitivity to FVIII inhibitors than the combination of
isolated FVIII and VWF proteins. Impact on Bethesda assay
titration of FVIII inhibitors
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Summary. Sensitivity to FVIII inhibitors of the native
plasma-derived (pd) FVIII/VWF complex vs. the
complexes formed after exogenous FVIII infusion in
the haemophilic patient has not been thoroughly
studied. The role of VWF in the interaction of FVIII
with inhibitors was studied in vitro using different
combinations of VWF and FVIII concentrates. Normal
plasma, pdFVIII/VWF and isolated FVIII (recombinant
FVIII, B-domain deleted and pdFVIII) were used. Titre
(BU) was kinetically determined (up to 2 h) in serial
dilutions of inhibitor IgG (purified from a pool of
plasmas with inhibitors) mixed with VWF and then
incubated with the different FVIII. Inhibitor was also
added to previously mixed VWF+FVIII. Residual
FVIII:C was determined. TGA assays were performed
with FVIII-deficient plasma spiked with the FVIII-
VWF mixtures with/without an ESH-8 antibody.
Inhibitor titres for plasma and pdFVIII/VWF were
comparable at all time points. Titres for all

concentrates of isolated FVIII were significantly higher
than those for plasma or pdFVIII/VWF (1.4–1.9 fold)
even after preincubation with VWF. At t = 0 h, titres
for plasma or pdFVIII/VWF were unquantifiable, but
were detectable for isolated FVIII (0.6–1.6 BU). In
contrast to pdFVIII/VWF, the decrease in thrombin
generation parameters by isolated FVIII in the
presence of ESH-8 was significant (P < 0.01) even
when previously combined with VWF. In conclusion,
VWF protection against FVIII inhibitor activity might
be higher with native pdFVIII/VWF complex than
with the corresponding compound formed from the
isolated proteins. Bethesda assay titration using
different FVIII concentrates would be advisable to
guide the treatment of inhibitor patients.
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Introduction

The formation of inhibitors to factor VIII (FVIII) is
currently the most common and challenging complica-
tion of haemophilia treatment [1]. Both environmental
as well as treatment-related risk factors are associated
with inhibitor formation [2,3].
In the circulation, FVIII is tightly bound to von

Willebrand factor (VWF), forming a complex that
plays a significant role in FVIII protection from degra-
dation by plasma proteinases [4,5] and interfering

with antigen recognition [4]. Some clinical studies have
shown that VWF-containing FVIII (pdFVIII/VWF) con-
centrates result in lower immunogenicity (inhibitor for-
mation) than isolated FVIII products in patients with
haemophilia A [6–8]. Data from clinical studies report-
ing the incidence of inhibitors in previously untreated
patients have suggested that recombinant FVIII (rFVIII)
has more than twice the immunogenicity of plasma-
derived FVIII (pdFVIII; 27.0 vs. 10.8%) [9,10], while
additional meta-analyses have shown that the risk of
inhibitor development with rFVIII is approximately
twice that of pdFVIII (27.4 vs. 14.3%) [9]. However,
this issue is far from settled [11].
pdFVIII/VWF concentrates have been shown to gen-

erate more thrombin in the presence of inhibitors than
monoclonal-purified pdFVIII and rFVIII concentrates,
which is critical for coagulation [12]. Shi, et al. have
shown, both in vitro and in mice, that VWF has a
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dose-dependent protective effect on FVIII and reduces
inhibitor inactivation of FVIII [13]. VWF is known to
mask FVIII epitopes within the A2, A3 and C2
domains, which may reduce the formation of inhibi-
tors by partially masking FVIII epitopes [14,15].
When infused into a haemophilic patient, isolated

FVIII spontaneously binds to circulating VWF, with
an apparent stoichiometric ratio of 1 IU FVIII:1 IU
VWF [16]. However, the precise in vivo molecular
mechanisms of the FVIII-VWF interactions are not
well known. The recognition of FVIII by inhibitors is
also not well understood. When the Bethesda assay is
used with different commercial FVIII concentrates, a
wide range of inhibitor titres is obtained [17,18]. Per-
forming concentrate-based assays for direct evaluation
of inhibitor reactivity has previously been proposed
[18].
The recognition of FVIII by inhibitors and the

potential differential characteristics of the native
pdFVIII/VWF complex vs. the compound formed after
exogenous FVIII infusion in the haemophilic patient
warrant further investigation. For this study, we used
a series of in vitro assays to test inhibitor reactivity in
different combinations of VWF, FVIII concentrates
(plasma-derived and recombinant) and inhibitors. Our
results highlight the differential sensitivity to inhibitors
of the native pdFVIII/VWF complex vs. the combina-
tion of purified, isolated FVIII and VWF proteins.

Material and Methods

Objectives and experimental design

The role of VWF in the interaction of FVIII with
inhibitors was studied in vitro following two
approaches:
In the first approach, the inhibitor reactivity (from a

pool of haemophilic plasma with inhibitors) against
FVIII from concentrates of different origins was
investigated kinetically using the Bethesda assay, in
comparison to normal human plasma. Two experi-
mental models were tested: (i) FVIII added to previ-
ously mixed VWF+inhibitor (the haemophilia-mimic
case), which theoretically models what occurs when
FVIII is infused into a patient’s blood already contain-
ing VWF and inhibitors; and (ii) inhibitor added to
previously mixed VWF and FVIII (the factors-mixture
case), in which the formation of a VWF+FVIII com-
pound can occur prior to the interaction with the
inhibitor.
In the second approach, the reactivity of inhibitors

was analysed by the thrombin generation assay (using
an antibody against FVIII C2 domain), comparing the
native pdFVIII/VWF complex and the VWF+FVIII
compound resulting from the combination of the iso-
lated FVIII (of plasma or recombinant origin) and
VWF proteins.

Biologicals

The native VWF-complexed FVIII concentrates of
plasma origin (pdFVIII/VWF) used in the study were
Fanhdi� (Grifols, Barcelona, Spain) and Alphanate�

(Grifols, Los Angeles, CA, USA). Since both products
share an identical purification process, for assessments
they were considered the same concentrate type. Both
products contain an approximate 1:1 ratio between
FVIII:C and VWF:RCo activities. The pdFVIII was a
monoclonally purified product containing no, or very
little, VWF [19]. The FVIII concentrates produced by
a recombinant DNA technique (containing no VWF)
were: a third generation full-length rFVIII, and a
B-domain deleted rFVIII (BDD-rFVIII). The VWF was
a commercially available plasma-derived VWF concen-
trate. The FVIII-deficient plasma (containing VWF)
and normal pooled plasma were purchased from Diag-
nostic Grifols (Barcelona, Spain).
Inhibitor human IgG was purified from a commer-

cial pool of haemophilic plasmas with inhibitors
(Technoclone, Vienna, Austria) using protein G
Sepharose chromatography (GE Healthcare, Uppsala,
Sweden). Characterization of the pool performed in
our laboratory showed the presence of antibodies
against both light and heavy (A1–A2) chains. The
Mab ESH-8, human anti-FVIII C2 domain antibody
was obtained from American Diagnostica GbmH
(Pfungstadt, Germany).

FVIII activity assays

The (modified) chromogenic method was performed
with the Coamatic FVIII kit (Chromogenix, Bedford,
USA). Briefly, 50 lL samples were added to 96 well
microtitre plates in duplicates and warmed during
2 min at 37°C. Fifty (50) lL of assay components,
including bovine factor IXa, factor X and thrombin co-
lyophilized with CaCl2 and phospholipid were added to
each well, and then the plates were incubated 10s with
shaking and 167s without shaking at 37°C. Subse-
quently, 50 lL of the chromogenic FXa substrate mix-
ture S-2765/I-2581 was added to each plate and the
plate was incubated 10s with shaking at 37°C and
1 min without shaking at 37°C. Finally, 50 lL of acetic
acid 20% was added to each well to stop the reaction
and the plate was transferred to the microplate reader
(Model ELX808, BioTek Instruments, Inc. Winooski
VT, USA) preset at 37°C. The absorbance was read at
405 nm. A standard curve was plotted using a second-
ary standard calibrated against human coagulation
FVIII concentrate Pharmacopea Europea BRP Batch 4.
For comparison to the chromogenic method results,

residual FVIII:C of experimental samples at the time
point t = 2 h of the inhibitor assay was determined by
the one-stage clotting assay [20] with a coagulometre
(Amelung, Lieme, Germany).
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Inhibitor assay

In the haemophilia-mimic case, serial dilutions of
inhibitor IgG were mixed with an equal volume of
2 IU mL�1 VWF and later incubated with an equal
volume of 1 IU mL�1 of FVIII of different origin
(pdFVIII/VWF, pdFVIII, rFVIII, BDD-rFVIII) and nor-
mal human plasma. In the factors-mixture case
2 IU mL�1 of each VWF and FVIII from different
sources were mixed and then serial dilutions of inhibi-
tor IgG were added in an equal volume.
In both cases samples were incubated at 37°C at dif-

ferent times (0, 15, 30, 60 and 120 min). The inhibi-
tor titre of the experimental samples was determined
following the Bethesda assay design. After incubation,
residual FVIII:C was assayed by a chromogenic assay.
Bethesda Units (BU) were defined by dilution of the
inhibitory antibodies until 50% of the initial FVIII:C
was neutralized. The inhibitor assay was repeated at
least three times for each experimental condition. Buf-
fer controls with no added inhibitors were assayed in
parallel.
A series of controls with one of the VWF-devoid

FVIII concentrates was performed to verify that inhib-
itor reactivity against the mixture of FVIII and VWF
(factors-mixture case) was not affected by the preincu-
bation time prior to addition of inhibitor IgG. Hence,
the BDD-rFVIII+VWF mixture was incubated for 1 h
at 37°C. Then, the titre in BU was obtained immedi-
ately (0 h) and after 2 h (representing the extreme
points of the kinetic study). Results were compared
with those of the FVIII+VWF mixture without the
prior incubation during 1 h at 37°C.

Thrombin generation assay

FVIII-deficient plasma was spiked with FVIII concen-
trate from the different sources up to 1 IU
FVIII mL�1. In parallel, FVIII-deficient plasma was
spiked with each FVIII concentrate and mixed 1:1
with ESH-8 antibody to final concentrations of 1 IU
FVIII mL�1 and 1 lg ESH-8 mL�1 (0.73 BU as deter-
mined in our laboratory) respectively. Additionally,
1:1 (IU) mixtures of isolated VWF and FVIII concen-
trates (rFVIII, BDD-rFVIII, pdFVIII) were prepared in
vitro to be assayed in the same manner, in parallel to
pdFVIII/VWF.
All samples were placed on a 96-well plate and

assayed by TGA [21]. Reagents for TGA including
thrombin fluorogenic substrate, tissue factor/phospho-
lipid solution RC low and thrombin calibrator were
purchased from Technoclone (Vienna, Austria). Fluo-
rescence was read for 60 min (microplate fluorescence
reader FLX800 BIO-TEK Instruments, Inc.). The TGA
was performed at least three times for each experi-
mental condition and all data were standardized with
the value of FVIII-deficient plasma. The parameters

analysed include Endogenous Thrombin Potential
(ETP), peak thrombin concentration, and velocity.
Data were analysed using the evaluation software
provided by the manufacturer.

Statistical analyses

Mean, median, standard deviation (SD), minimum–
maximum and frequency in percentage were used
where appropriate. The inhibitor titre data were anal-
ysed using Student’s t test and thrombin generation
data were analysed using an ANOVA test. Brown–Forsy-
the’s test for homogeneity of variances was performed
to ensure that the results from Student’s t test and the
ANOVA had been found appropriately. All P values
were two-sided. Statistical significance was set at
P < 0.05. GraphPad Prism� Statistics 5.0 (GraphPad
Software Inc.; La Jolla, CA, USA) was used for analy-
sis and charting.

Results

Kinetics of FVIII-inhibitor interactions

The inhibitor titre for the pdFVIII/VWF complex con-
centrates was comparable to the titre in normal
plasma at all time points studied in both the haemo-
philia-mimic case (in which FVIII is added to previ-
ously mixed VWF+inhibitor) and the factors-mixture
case (in which the inhibitor is added to previously
mixed VWF+FVIII). At time t = 0 titres were unquan-
tifiable while at 2 h, titres ranged from 11.6 � 2.7 to
12.6 � 1.8 BU [P < 0.001; Fig. 1(a)].
Conversely, the inhibitor titres obtained with all iso-

lated FVIII products (pdFVIII, rFVIII and BDD-rFVIII)
in the haemophilia-mimic case were significantly
higher than in normal plasma and the pdFVIII/VWF
complex concentrates at all the time points (P < 0.05–
0.001), with ratios reaching 1.4–1.9 fold, respectively,
after 2 h of incubation (titres ranging from
16.5 � 2.1 to 23.3 � 3.9 BU). This pattern did not
change when the inhibitor was added to the
FVIII+VWF mixture (factors-mixture case). Titres
were even detectable at t = 0 (1.2–1.5 BU mL�1 in the
haemophilia-mimic case and 0.6–1.6 BU in the fac-
tors-mixture case). Kinetic profiles of pdFVIII, rFVIII
and BDD-rFVIII are plotted in Figs. 1(b–d), respec-
tively.
Figure 2 shows detailed results of residual FVIII:C

at t = 0 of the haemophilia-mimic case with three
inhibitor dilutions. Only pdFVIII/VWF complex con-
centrates values remained similar to those of plasma
at all the dilutions, whereas in the three VWF-devoid
FVIII products (plasma-derived or recombinant) per-
centages of FVIII:C were always below those of
plasma. At dilution ½, values were, respectively, 59–
68% vs. 84% (P < 0.001).
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Controls in which the BDD-rFVIII+VWF mixture
was preincubated for 1 h prior to inhibitor addition
showed very similar titres as those found in the mix-
ture without preincubation (0.66 � 0.20 and
0.80 � 0.20 BU mL�1, respectively, at t = 0 h, n = 3;
23.3 � 5.2 and 24.4 � 4.3 BU mL�1, respectively, at
t = 2 h, n = 3).
There were no discrepancies between the chromo-

genic and the one-stage clotting assay results at the
2 h time point of the inhibitory assay in the haemo-
philia-mimic case. The respective ratios of BU in FVIII
product vs. plasma were 0.95–1.04 for pdFVIII/VWF,

1.91–1.94 for pdFVIII, 1.35–1.30 for rFVIII and
1.84–1.73 for BDD-rFVIII.

Inhibitor reactivity in native pdFVIII/VWF vs.
FVIII+VWF mixture

The pdFVIII/VWF complex concentrates consistently
showed higher residual FVIII activity (i.e. less sensitivity
to inhibition) in comparison to the mixture from iso-
lated FVIII and VWF (1.5-fold, approximately), inde-
pendent of the type of isolated FVIII assayed (pdFVIII,
rFVIII and BDD-rFVIII). This observation was consis-
tent over the time course of the assay. Furthermore, a
1 h preincubation of the isolated FVIII and VWF prior
to addition of inhibitor had no effect on the results.
The decrease of ETP mediated by the anti-C2 anti-

body (ESH-8) in the presence of pdFVIII/VWF com-
plex concentrates was very mild and not statistically
significant (down to 88% of the ETP value of the
product without inhibitor). The decrease of peak
thrombin concentration and velocity index were mod-
erate although significant (down to 78% and 63%, of
the value of the product without inhibitor, respectively;
P < 0.01). However, in the presence of isolated FVIII
products the decreases were markedly higher and sta-
tistically significant in all cases (43–60% peak throm-
bin concentration and 32–46% velocity index;
P < 0.01). Detailed results are summarized in Fig. 3(a).
The differences in inhibitor reactivity between pdFVIII/
VWF complex concentrates and the VWF-devoid prod-
ucts persisted even when VWF was added to the FVIII
products before measuring thrombin generation
[Fig. 3(b)].

(a) (b)

(c) (d)
Fig. 1. Kinetics of inhibitor reactivity, in Beth-

esda Units, against FVIII concentrates compared

with normal plasma (pdFVIII/VWF: plasma-

derived FVIII/VWF complex; pdFVIII: plasma-

derived FVIII; rFVIII: full-length recombinant

FVIII; BDD-rFVIII: B-domain deleted recombinant

FVIII). In the haemophilia-mimic case FVIII con-

taining products are added to previously mixed

VWF+inhibitor, while in the factors-mixture case

the inhibitor is added to previously mixed

VWF+FVIII (n = 3 for plasma, n = 8–9 for

pdFVIII/VWF; n = 3–5 for pdFVIII; n = 3 for

rFVIII and n = 3 for BDD-rFVIII). *P < 0.05 to

P < 0.001 with respect to plasma.

Fig. 2. Residual FVIII activity (FVIII:C) of the FVIII concentrates with

three inhibitor dilutions in the haemophilia-mimic case (pdFVIII/VWF:

plasma-derived FVIII/VWF complex; pdFVIII: plasma-derived FVIII;

rFVIII: full-length recombinant FVIII; BDD-rFVIII: B-domain deleted

recombinant FVIII) (n = 3-6). *P < 0.001 with respect to plasma.
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Discussion

Detailed knowledge of the mechanisms of the FVIII
and VWF interaction with regard to the role of VWF
in interfering with FVIII antibody recognition is still
incomplete [22]. In the clinical setting this uncertainty
is reflected in the controversy around which type of
therapeutic concentrate should be used to minimize
FVIII immunogenicity and maximize success in
immune tolerance strategies [9,18,23,24]. In this
experimental study we used different combinations of
VWF with isolated plasma-derived and recombinant
FVIII concentrates to kinetically analyse inhibitor
titres and thrombin generation vs. normal plasma and
vs. pdFVIII/VWF complex purified from normal
plasma. The reduced inhibitor reactivity to plasma
and pdFVIII/VWF complex concentrates compared to
concentrates of isolated FVIII, even after binding to
VWF, is highlighted.
Kinetic results from the haemophilia-mimic case

(i.e. addition of the FVIII concentrate to previously
mixed VWF + inhibitor) showed that the BU titres of
the inhibitor pool against pdFVIII/VWF were null at
t = 0 and increased over time in a pattern almost
identical to that of normal plasma. In contrast, for
isolated FVIII products (pdFVIII, rFVIII and BDD-
rFVIII) BU titres were immediately detectable at
t = 0, and the BU values at the subsequent time
points were significantly higher than those found in
plasma (or also to pdFVIII/VWF). Whenever the
results of this study are considered, it is important to

denote that the differential inhibitor reactivity results
observed between the FVIII concentrates were
obtained against a pool of inhibitors from different
patients instead of an inhibitor from a single patient.
Since the Bethesda assay is normally performed in
plasma, we believe testing of isolated FVIII concen-
trates should be performed, as previously suggested,
if these concentrates are going to be used in a patient
with inhibitors [12,17,18,25].
Interestingly, the kinetics of inhibitor reactivity was

independent of FVIII and VWF incubation sequence.
Inhibitor curves were similar for the haemophilia-
mimic case and the factors-mixture case in which
FVIII was allowed to bind to VWF prior to contact
with the inhibitor. Results of the controls performing
the Bethesda assay at t = 0 and 2 h, showed no differ-
ences with or without preincubation of BDD-rFVIII
with VWF. In accordance with previous studies [13],
this indicates that the FVIII-VWF binding is fast, not
dependent on incubation time.
These results strongly indicate that the protective

action of VWF on FVIII is more efficient when both
molecules are bound constitutively as in plasma or in
the pdFVIII/VWF complex concentrates, than in the
compound resulting from the combination of isolated
FVIII (plasma-derived or recombinant) and VWF pro-
teins. Moreover, in the context of haemophilia treat-
ment, these results would suggest that isolated FVIII
infused into a haemophilic patient with inhibitors
would be less protected by VWF than the FVIII found
in pdFVIII/VWF complex concentrates. However,

(a)

(b)

Fig. 3. Thrombin Generation Assay (Endoge-

nous Thrombin Potential [ETP], peak thrombin

and velocity) performed on FVIII concentrate sam-

ples in the presence of antibody anti-C2 (ESH-8),

with or without VWF added (pdFVIII/VWF:

plasma-derived FVIII/VWF complex; pdFVIII:

plasma-derived FVIII; rFVIII: full-length recombi-

nant FVIII; BDD-rFVIII: B-domain deleted recom-

binant FVIII) (n = 4–6); *P < 0.01 with respect to

the value of the product without inhibitor

(100%).
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caution is warranted when extrapolating an in vitro
approach to an in vivo situation.
Previous studies have suggested that post-transla-

tional sulphation of tyrosine residues in FVIII, which
is critical for VWF binding [26,27], may be incom-
plete in recombinant FVIII [28,29]. This could affect
the ability to form a rFVIII+VWF complex that is
completely identical to the native human pdFVIII/
VWF. However, in our results, isolated pdFVIII plus
VWF reacted to inhibitors in a manner similar to the
rFVIII products. This strongly suggests that the native
pdFVIII/VWF complex is not structurally or function-
ally identical to the combination of isolated FVIII and
VWF proteins, independent of the possible differential
characteristics of plasma and recombinant FVIII.
Current knowledge of VWF secretion and remodel-

ling from vascular endothelial cells provides possible
explanations. VWF is synthesized as ultra-large multi-
mers (ULVWF) by endothelial cells and megakaryo-
cytes. In endothelial cells, ULVWF is stored in the
Weibel-Palade bodies, which can be secreted either
constitutively or upon endothelial stimulation [30].
Endothelial cells have also been reported to synthesize
FVIII [31–33]. During release from endothelial cells,
ULVWF multimers in an unfolded conformation
remain transiently bound to the cell surface to be
cleaved by ADAMTS13 into smaller VWF multimers
[34]. After secretion into plasma, the VWF propeptide
dissociates from VWF due to a change in pH [35]
and functional circulating VWF adopts a globular
conformation [36]. Since constitutive binding of FVIII
to the D’–D3 domain of VWF is enabled by the
release of the VWF propeptide [37], it is plausible
that this event takes place before VWF adopts the
globular conformation. Given the much larger size of
VWF with respect to FVIII (up to 20 000 vs.
330 kDa, respectively), there is a high probability that
the constitutively bound FVIII is protected inside the
globular VWF molecule. By contrast, exogenously
infused FVIII would have more probabilities of bind-
ing to the surface of the circulating globular VWF
molecule, hence being more exposed (with antigenicity
implications) and also more accessible to inhibitors.
It is known that VWF-containing FVIII concentrates

generate more thrombin than isolated FVIII concen-
trates when added to FVIII-deficient plasma with the

presence of inhibitor [12]. In this current report, TGA
studies confirmed that FVIII in the pdFVIII/VWF com-
plex concentrates is protected to a higher degree
against an inhibitor (in this case anti-C2 antibody)
compared to the other FVIII products. Moreover, no
parameter (ETP, peak thrombin and velocity) was
modified by the prior addition of VWF to isolated
FVIII concentrates, which indicates that the
FVIII+VWF mixture did not increase the protection of
FVIII from anti-C2 antibody.
In summary, these data indicate a difference in sen-

sitivity to FVIII inhibitors for different types of FVIII
concentrates. Plasma and native pdFVIII/VWF com-
plex showed higher residual FVIII activity after incu-
bation with inhibitor compared to isolated FVIII
concentrates, even after VWF incubation. This sug-
gests that there may be structural and/or functional
differences between the native pdFVIII/VWF complex
and the FVIII+VWF compound formed from the iso-
lated proteins. These differences are likely to be
responsible for the higher protection conferred against
inhibitory activity for the native pdFVIII/VWF com-
plex. In addition, our results strongly support the rec-
ommendation to perform Bethesda Assay titration on
different FVIII concentrates prior to treatment of
inhibitor patients.
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