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Summary. Hemophilias A and B are X chromosome-linked
bleeding disorders, which are mainly treated by repeated infu-
sions of factor (F)VIII or FIX, respectively. In the present
review, we specify the limitations in expression of recombinant
(r)FVIII and summarize the bioengineering strategies that are
currently being explored for constructing novel rFVIII mole-
cules characterized by high efficiency expression and improved
functional properties. We present the strategy to prolong FVIII
lifetime by disrupting FVIII interaction with its clearance
receptors and demonstrate how construction of human-porcine
FVIII hybrid molecules can reduce their reactivity towards
inhibitory antibodies. While the progress in improving rFIX
is impeded by low recovery rates, the authors are optimistic that
the efforts of basic science may ultimately lead to higher
efficiency of replacement therapy of both hemophilias A and B.
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Evolution of replacement therapy for hemophilia A

Advancements in treatment of hemophilia A, a severe X
chromosome-linked bleeding disorder, have paralleled the evo-
lution of insights into the pathophysiology of the disease and
appreciation of congenital or acquired deficiency of a coagula-
tion factor (F)VIII as the major cause of hemophilia A [1]. FVIII
plays a key role in the intrinsic pathway of blood coagulation,
which maintains the coagulation process by generating acti-
vated FX and, subsequently, thrombin more efficiently than
tissue factor-dependent pathway [2].

Based on the observation that clotting times in hemophilia
could be corrected by plasma, whole blood transfusions were
first utilized for replacement therapy of hemophilia A. Later,
replacement therapy progressed from the use of plasma in the
1940s to the development of plasma concentrates in the 1950s.
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Hemophilia A patients further benefited from fractionation of
cryoprecipitates in the mid-1960s that were enriched in FVIII
and von Willebrand factor (VWF), and preparation of freeze-
dried FVIII in 1968 suitable for long-term storage.

With the elucidation of the FVIII gene structures and rapid
development of recombinant DNA technologies, several groups
successfully expressed FVIII in mammalian cells [3-6] and
clinical use of recombinant (r)FVIII began in 1989. Recombi-
nant FVIII has become an advantageous new alternative to
plasma-derived products as its development over the past two
decades has significantly increased the availability of factor
replacement, has reduced the risk of transmission of blood-
borne pathogens and provided opportunity to treat patients
prophylactically. ‘Second-generation’ rFVIII products are
now available with marked reductions in human albumin con-
tent and ‘third-generation’ rFVIII products, free of any human
protein exposure, are currently being tested in clinical trials.
Although progress with gene transfer of FVIII should be
acknowledged [7-9], replacement therapy is still the mainstay
of hemophilia A care.

Development of improved FVIII molecules for
replacement therapy

The high costs associated with producing rFVIII can be divided
approximately equally between expression and purification
from mammalian cell lines, the lyophilization process and final
packaging. Expression of rFVIII within current mammalian
expression systems is two to three orders of magnitude lower
than that for other recombinant proteins expressed via similar
strategies [10]. Several mechanisms have been identified that
limit FVIII expression that include: inefficient expression of
FVIII mRNA, inefficient folding of the primary translation
product within the endoplasmic reticulum (ER) and a require-
ment for facilitated transport from the ER to the Golgi apparatus
(Fig. 1). Upon intravenous infusion of rFVIII, its plasma half-
life is limited by a requirement for association and stabilization
within plasma by VWFE. In addition, its cofactor activity is
limited due to instability of the thrombin-activated form
(FVIIIa) and inactivation by proteases such as activated protein
C. Finally, for up to 25-30% of patients with hemophilia A,
inhibitor antibodies render any infused rFVIII ineffective by a
variety of mechanisms. Having now identified the limitations in
current rFVIII technology, the challenge for bioengineering
strategies is to overcome these limitations and construct rFVIII
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Fig. 1. Intracellular mechanisms limiting FVIII expression. FVIII mRNA is
expressed in the nucleus (1). This inefficient expression can be partially
overcome by deleting the exon encoding a bulky B domain. Additionally,
FVIII expression can be improved by substituting the introns encoding
transcriptional silencers for sequences enhancing transcription of FVIII
cDNA. FVIII secretion involves the release of FVIII primary translation
product from the ER (2a) and subsequent transport of FVIII protein
from the ER to the Golgi apparatus (2b). FVIII release from the ER is
controlled by a protein chaperone BiP, which retains misfolded protein
molecules in the ER. Efficient FVIII transport to the Golgi apparatus
requires FVIII interaction with a mannose-binding chaperone within the
ER-Golgi intermediate compartment (2b).

molecules that would have enhanced expression, efficient
secretion, prolonged plasma half-life, stability of the throm-
bin-activated form and reduced antigenicity and immunogeni-
city [11,12]. Whether novel forms of rFVIII can achieve all of
these characteristics or whether individual molecules will need
to be designed tailored for specific indications is not yet known.
The following summarizes current state of the art technology in
the bioengineering of rFVIIL

Bioengineering for more efficient expression of FVIII mRNA

FVIII is synthesized as a 2332 amino acid residues-long
molecule (~300kDa) consisting of three homologous A
domains, two homologous C domains and the unique B domain,
which are arranged in the order A1-A2-B-A3-C1-C2 [4,5]. Prior
to its secretion into plasma, FVIII is processed intracellularly to
a series of metal ion-linked heterodimers produced by cleavage
at the B-A3 junction and by a number of additional cleavages
within the B domain. These cleavages generate a variably sized
(90-200 kDa) heavy chain (HCh) consisting of the A1 (1-336),
A2 (373-719) and B domains (741-1648) and the 80 kDa light
chain (LCh) composed of the domains A3 (1690-2019), C1
(2020-2172) and C2 (2173-2332). The C-terminal portions of
the A1 (337-372) and A2 (720-740) domains and N-terminal
portion of the A3 domain (1649-1689) contain a high propor-
tion of negatively charged residues and are called acidic
regions, al, a2 and a3, respectively.

The FVIII A and C domains have important procoagulant
functions including the regions responsible for interaction with
FIXa and FX, VWF and the phospholipid surface. The B
domain, constituting approximately 38% of the primary cDNA
sequence of FVIIL, is encoded by a single exon and contains a
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large number of asparagine (N)-linked oligosaccharides and
serine/threonine-linked oligosaccharides [13,14]. The discov-
ery that the B domain can be removed without loss of FVIII
procoagulant activity [15] was a breakthrough in improving the
yield of rFVIIIL. B-domain deleted (BDD)-rFVIII was observed
to yield approximately 20-fold higher expression of the primary
translation product than wild-type FVIII by the same expression
vector [16,17] and this could be attributed to more efficient
expression of the FVIII mRNA (Fig. 1, 1). BDD-rFVIII has a
similar biochemical profile and comparable pharmacokinetic
parameters to those of wild-type FVIII and plasma-derived
FVIII [17,18]. Among rFVIII products which are currently
on the market, BDD-rFVIII is represented by ReFacto
(Wyeth/Genetic Institute, Boston, MA, USA) approved for
licensure in Europe in 1999 and in the USA in 2000. Clinical
studies show that BDD-rFVIII provides a safe, well tolerated
and effective treatment of hemophilia A when given as on-
demand therapy, in routine or intermittent prophylaxis, or
during surgery. To date, over 60 million units of ReFacto™
have been infused in more than 200 patients. Importantly, rates
of inhibitor formation to BDD-rFVIII in previously untreated
and treated patients proved to be similar to that observed for
full-length rFVIII [19,20] demonstrating that, despite such a
major modification of the FVIII protein, this bioengineered
form of FVIII was not more immunogenic.

Another approach to increase the yield of FVIII mRNA has
been recently suggested by Plantier er al. [21]. A truncated
intron 1 sequence of FIX was inserted in BDD-FVIII cDNA in
place of either intron 1, 12 or 13 and also as a combination of
introns 1 and 12 or introns 1 and 13. FVIII intron 1 was targeted
because the corresponding intron of FIX provides effective
secretion of FIX [22,23]. Introns 12 and 13 in the FVIII gene
were previously shown to code for a transcriptional silencer,
which represses expression of FVIII [24]. Simultaneous sub-
stitution of FVIII introns 1 and 13 for the truncated FIX intron 1
led to a significant, 13-fold increase in FVIII secretion that was
associated with a dramatically higher level of FVIII mRNA
accumulation in the cell [21]. This FVIII minigene may re-
present a particular interest to improve production of rFVIII,
Fig. 1, 1.

Bioengineering for more efficient FVIII secretion

Reduced ER chaperone interactions

Several studies have identified that secretion of FVIII requires
its dissociation from the protein chaperone BiP, which resides in
the ER and controls the transport of FVIII primary translation
product to the Golgi compartment by retaining misfolded
protein molecules in the ER [25,26], (Fig. 1, 2a). BiP possesses
a peptide-stimulated ATPase activity. FVIII release from BiP
and transport out of the ER requires high levels of intracellular
ATP and ATP hydrolysis by BiP [27,28]. A 110-amino acid
region within the Al domain of FVIII was identified which
inhibited its secretion [29]. A putative BiP-binding site was
localized to a hydrophobic -sheet within this 110 amino acid
region, in which 7 of 11 amino acid residues are Leu or Phe. FV
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Fig.2. Approaches to improve secretion and functional characteristics of rFVIIIL. Secretion: Mutations within the A1l region 303-309 of FVIII disrupt
the putative binding site for the ER chaperone BiP (black) and in this way facilitate FVIII release from the ER. The maximal increase in FVIII
secretion has been achieved with a double mutation of Phe309Ser/Leu303Glu. Inclusion of the B domain region 741-967 (light blue) into the BDD-FVIIL
c¢DNA construct improves FVIII secretion that may be due to interaction of this glycosylated region with a mannose-binding chaperone ERGIC-53,
which mediates FVIII transport from the ER to the Golgi apparatus. Activation: Improved activation of FVIII is achieved by replacing FVIII region Asp713-
Arg740 for the region Ile51-Leu80 of a thrombin inhibitor heparin cofactor II (dark blue). Resistance to inactivation: In inactivation-resistant FVIII (IR8),
the B domain region 794-1689 is deleted (remaining B domain region 741-793 is shown in light blue) and a thrombin cleavage site at Arg740

(star) is mutated. Activation of IR8 occurs via a single cleavage at Arg372. In activated IR8, the A2 subunit is covalently bound to the light chain preventing
non-proteolytic inactivation due to spontaneous dissociation of A2. Mutations at Arg336 and Arg562 (stars) provide resistance of IR8 to proteolytic
inactivation by APC. Prolongation of FVIII lifetime: Mutations of amino acid residues within FVIII regions 484—-509 and 558-565 (dark green) are expected
to disrupt FVIII interaction with its clearance receptors, LRP and HSPGs, respectively, and in this way prolong FVIII lifetime in the circulation. Resistance to
inhibitors: Substitution of inhibitory epitopes within the A2, A3, C2 and a3 regions (shown in pink) of FVIII proved to be necessary and sufficient to

achieve maximal reduction in FVIII reactivity towards most of inhibitor-containing plasmas from hemophilia A patients.

has the identical domain structure to FVIII, and these proteins
share ~40% amino acid identity between their respective A and
C domains. Curiously, FV is 20-fold more efficiently expressed
compared to FVIII in mammalian expression systems and does
not interact with BiP. When the 110 amino acid region of FVIII
bordered by residues 226-336 was replaced for the homologous
residues from FV, the FV/FVIII hybrid exhibited a 5-fold
increase in the efficiency of secretion most likely due to a
decreased binding to BiP. However, the generated FV/FVIII
hybrid did not retain a cofactor function. Subsequently, Swar-
oop et al. performed site-directed mutagenesis within the
hydrophobic f-sheet within this 110 amino acid region of
the FVIII Al domain (illustrated in Swaroop Fig.2) and
demonstrated that a single mutation of Phe309 to Ala or the
homologous residue from FV (Ser) enhanced secretion of

functional FVIII by 3-fold, and the double mutation Phe309-
Ser/Leu303Glu yielded even higher levels of secreted FVIII
[30]. Importantly, both single and double mutants of FVIII
retained full cofactor function.

Improved ER-Golgi transport. As stated above, the BDD-
rFVIII modification allowed achieving a 20-fold increase in
mRNA levels and expression of FVIII primary translation
product [17,31]. However, despite this dramatic difference in
accumulation of mRNA, secretion of BDD-rFVIII from the cell
was observed to be only ~2-fold higher compared to full-length
wild-type FVIII [31]. This surprising observation suggested that
the rate of ER-Golgi transport for the BDD-rFVIII molecule
was actually reduced compared to B domain containing
FVIII. More insight into this has been gleaned from the
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characterization of the molecular defect underlying the majority
of patients with combined deficiency of FV and FVIIL. This rare,
autosomal recessive bleeding disorder was first described by
Oeri et al. in 1954 [32] and patients suffering from this disorder
have plasma levels of FV and FVIII (both antigen and activity)
in the range of 5-30 UdL ™. Positional cloning demonstrated
that in two thirds of the patients the disease results from null
expression of a protein that serves as a marker for the ER-Golgi
intermediate compartment (ERGIC) known as ERGIC-53.
ERGIC-53 is a homo-hexameric transmembrane lectin ex-
hibiting mannose-selective binding that is proposed to
operate as a transport receptor for glycoproteins in the early
secretory pathway, targeting them to COPII-coated vesicles
budding from the ER for trafficking to the Golgi com-
partment (Fig. 1, 2b). Since the B domains of FV and FVIII
contain the majority of the asparagine-linked oligosaccharide
structures, it was proposed that the mannose residues presented
by the FVIII B domain mediate the intracellular trafficking of
FVIII via this ER-Golgi facilitated transport mechanism. This
has led to reconsideration of the functional role of the B domain
within the secretory pathway and may be responsible for the
observed impaired rate of secretion with BDD-rFVIIL
Subsequent studies have demonstrated that the B domain
mediates FVIII interaction with ERGIC-53 that is at least in
part dependent on its carbohydrate content [33]. Recent work
was set out to determine the optimal oligosaccharide content
required for optimal rate of secretion. When as little as 226
amino acid residues of the N-terminal portion of the B domain
was added to a BDD-rFVIII construct (Fig. 2), this B domain
variant retained equal efficiency to BDD-rFVIII in synthesis of
the primary translation product (indicating efficient mRNA
accumulation) yet secretion of this rFVIII protein was increas-
ed approximately 10-fold compared to BDD-rFVIII (consistent
with improved efficiency of ER-Golgi transport) [34].

Bioengineering for improved FVIII activity

While the above described strategies are aimed at improving the
efficiency of rFVIII expression, replacement therapy of hemo-
philia A may also benefit from improving the functional proper-
ties of FVIIL.

Improved efficiency of activation. To exert its cofactor
function, FVIII requires activation by two major physio-
logical activators — thrombin and FXa. The activation
coincides with proteolysis of both the heavy and light chains
of FVIIIL. Cleavage within the HCh after Arg740 generates a 90-
kDa polypeptide that is subsequently cleaved after Arg372 to
yield the 50kDa A1l and 43 kDa A2 fragments. Concomitantly,
the 80 kDa LCh is cleaved after Arg1689 to generate a 73-kDa
A3-C1-C2 fragment. In activated FVIII, the A1 and A3 domains
retain the metal ion—mediated interaction, whereas the A2
subunit is weakly associated with the A1/A3-C1-C2 heter-
odimer through electrostatic interactions. Upon thrombin
activation of FVIII there is a rapid 50-fold increase and
subsequent first-order decay of procoagulant activity.
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Voorberg et al. took advantage of the fact that efficient
activation of FVIII by thrombin is dependent on the presence
of amino acid sequence Asp713-Arg740 and replaced this
region of FVIII for amino acid sequence Ile51-Leu80 of the
thrombin inhibitor heparin cofactor II (Fig. 2), as this sequence
is important for the inhibitory function of heparin cofactor II
toward thrombin [35]. The hybrid molecule des-(868—1562)-
FVIII-HCII had an increased sensitivity to thrombin, was more
readily activated and effectively reduced the clotting time of
FVIII-deficient plasma.

Resistance to inactivation. Thrombin-activated FVIII (FVIIIa)
is an unstable heterotrimer susceptible to proteolytic in-
activation by activated protein C (APC), FIXa or FXa. In
particular, APC cleaves FVIlla after residues 336 and 562,
however, the physiological significance of these cleavages in
vivo is unknown. In addition, FVIIIa exhibits a first-order decay
of procoagulant activity in vitro that does not correlate with any
specific proteolytic event. Rather, loss of procoagulant activity
after thrombin activation in vitro results from a reversible
dissociation of the 43kDa A2 subunit from the heterotrimer
that occurs at physiological pH. Recent studies have also shown
that mutations in FVIII that decrease the stability of the FVIIIa
heterotrimer result in hemophilia A. Therefore, A2 subunit
dissociation is another factor limiting the procoagulant
activity of FVIIIa in vivo.

Strategies for increasing FVIIla activity in circulation in-
clude inhibition of FVIIla proteolytic inactivation by APC,
FIXa or FXa by mutating the FVIII residues which are the
targets for these proteases. While several reports on generating
such mutants have been published, further functional charac-
terization of the mutants or better understanding of their
respective inhibitory mechanisms are required to determine
any prospect of these strategies in prolonging FVIIIa activity
in vivo. For example, single mutations at either Arg336 or
Arg562 in FVIII were insufficient for complete resistance to
APC-mediated inactivation, whereas the double mutant Arg
336lle/Arg562Lys proved to be resistant [36]. Since Arg336 is
also a target for FIXa, FVIII mutant Arg336Ile would be expected
to be resistant to FIXa-catalyzed cleavage at the A1 site. Analysis
of this mutant in a FXase decay assay demonstrated that its effect
was manifested only at high FIXa concentrations, whereas at low
FIXa concentrations the predominant mechanism of FXase decay
was dissociation of FVIIIa subunits rather than FIXa-catalyzed
proteolysis of the Al subunit [37].

Experimental evidence supports that A2 subunit dissociation
limits the procoagulant activity of FVIIla in vivo. In order to
address this limitation, an inactivation-resistant FVIII (IR8) was
genetically engineered which is not susceptible to dissociation
of the A2 domain subunit and proteolytic inactivation by APC
and therefore has a prolonged cofactor activity [38]. In design-
ing IR8, B domain residues 794-1689 were deleted and Arg740
was replaced by alanine, which eliminated the thrombin-clea-
vage sites at Arg740 and Arg1689. As a result, FVIII activation
by thrombin occurs via a single cleavage after Arg372. This
leads to generation of a FVIIIa dimer that retains the A2 domain
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covalently attached to the light chain thus preventing its spon-
taneous dissociation. Additionally, missense mutations at APC
inactivation cleavage sites provided resistance to further pro-
teolysis of FVIIIa (Fig. 2). The specific activity of IR8 proved to
be 5-fold higher than that of wild-type FVIII, and 38% of peak
activity was retained even after 4 h in vitro, whereas wild-type
FVIII, under similar conditions was inactivated by thrombin
after 10 min.

Bioengineering for prolonged FVIII plasma half-life

Receptor-mediated clearance of FVIII. A breakthrough in
understanding the mechanisms responsible for FVIII turnover
was achieved when two groups independently found that FVIII
catabolism is mediated by low-density lipoprotein receptor-
related protein (LRP) [39—41], a hepatic clearance receptor with
a broad ligand specificity [42]. A remarkably wide spectrum of
LRP ligands includes a number of proteins involved in blood
coagulation and fibrinolysis, such as FIXa [43], FXa [44], a
complex of thrombin with antithrombin III [45], tissue factor
pathway inhibitor [46], plasminogen activators and their
complexes with plasminogen activator inhibitor [42].

Conclusions about involvement of LRP in FVIII catabolism
were based on the findings that FVIII was able to bind to
purified LRP (K4 60nM [39]; K4 116nM [40]); that it was
efficiently internalized and degraded by various LRP-expres-
sing cell lines; and that FVIII half-life in the circulation in a
mouse model could be significantly prolonged (3.3-fold) by
blocking LRP by its classical antagonist, a 39-kDa receptor-
associated protein [40,47]. Two distinct FVIII binding sites are
involved in interaction with LRP — one within the A2 domain of
HCh [40] and the other one within the C2 domain of LCh [39].
The A2 domain LRP-binding site has been mapped to the region
484-509 [40]. While the C2 site of FVIII has not been finely
mapped, it most likely overlaps with the site responsible for
binding to VWE, since an anti-C2 domain monoclonal antibody
which inhibits FVIII binding to LRP also inhibits its binding to
VWF [39,48].

In circulation, where FVIII is normally present as a tight non-
covalent complex with VWF, only the A2 LRP-binding site
would be exposed and would mediate FVIII catabolism. This is
consistent with experimental findings that catabolism of the
isolated A2 subunit and of FVIII from its complex with VWF by
LRP-expressing cells shows similar kinetics [49].

An in vivo situation where the C2 site is exposed and has
functional significance occurs in patients with severe von Wille-
brand disease who lack plasma VWE. Indeed, in such patients
infused FVIII was shown to have an approximately 3-times
shorter half-life [50,51] in comparison with normal individuals
[52] and hemophilia A patients, who have normal levels of
VWEF [53]. Another condition leading to exposure of the C2 site
is dissociation of FVIII from VWF upon proteolytic activation
to FVIIIa. It is likely that exposure of both the A2 and C2 LRP-
binding sites in heterotrimeric FVIIIa (A1/A2/A3-C1-C2) may
be important for LRP-mediated regulation of FVIIla levels at
the site of a coagulation event [54].

Further studies on FVIII catabolism have revealed that as
with many LRP ligands, LRP-mediated clearance of FVIII from
its complex with VWF is facilitated by cell-surface heparan
sulfate proteoglycans (HSPGs), one of the major glycoprotein
components of the extracellular matrix [49]. Cooperation of
LRP and HSPGs in FVIII clearance was confirmed by the
simultaneous blocking of these two receptors, which led to a
more significant prolongation of FVIII half-life in mice (5.5-
fold) than the blocking of LRP alone (3.3-fold). The region of
FVIII involved in binding to HSPGs was localized within the
A2 domain residues 558-565 [49]. The current knowledge
about FVIII catabolism implicates the initial binding of
FVIII/VWF complex to HSPGs, which concentrate the complex
on the cell surface and present it to LRP, followed by LRP-
mediated catabolism of FVIII.

Prolongation of FVIII lifetime by disrupting LRP- and HSPGs-
binding sites. Progress in understanding the mechanisms of
FVIII catabolism suggests a direction for prolongation of FVIII
half-life in the circulation by mutating LRP- and HSPGs-
binding sites and generating FVIII mutant(s) with disrupted
interactions with clearance receptors. Generation of such
molecules may be based on the principle of ligand binding
to LRP and HSPGs. These interactions are mediated by
positively charged residues within the ligands and the
negatively charged residues of the structural repeats of the
extracellular domain of LRP [42] or the negatively charged
sulfate and carboxyl groups of the glycosaminoglycan chains of
HSPGs [55]. According to the most recent three-dimensional
model of FVIII [56], the LRP-binding site within the A2 domain
(residues 484-509) contains six positively charged residues,
three Lys at positions 493, 496 and 499 and three Arg at
positions 484, 489 and 490, which are tightly clustered and
form a prominently exposed cationic patch on the A2 surface.
Two Lys residues at positions 556 and 570 and Arg571 are
exposed within the HSPGs-binding site (residues 558-565) or
in immediate proximity to it, and outside residues Lys380,
Lys523, Lys659 and Lys661 are spatially close to the 558-
565 region. These basic residues, which are potentially
responsible for FVIII interactions with LRP and HSPGs,
represent prospective targets for site-directed mutagenesis
(Fig.2). They can be substituted either by neutral amino
acids such as Ala or Ser or, alternatively, by oppositely
charged residues (Glu), which may result in a more
pronounced effect due to repulsion between the mutated
residue and the corresponding negatively charged residues of
LRP and HSPGs. The feasibility of the mutagenic approach has
been previously shown for other LRP ligands, including the
complex of urokinase-type plasminogen activator with
plasminogen activator inhibitor-1 [57] and o,-macroglobulin
[58]. A similar approach has also been proven effective in
reducing interaction of the protease nexin 1 with HSPGs and its
subsequent LRP-mediated catabolism [59]. Since in addition to
electrostatic, hydrophobic and hydrogen-bond interactions
were shown to contribute to ligand binding to LRP [42],
several hydrophobic residues (such as Leu491, Leud498 and
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11e508) or residues carrying hydroxyl groups (Thr481, Tyr487
and Ser488) could also be included into mutagenesis as they are
spatially close to the LRP-binding site. In order to achieve
maximal prolongation of FVIII half-life in the circulation, it
may be worthwhile to combine mutations reducing FVIII
interactions with both LRP and HSPGs. Suppression of
FVII interaction with its catabolic receptors LRP and
HSPGs can potentially prolong FVIII lifetime in circulation
and thus increase the efficacy of FVIII replacement therapy of
hemophilia A.

Bioengineering to reduce FVIII antigenicity

Another important issue to be considered in engineering
improved rFVIII is reduction of antigenicity of FVIII protein.
Inhibitory antibodies to FVIII (inhibitors) develop in approxi-
mately 25% of hemophilia A patients in response to repeated
infusions of FVIII products, thus reducing the efficacy of
hemophilia A therapy. The major targets for inhibitor binding
are the A2 and C2 domains of FVIII [60]. It was found that
human inhibitors have limited cross-reactivity with porcine
FVIII [61]. Therefore, it would be expected that substitution
of major inhibitory epitopes in human rFVIII for porcine
sequences would result in FVIII hybrids which are substantially
less reactive with inhibitory antibodies. Barrow et al. con-
structed seven B-domainless hybrid FVIII molecules with
various porcine substitutions within the A2, A3, C2 and a3
of human FVIII [62]. It was found that substitution of A2
amino acids 484-508, a3 amino acids 1649-1687, A3 residues
16942017, and C2 residues 2181-2321 resulted in a maximal
reduction of FVIII antigenicity with respect to most of 23
inhibitory antibody plasmas tested (Fig. 2).

The current status of replacement therapy
of hemophilia B

Hemophilia B is defined as an X-chromosome-linked inherited
bleeding disorder due to subnormal levels of coagulation FIX
and in its clinical manifestation resembles hemophilia A. As in
hemophilia A, bleeding episodes in hemophilia B had originally
been treated with fresh frozen plasma and during the last
30 years with FIX concentrates [63]. The cDNA for FIX was
cloned in the early 1980s by two different groups in Oxford and
Seattle, and the entire 34 kb FIX gene was subsequently sequenced
[64], which launched expression of recombinant FIX (rFIX) for
replacement therapy of hemophilia B [65]. As with rFVIII, pre-
paration of rFIX minimized the risk of transmission of viral or
other pathogenic contaminants from human blood, which is an
impediment with plasma-derived products [66].

Production of rFIX requires the use of mammalian cells as
hosts since FIX synthesis involves complex post-translational
modifications, such as glycosylation, y-carboxylation, B-hydro-
xylation, sulfation, phosphorylation and processing of the N-
terminus [67-69]. While there are several rFVIII products for
treatment of hemophilia A, there is just one rFIX approved for
treatment of hemophilia B. This rFIX (BeneFIX™) is produced
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by Wyeth/Genetics Institute and is expressed in Chinese ham-
ster ovary cells [65,70] cultured in a medium which does not
contain any blood or plasma products. BeneFIX has been shown
to have high purity and specific activity of >200IU mg’1
[71,72]. The structure of BeneFIX is similar to that of plas-
ma-derived FIX, whereas post-translational modifications of
rFIX are similar but not identical to those of plasma-derived
FIX [72]. BeneFIX protein exists in three isoforms, which are
indistinguishable in regard to phospholipid binding, endothelial
cell binding, or activation of FX and have similar clotting
activities [73]. Many post-translational modifications of rFIX
include N- and O-glycosylation. While the structure of the O-
glycans appears to be the same in plasma-derived and recom-
binant FIX, the N-glycans in rFIX are generally more complex
and contain a broader range of fucosylation, linkages and N-
acetyllactosamine structures [72,74]. These differences in post-
translational modifications, however, do not affect the higher-
order structure of rFIX. Pharmacokinetic and efficacy studies
with rFIX in previously treated patients were satisfying, and the
frequency of formation of inhibitory antibodies (3—5%) was
also comparable to that for plasma-derived FIX. Unfortunately,
the in vivo recovery of rFIX proved to be substantially lower
than that of plasma-derived FIX, which is most likely associated
with differences in post-translational modifications [73]. More-
over, recovery of rFIX proved to show a wide patient-related
variability [75].

While with FVIII several directions for improving the yield
and therapeutic properties of recombinant protein have been
clearly outlined in bioengineering, the unfavorable low recov-
ery rate of rFIX seems to impede the progress in the develop-
ment of next generation rFIX products. In this respect, it is
worth mentioning the laboratory finding that rFIX production
level can be increased 8-fold by including three ATG triplets as
a translation initiation signal [23]. Additional improvement of
rFIX production was achieved by introducing a truncated form
of FIX intron 1 into the wild-type FIX cDNA construct. It was
shown that the presence of intron 1 in FIX cDNA strongly
enhanced accumulation of FIX mRNA in the nucleus most
likely due to better protection of such transcripts from random
degradation. In its turn, this led to 8—15-fold increase in rFIX
production both in vitro and in vivo [22,76,77].

An impressive progress has been also achieved in gene
therapy of hemophilia B [7-9,78]. Taking into consideration
current concerns related to possible irreversible changes in the
patient’s genome, the authors believe that gene therapy of
hemophilia B at its best will serve as an alternative approach
to FIX replacement therapy offering a choice to a patient.

Concluding remarks

Replacement therapy remains the mainstay for treatment of
hemophilia A and B. The substantial progress made in under-
standing the mechanisms of FVIII biosynthesis, structure-func-
tional relationship and catabolism over the past two decades has
provided targets for bioengineering strategies to improve rEVIII
(Fig.2). These strategies include achieving higher expression
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levels of FVIII mRNA, more efficient secretion of FVIII protein
based on the identification of FVIII domains providing its
interaction with intracellular chaperones, and development of
FVIII molecules with improved properties such as an increased
sensitivity to activation, resistance to inactivation or prolonged
lifetime of FVIII in the circulation. As introduction of desired
mutations or other changes may alter antigenicity of the FVIII
molecule, this issue has to be carefully experimentally
addressed. Another and already developed direction in improv-
ing properties of FVIII molecule is reduction of FVIII anti-
genicity towards inhibitory antibodies, which represent a
serious complication in hemophilia A therapy. This is achieved
by generating hybrid FVIII molecules in which major epitopes
of inhibitory antibodies are replaced for homologous regions of
porcine FVIII, far less reactive with human anti-FVIII inhibi-
tory antibodies. Although no clinical trials have yet been
initiated with novel FVIII molecules described in the present
review, preclinical work on further biochemical characteriza-
tion and investigations in small animal models are ongoing. It is
conceivable that the enumerated improvements to FVIII con-
structs may be combined, which is expected to permit achieving
sustained and sufficiently high circulatory levels of functionally
active rFVIII in hemophilia A patients with or without inhibi-
tors. While recombinant FIX is widely used for treatment of
hemophilia B, the concept for improvement of rFIX molecules
remains to be developed. In our optimistic view, there are good
chances that improvements to rFVIII and rFIX suggested by basic
science may ultimately enter the clinical practice and make
treatment of hemophilia A and B more efficient and less costly.
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