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Summary

In this study we describe a process for immunopurification of
FVIII/VWF complex directly from plasma. A mAb against vWF
has been selected that is able to bind, under physiologic condi-
tions, the FVIII/vWF complex and to release it in slightly alkaline
conditions while preserving its activity.

After investigating the influence of solid supports and of
coupling methods on the recovery of active FVIII we produced an
immunoadsorbent by immobilisation of the selected mAb onto a
Sephacryl S-1000 support using a benzoquinone coupling method.
With this immunoadsorbent we developed a purification process
directly from plasma with an excellent recovery (50%) of both
FVIII and vWF activities. The product obtained is very enriched
(the FVIIL: C specific activity is 20 IU/mg of protein) and is stable
after lyophilization.

Introduction

Factor VIII (FVIII) plays a central role in intrinsic blood
coagulation (1). It is the procoagulant cofactor missing or inactive
in hemophilia A patients.

In the plasma FVIII is complexed with the von Willebrand
factor (vWF) which has an essential role in primary hemostasis
and is deficient or dysfunctional in von Willebrand’s disease.
These two proteins are linked by electrostatic and hydrophobic
bonds (2). The physiologic importance of FVIII-vWF association
is presumably due to its capacity to increase the FVIII concentra-
tion at sites of vascular damage (3) and its ability to increase the
plasma half life of FVIII by protecting it from proteolytic
degradation (4, 5).

The FVIII itself accounts for only 1 or 2% of the weight of the
FVIII/VWF complex. It is present in plasma at extremely low
concentration (100 to 200 ng/ml) and consists of a large glycopro-
tein (native FVIII MW = 330 kDa) (6-9) which is very
susceptible to cleavage by thrombin, plasmin, activated protein C
and other serine protease (10-13).

Abbreviations:

FVII, factor VIII; FVIII:C, factor VIII procoagulant activity;
FVIII: Ag, FVIII antigen; vWE, von Willebrand factor; vWF:Ag, VWF
antigen; RCof, vWF ristocetin cofactor activity; mAb, monoclonal
antibody; ELISA, enzyme-linked immunosorbent assay; IRMA,
immunoradiometric assay.
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The vWF plasma concentration is 10 pg/ml. This molecule is
composed of disulfide-linked glycoprotein subunits of approxi-
mately 220 kDa. These subunits polymerise in multimers ranging
from MW 500 kDa to 20,000 kDa (14-16).

The largest multimers are of utmost importance in the intrinsic
hemostatic role of vWF but the whole range of vVWF multimers
appears to be effective in factor VIII binding (17, 18).

Because of the low concentration of FVIII in plasma and its
susceptibility to proteolytic cleavage, large scale purification. is
difficult. Preparations of current therapeutic FVIII concentrates
include some or all of the following steps: cryoprecipitation (19);
cold ethanol washing (20); glycine and polyethylene glycol
precipitation (21). The limitations of these procedures are: the
FVII:C low yield (10-25%), the presence of plasma protein
contaminants, the loss of vVWF activity and viral contamination.

Highly purified FVIII has been obtained by gel filtration (22),
anion exchange chromatography (23) and affinity chromatogra-
phy on immobilized antibodies. Immunopurification of FVIII has
been carried out with monoclonal antibodies toward the
FVIII: Ag (24) and polyclonal (25) or monoclonal (26) antibodies
directed toward vWF and dissociation of the FVIII/VWF complex
by Ca?* (2). These immunopurification methods lead to the
recovery of FVIII deprived of vWFE.

The main objective of the work presented in this article was to
propose an immunopurification process able to produce a FVIII
concentrate suitable for the therapy of hemophilia A. The
requirements for such a process were to be as simple as possible
and to allow a better FVIIL:C recovery than current processes.
Characteristics required for the product were to present an
improvement of FVIII:C specific activity and to maintain the
FVIII associated with the vWF as in the physiological form, where
vWEF could stabilize the FVIII: C in vitro (4) and increase the half
life of the FVIIL: C in vivo (5). Laboratory scale development of
this process is described here.

Materials and Methods

Assays

FVIII: Ag was determined by an IRMA using the two monoclonal
antibodies: CLB-CAg 27 and CLB-CAg 117 described by Stel et al. (27)
and purchased from CLB, Amsterdam.

vWF: Ag was measured by using an ELISA performed with the two
monoclonal antibodies: 4F91C5 and 202D3 described by Sultan et al. (28)
and provided by Immunotech, Marseille. A standard curve was obtained
with a vWF: Ag standard purchased by Diagnostica-Stago.

FVIII: C was determined by the one-stage assay (29) and the two-stage
assay (30). The FVIII:C standard used was from Diagnostica-Stago.

RCof was quantified by platelet aggregation in the presence of the
antibiotic ristocetin (31) using the Behring kit (Behringwerke AG,
Marburg, FR.G.). The relative RCof concentration of the
immunopurified samples were determined by comparison with the plasma
used for their preparation which was arbitrarily assumed to have a
concentration of 1 unit/ml.

The mouse IgG released from immunoadsorbents were measured by
an ELISA. Avidin-coated polystyrene microtiter plates (Immunotech,
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patent n° 84430010.3) were coated by n-hydroxysuccinimidyl biotin
conjugated goat anti-mouse IgG (H+L) Fab’ fragments adsorbed with
immobilized human proteins (1 pg/ml; 200 pl/well) provided by
Immunotech. After an overnight incubation at room temperature the
supernatant was aspirated and the plates dried in a dry room. ELISA was
performed at room temperature. Each coated well was incubated with
200 pl of a sample in 10 mM phosphate, 100 mM NaCl, pH 7.2 (PBS)
containing 0.5% bovine serum albumin. After a 3 hours incubation the
wells were washed twice with 200 pl of 9% NaCl. Then, 200 pl of
peroxydase conjugated goat anti-mouse IgG (H+L) Fab’ fragments
(Immunotech) were incubated 3 hours. The wells were then washed twice
with NaCl 9%. and peroxidase activity was revealed by orthopheny-
lenediamine (Sigma) and measured at 492 nm. A standard curve was
obtained with the 239 mAb. Detection sensitivity of this assay was 0.1 ng
IgG/ml.

The human IgG in the fractions of FVIII/VvWF immunopurified were
measured by an ELISA using goat anti-human IgG (H + L) (Immunotech)
as described for the mouse IgG ELISA.

Hepatitis B surface antigen (HBs) was quantified by the IRMA kit
AUSRIA II purchased from S.F. Laboratoires Abbot. Plasma contami-
nated by HBs was obtained from CRTS, Marseille. According to the

assay, the dilution of this contaminated plasma giving a c.p.m. value

2.1 fold higher than the negative control was 2.8 x 10*.

Protein concentration for calculation of the specific activity was
estimated by the Bio-Rad protein assay (Bio-Rad, Richmond, CA). A
standard curve was obtained with human plasma albumin obtained from
CRTS Lille.

Stability of FVIII Biological Activity in Various Buffers

The effect of buffer on FVIII:C was determined by incubating
1 volume of FVIII concentrate (provided by CRTS Nancy) with 9 volumes
of buffer, for 30 min at room temperature. Then the product was dialysed
against PBS, for 3 hours at room temperature prior to determination of
the residual activity using the one stage FVIIL: C assay.

Anti-vWF Monoclonal Antibodies

Monoclonal antibodies toward vWF were produced in collaboration
with the team of Dr C. Mazurier, CRTS Lille. Purified FVIII/VWF
antigen (32) was injected in BALB/c mice and their spleen cells fused with
mouse X63 myeloma cells (33). Hybridoma cells producing specific
antibodies were identified by analysis of the cell supernatants on plates
coated with purified FVIII/VWF complex (22) or FVIII molecules kindly
given by Dr J. P. Allain (CNTS Les Ullys). Specificity of the mAb was
assessed using the methods described by Sola et al. (34). Among the
12 anti-vWF monoclonal antibodies obtained, 4 were selected for
immunopurification experiments as they were able to remove more than
50% of FVII/VWF from plasma when bound to gel beads.

Determination of mAb Affinity for the FVIII/lvWF

Polyethylene tubes were coated by an overnight incubation at room
temperature each with 1 ml of PBS, containing 1 unit of immunopurified
FVIIIWVWEF. After 3 washes with PBS-Tween 0.2%, the tubes were
saturated with 1% w/v bovine serum albumin (BSA) in PBS for 3 h at
room temperature. After washing with PBS-tween 0.2%, the tubes were
dried in a dry room and used for radioimmunoassay. Standard curves were
obtained by adding 900 pl of increasing concentrations of unlabelled mAb
in 0.1 M triethanolamine, 0.1 M NaCl, 0.1% BSA, 0.2% Tween at
various pH with 100 pl of I-labelled mAb (100,000 cpm) in 0.1 M NaCl,
0.1% BSA, 0.2% Tween. After an overnight incubation at room
temperature and 3 washings in PBS-tween 0.2%, bound radioactivity was
counted in a gammacounter. Affinity of antibody for FVIII/VWF complex
was determined by analysis of the data according to the Scatchard
procedure (35).

Preparation of Immunoadsorbents

The monoclonal antibody to be coupled was purified from ascitic fluid
by affinity chromatography on protein A Sepharose (36).

Ultrogel AcA 22 purchased from IBF was activated with glutaral-
dehyde according to Weston and Avrameas (37). Affi-gel 10 immunoad-

sorbent was prepared according to the instructions of the manufacturer
(Bio-Rad, Richmond, CA). Sephacryl S-1000 was purchased from
Pharmacia and cyanogen bromide activation was performed according to
Axen et al. (38). CH-Sephacryl S-1000 was activated by N’-Ethyl-N’-(3-
dimethylaminopropyl) carbodiimide - according to Cuatrecasas (39).
Epichlorohydrin activation was carried out according to Porath et al. (40).
Epoxy Sephacryl affinity resin was made by Dr C. Julhin and Coll.
(Pharmacia Workshop, Uppsala, Sweden). Tosyl chloride activation was
carried out according to Nillson and Mosbach (41). Trichloro-s-triazine
coupling method was performed according to Finlay and Troll (42).
Benzoquinone activated Sephacryl S-1000 was prepared according to the
method of Brandt et al. (43). The coupling yield of the mAb on the gel
beads was assessed by optical density using an extinction coefficient

1% . = 14 at 280 mm for the mAb or by the mouse IgG ELISA described
above.

Immunopurification

Standard immunopurification was performed on the selected
immunoadsorbent (Sephacryl S-1000 benzoquinone coupled with 0.8 mg
of antibody/ml of gel), as follows: all purification steps were carried out
at room temperature. The starting material for the preparation of
FVIII/VWF was fresh frozen plasma obtained from French C. T.S. Plasma
was thawed at 37° C and adjusted to pH 7.0. Then 100 ml of plasma was
loaded at a flow rate of 33 ml/h onto a 5 ml precolumn of Sephacryl S-

1000 followed by the immunoadsorbent column (6.5 cm high; 5 ml of bed

volume) equilibrated with solution A (0.15 M NaCl). Next, the columns
were washed with 10 ml of buffer B (50 mM triethanolamine/acetic acid,
0.1 M NaCl, pH 7.0) at a 33 mV/h flow rate. Then, the precolumn was by-
passed and immunoadsorbent was washed with 60 ml of buffer B at a flow
rate of 60 ml/h. The FVII/VWF was eluted with 3 column volumes of
buffer C (100 mM triethanolamine, 0.1 M NaCl, pH 10.2) at 60 ml/h.
Fractions of 1 ml were collected. The fractions containing at least 1 unit of
FVIII: C/ml were pooled and neutralized (immediately after elution) with
2 M acetic acid. Then, the immunoadsorbent was reequilibrated in
solution A for the next use or it was washed with 5 column volumes of PBS
then with 5 volumes of the preserving buffer (20% ethanol, 80% PBS) at a
flow rate of 60 ml/h.

Preservation of the Immunopurified FVIIIlVWF

Human serum albumin at 10 mg/ml was added to the neutralized
FVIII/VWF pool. This product was then lyophilized and kept at =20 °C.

Gel Filtration of FVIIIlvWF Complex

A 1ml fraction of FVII/VWF immunopurified from plasma was
applied on a Sepharose CL-4B column (Pharmacia), (1 X 30 cm). The
column was eluted with 0.13 M NaCl, 0.01 M sodium citrate, 0.01 M Tris-
HCI, pH 7.4 as described by Perret et al. (22).

SDS-PAGE Electrophoresis

Electrophoresis was carried out using the Phast system (Pharmacia)
and the 10-15% and 8-25% polyacrylamide Phast gel (Pharmacia). The
sensitive silver staining method adapted by Pharmacia was used for
detecting proteins in Phast gel.

Results

Stability of FVIII : C in Various Buffers

As procoagulant factor VIII is very susceptible to inactivation
(8, 13), the stability of FVIII:C in different conditions allowing
dissociation of antigen-antibody interactions had to be defined in
order to choose the immunopurification eluting buffer.

After a short stage (30 minutes) in the studied buffer, the
factor VIII solution was dialysed for 3 hours in PBS in .order to
assess the FVIII:C in physiological conditions and to allow
completion of an eventual inactivation (Table 1).

Clearly, FVIII: C was unstable in chaotropic conditions (3 M
KSCN), in acidic (pH lower than 5) and basic buffers (pH over
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Table 1 Stability of FVIIIL: C in various buffers

Buffer pHY) % residual
FVIII:C?)
Control (0.15 M NaCl) 6.9 100
0.1 M glycine-HCl 2.2 0
0.1 M sodium-acetate 3.5 0
4.0 0
5.0 57+2
5.5 95+5
6.0 95 +5
6.9 95 +5
0.1 M triethanolamine-HCl 8.1 95 +5
8.8 95 +5
9.4 67 2
0.1 M sodium carbonate 10.1 6+4
: ' 10.9 1+1
3 M potassium thiocyanate 7.2 0
50% (w/v) ethylene glycol 7.2 47 £ 2

1) final pH of the solution of FVIII concentrate in the described buffers.
2) FVIII concentrate was diluted ten fold in the various buffers. After
30 minutes incubation at room temperature followed by a 3-hour dialysis
in PBS FVIII:C was measured. Residual FVIII:C is expressed as the
percentage of the activity of a similar sample incubated in 0.15 M NaCl.
Results are the average of 2 experiments.

9.5) and partly inactivated in 50% ethylene glycol. As high ionic
strengh (2) and pH lower than 6.5 (44) dissociate the FVIII/VWF
complex it is then clear that slightly alkaline buffers are the best
eluting candidates.

Characterization of a Monoclonal Antibody Allowing Elution at
Low Basic pH

Several anti-vWF and anti-FVIII monoclonal antibodies, cou-
pled to glutaraldehyde activated Ultrogel AcA 22, were studied
for their ability to specifically remove FVIII/VWF complex from
plasma and to release it in low basic pH conditions. Only one of
them, the anti-vWF monoclonal antibody named 239 presented
the two properties.
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Fig.1 Association constant (KA) of the 239 mAb as a function of pH.
The range of pH allowing an efficient adsorption of FVIII/VWF complex
onto an immunoadsorbent carried out with 239 mAb has been hatched
(the complex is dissociated at pH lower than 6.5)
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In order to determine the effect of pH on 239 mAb affinity for
the FVIII/'VWF complex, competition binding experiments and
Scatchard analysis were performed in a pH range from 3 to 9
(Fig. 1).

The 239 mAb presents its maximum affinity at pH 6 and a high
affinity constant (=3-10° M™!) from pH 4.5 to 7.5 (Fig.1). No
affinity can be detected at pH =8.5 or <3. The antigen-antibody
complex dissociation in these ranges was confirmed by adsorption
experiments of FVIIIVWF complex onto immunoadsorbent
followed by elution of the FVIII/VWF with pH buffers =8.5 or <3
(not shown). The results also suggest that a good elution should
be obtained with a pH 8.5 buffer. In fact the elution buffer is
partly neutralyzed during the migration on the column (Fig. 2). So
apH 10.2, 100 mM triethanolamine, 0.1 M NaCl buffer has been
chosen, allowing the recovery of the FVIII/VWF complex in an
elution fraction presenting a pH between 8.5 and 8.7. With a less
basic elution buffer, the product is obtained in a larger fraction
and is then more diluted.

Selection of a Solid Support and a Coupling Chemistry

Various coupling methods have been studied on different solid
supports in order to prepare an immunoadsorbent with 239 mAb
(Table 2). '

Sephacryl S-1000 rapidly proved to present several advantages:
its pore size allows the penetration of most of the FVIII/VWF
molecules (MW 500 kDa — 20,000 kDa) into the beads, non
specific binding of contaminants is low, and no activation of
FVIII:C was observed (in contrast silica beads produced a
FVIIL: C activation).

The benzoquinone coupling method applied on Sephacryl
S-1000 proved to be a very reproducible technique (constant high
coupling yield). Moreover, among all the coupling methods
studied, it preserved better the functions of the immobilized mAb
(i.e. capacity to bind the FVIII/VWF complex). In addition,
immunoadsorbent obtained with this method do not activate
perceptibly the FVIII: C while with some coupling technic as the
epoxy method FVIII: C activation was observed.

Nevertheless, even with the strongest coupling systems studied
and after several washes and runs a 107°-107%. M release of the
239 mAb was observed in the elution fraction. When 239 mAb
Fab’ fragments were used, similar leakage was observed.

Attempt to remove the released antibody on a protein A
Sepharose column was only partly successful (30% removal)
probably because the affinity of protein A for the 239 IgG; mAb
is relatively low. An original system, able to remove the released
mADb, is under study and encouraging results have been obtained
(results not shown). '

Immunopurification Process

General conditions. Preliminary experiments indicated that
immunoadsorption of FVIII/VWF and elution are much more
efficient at room temperature than at 4 °C. The optimal loading
flow rate was 42 ml-cm™2-h™! (for 0.8 mg mAb/ml of gel) on
benzoquinone Sephacryl S-1000 immunoadsorbent. Experiments

-showed also that the flow rate has no effect on the elution

efficiency. Therefore the highest flow rate usable with the
immunoadsorbent (76 ml-cm™2-h™!) was applied for the elution
in order to limit an eventual loss of FVIII:C in the basic buffer.

Optimal plasma pH. Previous results indicated that the
239 mAb affinity is =3 - 10° M~! between pH 4.5 and 7.5 (with a
maximum at pH 6). On the other hand Brocway and Fass (44)
showed that FVIII/VWF dissociates in acidic pH conditions. So we
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Fig.2 Elution of the FVIII/VWF from the immunoadsorbent. Plasma
(100 ml) adjusted at pH 7.0 was applied onto a 5 ml immunoadsorbent
column (1 X 6.5 cm) (0.8 mg mAb/ml of Sephacryl S$-1000). 2A. FVIII:C
(O—O0); pH —- and optical density at 280 nm (Xx—x). 2B. FVIII: Ag
(0—@). 2C. RCof (0—0). 2D. vWF: Ag (lB—M). All expressed in
units per ml if we arbitrarily considered that 1 ml of the initial plasma
contained 1 unit of each activity to compare the values of the different
activities. FVIII:C concentration in the starting plasma was 0.6 IU/ml
and vWF: Ag concentration 0.8 IU/ml
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studied the loading of FVIII/VWF on the immunoadsorbent
column with plasma at pH 6, 6.5, 7 and 7.4 (Table 3).

- The fixation of VWF and FVIII molecules (vWF:Ag and
FVIII: Ag) presents a significant discrepancy at pH 6.5 (97% and
70% respectively) and at pH 6.0'(99% and 35% respectively)
suggesting that in these conditions complex dissociation partly
occurs.
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Fig.3 Calibration of the capacity of the immunoadsorbent. Plasma
(280 ml) were applied at a flow rate of 17 ml/h onto a 5 ml immunoadsor-
bent column as described for Fig.2. FVIII:Ag (@—®); VWF:Ag
(O—O) in unbound material expressed as % of the concentration
in the applied plasma. vVWF: Ag concentration in the starting plasma was
1.1 IU/ml .

In addition, when plasma at pH 6 was used the elution fraction
contains more FVIII: C activity (68%) than FVIII antigen (35%),
clearly indicating that FVIII has been activated and will be rapidly
destroyed (0% recovery after storage).

The overall results indicate that the best loading pH is 7
although satisfactory data have been obtained with pH 6.5 and
pH 7.4 plasma.

Table 2 Characteristics of immunoadsorbents made with various coupling methods

Solid phase Coupling Yield of Release of Immunoadsorbent  Maximum Maximum
method?) mAb coupling mAb?) capacity’) VWF:Ag FVIII:C
(%) (ng) (VWF: Ag IU/ml recovered®) recovered
of gel) (IU/ml of gel)  (IU/ml of gel)
CH Sephacryl carbodiimide =80 420 30 24 15
S-1000
benzoquinone =90 90 40 32 20
CNBr 50-80 - 10000 30 . 24 15
Sephacryl S-1000 epichlorohydrine <80 1500 30 24 4
€poxy 3 120 30 24 <3
tosyl chloride 40-50 100000 2 1 0
trichloro-s- 50-70 100 40 32 ' 4
triazine
Affi-gel 10 hydroxysuccini- >90 200 5 4 <1
mide ester

) 1 mg of mAb was allowing to react with 1 ml of gel beads.

?) quantity of mAb released in the elution fraction for a 1 ml immunoadsorbent column.

’) maximum quantity of vVWF: Ag bound per ml of gel.

) maximum quantity of vVWF: Ag activity found in the elution fraction divided by the volume of the column.
%) coupling performed by the Pharmacia Workshop (Uppsala, Sweden). Yield unknown.
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Immunoadsorbent capacity. Several immunoadsorbents were
produced with different mAb concentrations (from 0.1 to 3.2 mg/
ml of gel beads). In that range the total capacity of the
immunoadsorbent was directly proportional to the mAb concen-
tration (40 IU of vWF per mg of mAb).

In the purification process currently used a 0.8 mg mAb/ml
concentration have been chosen in order to limit the time of
loading, i.e. the risk of FVIII: C inactivation.

On the other hand the efficiency of the binding varies during
the loading of the column (Fig. 3). At the beginning all the loaded
vWF:Ag is bound on the immunoadsorbent but the binding
efficiency regularly decreases and when 25 IU of vWF have been

_bound per mg of mAb only 85% of the loaded VWF:Ag are
retained on the immunoadsorbent. Thus, the usable capacity of
the 0.8 mg mAb/ml of gel immunoadsorbent is 20 IU per ml for a
flow rate of 42 ml-cm™2-h™! (3 hours loading). In addition, a 10
to 15% difference is always observed between the fixation of
FVIII: Ag and vWF: Ag to the immunoadsorbent suggesting that
some FVIII molecules are not firmly bound to vWF in plasma.
Nevertheless this difference is not observed with freshly obtained
plasma (not shown).

FVIIIvWF recovery. Elution profiles (Fig. 2) show that similar
amounts of FVIII:C and RCof activities and their associated
antigens are recovered in the same elution fractions. Moreover
gel filtration experiments show that FVIII: Ag and vWF: Ag are
associated in the eluted product (Fig. 4).

Table 4 shows the results obtained after immunopurification
performed on the same column. Differences from one cycle to an
other are observed, due to individual differences of the plasma
used. Nevertheless a good correlation between the recovered
FVIII:C and its antigenic counterpart (FVIII: Ag) is obtained,
indicating that the factor VIII has not been activated nor degrated
during the immunopurification process. This is confirmed by
storage experiments and comparison of the FVIII activity meas-
ured by the one-stage and the two-stage assays that give consistent
results (results not shown). Still, a significant discrepancy is
observed between the recovery of FVIII: Ag and the recovery of
vWF': Ag this is mainly due to the fact that a certain amount of the
plasma FVIII does not bind to the immunoadsorbent (see Fig. 3).

On 100 experiments performed a 50% average yield was
obtained on 5 ml to 500 ml columns when less than 20 cycles were
performed per column. Cycle after cycle the immunoadsorbent
ability to bind the FVIII/VWF is not significantly modified but the

Table 3 Influence of plasma pH on immunopurification of FVIII/vWF

"pH of plasma 6.0 6.5 7.0 7.4
% adsorbed?)

vWF:Ag 99 97 .96 9%
FVIII:Ag 35 70 82 85
% eluted?)

vWF: Ag 122% 72 93 62
FVIII: Ag 35 58 68 49
FVIII:C 68 57 61 42

conservation of 0 100 100 100
eluted FVIIL: C%) % :

Plasma from three different sources were pooled and divided in 100 ml
fractions (FVIII:C concentration 1.0 IU/ml, vWF:Ag concentration
1.1 IU/ml) respectively adjusted with acetic acid to pH 6.0; 6.5; 7.0 or not
adjusted (pH 7.4). They were loaded onto four identical 5 ml immunoad-
sorbent columns (see Fig. 2). Then the columns were washed with 70. ml of
buffer 50 mM triethanolamine, 0.1 M NaCl) respectively at pH 6.0; 6.5;
7.0 or 7.4. Elution was carried out with buffer C in each case.

) % adsorbed = 100% — % unbound material.

%) compared to the total loaded material.

%) after freezing at —20° C; thawing at 37° C and 4 hours incubation at
room temperature.

#) this increase of VWF:Ag detection could be due to dissociation and
unmasking of new antigenic sites.

recovery of the FVIII:C decreases slowly. After 20 cycles the
yield is generally below that 40%. Probably the regeneration
treatment used is not totally efficient and then other treatments
are in study in order to improve the life of the columns.

The immunopurification process was also applied to cryo-
precipitate instead of plasma. Experiments carried out with cryo-
precipitates purchased from the French CTS allowed to obtain a
50% average FVIII: C recovery as from plasma.

Immunopurified FVIIIlvWF

The immunopurification process presented here permitted
production in one step, directly from plasma, of FVIII/VWF
complex having a FVIII:C spec1f1c act1v1ty of at least 20 IU/mg
(i.e. 1400 x purified).

The main remaining contaminants in the immunopurified
fractions were analysed by SDS-PAGE electrophoresis and seem

[§) 15
VOLUME (mi)
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Table 4 Adsorption and elution recovery of FVIII/VWF during the immunopurification process

Cycle number % Adsorption

% Recovery from applied plasma

Specific activity
(IU of FVIII: C/mg

FVIII: Ag VWF: Ag FVIII:C FVIII:Ag RCof VvWF:Ag of protein)
1 77 96 56.5 61 60 75.5 20
2 75 94 82 72.5 79 81.5 45.5
3 66 96 55.5 55 40 67 35
4 71 96 43 50 57 83 not done
5 65.5 97 83 65 78 86 55
average value 71 £5 9% *+ 1 64 + 18 61 £9 63 + 16 79+ 8 39+ 15

Plasma (100 fnl) at pH 7.0 was loaded onto a 5 ml immunoadsorbent column (see Fig. 2). Each cycle was made with a different plasma bag. For each
starting plasma, FVIII: C concentration was between 0.6 and 0.9 IU/ml and vWF: Ag concentration between 0.6 and 1.1 IU/ml.

to be human albumin (MW = 67 kDa) and human immunoglobu-
lins (unreduced MW = 150 kDa). The presence of human
immunoglobulins was confirmed with a specific immunoradio-
metric assay.

At the bottom of the immunoadsorbent column the pool of
elutions fractions contains an average 4-5 IU of FVIII: C/ml and
can be directly lyophilized as the elution buffer is volatile. The
lyophilized product is stable when 10 mg/ml human serum albu-
min is added: 100% of its FVIII:C was recovered after
3—4 months of storage at —20°C.

Moreover, the immunopurification proved to. be efficient in
eliminating most of the viral contaminants. Immunopurification
was performed with a plasma containing hepatitis B viruses.
Hepatitis B viruses was assessed in the FVIII/VWF elution pool
and the results showed that less than 0.007% of the initial virus
antigen were in the purified fraction. The main part of the viral
contaminants remained in the plasma and in the washing fraction.

Discussion

This work intended to develop. an immunopurification process
allowing the production of therapeutic purified FVIII/VWF com-
plex directly from plasma. The difficulty of such a process lies in
the characteristics of the FVIIVWF molecule: (i) exceptional
lability of the FVIII part (easily cleaved in activated, then
degradated forms); (ii) reversible association of FVIII and vWF;
(iii) size heterogeneity of the vWF (MW from 500 kDa to
20,000 kDa). (iv) low plasma concentration (10 pg/ml).

We have confirmed (4, 45, 46) that the FVIII:C was very
unstable for pH lower than 6 and higher than 9 and in chaotropic
conditions. In addition, we have substantiated that the FVIII-
vWF association is reversed in acidic conditions (15% dissociation
at pH 6.5 and 40% at pH 6) (44).

These characteristics require for immunopurification a mono-
clonal antibody having a sharp change in affinity for the FVIII/
vWF complex between pH 7 to 9. Fortunately, an anti-vWF
monoclonal antibody, the 239 mAb, having such properties was
selected. Its maximum affinity is obtained between pH 5 to 7 and
no detectable affinity was observed at pH =8.5. Moreover, this
antibody, which is easily produced (10 mg/ml of ascitic fluid)
recognizes all the multimeric forms of vWF (47).

The elution buffer finally selected (100 mM triethanolamine,
0.1 M NaCl) has a pH higher than 9 (10.2) but a partial
neutralization occurs on the column and the pH of the elution
fraction is between 8.5 and 8.7. The buffering agent,
triethanolamine, is not toxic and totally removed during the
lyophilization step.

A large pore gel (Sephacryl $-1000) has been chosen to prepare
the immunoadsorbent and the benzoquinone coupling method
has been preferred for the following reasons: (i) good coupling

yield; (ii) better efficiency of the immobilized antibodies; (iii) low
antibody release.

Nevertheless, the elution fractions were never totally devoid of
released antibody and a specific process is under study to
eliminate these contaminants, xenogenic for hemophilia A
patients, which could induce immunological reactions.

The study of the loading step indicated that 10-15% of the
plasma FVIII never binds to the anti-vWF immunoadsorbent,
suggesting that this fraction of FVIII is not complexed to vWF.
Nevertheless, in studies undertaken on freshly taken plasma, this
phenomenon was not observed.

During the elution the FVIII and vWF activities were released
in quantities proportional to the immunoadsorbed material and
FVIII-vWF association remains in the product obtained. In
addition, a good correlation has been observed between the
FVIII: C and the FVIII: Ag recoveries strongly suggesting that
the FVIII molecule is nor activated, nor degraded.

Current therapeutic concentrates have a specific FVIII:C
activity of 1 to 5 IU/mg and a low RCof activity with a FVIII:C
recovery from plasma between 10 to 25%. The immunopurifica-
tion process described here currently allowed a 50% direct
recovery from plasma of FVIIVWF complex having both
FVIII:C (=20 IU/mg) and RCof (=20 IU/mg) activities, thus
presenting both yield and purity improvements. Other FVIII
immunopurification processes have been developed allowing the
production of isolated FVIII (26, 48) or FVIII/vWF (46). Fass et
al. (48) isolated after several steps the FVIII porcine molecule
devoided of vWF having a FVIII:C activity of 6000 IU/mg
suggesting that a pure FVIIIWVWF complex in which FVIII
represents 1% could reach a 60 IU/mg FVIIL: C activity. Then,
our product directly purified from plasma contains remaining
contaminants that we intend to quantify.

Hornsey et al. (46) recently presented an FVIIIVWF
immunopurification method using for the elution the slightly
chaotropic agent KI associated with lysine which protects the
FVIII: C activity. They also obtained FVIII/VWF complex from
plasma. Nevertheless the FVIII: Ag recovery was 30% (74%
binding and 39% release) and the FVIII:C recovery was 57%
(67% binding and 85% release) suggesting that FVIII was
activated during the process. In addition, KI is toxic and has to be
dialysed before lyophilization.

In conclusion, the present process allows a 50% recovery of
FVIIL: C 1400% purified from plasma, associated with the vWE,
directly lyophilized and presenting an excellent stability (100%
preservation over 3—4 months at —20°C). The product contains
all the vWF multimers (47), then it could be suitable for the
therapy of both hemophilia A and von Willebrand patients. The
industrial application of this process is economically feasible on
the basis of 10 to 20 cycles per column (French [n° 8414488} and
U.S. [n° 4670543] patents).
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