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Chapter 1.  An Introduction to Factor VIII and its Inherent Instability 

 

Human Factor VIII (hFVIII) is a glycoprotein occurring in plasma that plays a 

critical role in blood coagulation.  Its deficiency, either qualitative or quantitative, results 

in hemophilia A, a blood coagulation disorder affecting approximately 1 in 10,000 

malesi.  In the past, plasma-derived therapeutics have been used to treat hemophiliacs.  

However, in recent years, concerns over HIV, hepatitis, and most recently prions ii have 

made finding other sources for these therapeutics particularly attractive.  Factor VIII 

production using recombinant DNA technology in cell culture and transgenic animals has 

been explored with varying degrees of success.  Generally, cell culture and transgenic 

animal methods of production have yielded low specific activity products.  This low 

specific activity is believed to be largely due to factor VIII’s inherent instability.   

Factor VIII is synthesized as a 2,351 amino acid single-chain glycoprotein.  The 

domain organization is typically characterized as A1-A2-B-A3-C1-C2.  The mature 

protein has a molecular weight of 280 kDa composed of a light chain and a heavy chain.  

The light chain has a molecular weight of 80 kDa and is made up of domains A3-C1-C2.  

The heavy chain is composed of domains A1-A2-B and has a more heterogeneous 

composition with molecular weights varying from 90 – 200 kDa.  Also contributing to its 

heterogeneity is its glycosylation.  The B domain contains 19 asparagine-linked 

glycosylation sites.iii  These glycosylation sites introduce microheterogeneity because of 

incomplete glycosylation and the imperfect specificity of the glycosyl transferases and 

glycosylases.iv  The glycosylation also accounts for the discrepancy between the observed 

molecular weight following purification (360 kDa) and that calculated based upon the 

primary structure.  Figure 1a shows those FVIII chains existing in human plasma.  In 

addition to intact FVIII heavy and light chains, proteolytic products such as A1A2 exist. 

Factor VIII circulates in plasma at levels of approximately 200 ng/mL.  It is 

closely associated with von Willebrand Factor (vWF).  vWF has a molecular weight of 

226 kDa although multimeric forms predominate.  These multimers are linked by 

disulfide bridges and can reach sizes in excess of 10,000 kDa.ix  Under in vivo 

conditions, a 1:50 ratio of FVIII to vWF is very tightly maintained.  Any change in 

concentration of one protein is followed by a concomitant change in the concentration of 
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the other one.  von Willebrand Factor serves two functions in its association with Factor 

VIII.  It serves to stabilize the FVIII and also promotes the association of the light and 

heavy chains of factor VIII.v vi vii  Physically it associates with FVIII in a non-covalently 

linked complex.  This physical association via hydrophobic and hydrophilic interactions 

persists until the Factor VIII is activated by thrombin.   

Upon activation by thrombin (Figure 1b), the FVIII is released from vWF and a 

series of specific proteolytic degradations occurs.  Thrombin cleaves after Arginine 

residues 372, 740, and 1689.  Cleavage after Arg-1689 is required to dissociate the FVIII 

from the vWF.  Cleavage after Arg-740 releases the dispensable B chain while cleavage 

after Arg-372 allows the A1 domain to separate from the A2 domain.  The resulting 

heterotrimer is very unstable and is deactivated rapidly by disassociation of the A2 

domain and the subsequent complete disassociation of the activated complex.viii  Prior to 

its dissociation, however, it accelerates the rate of Factor X activation by Factor IXa and 

eventually leads to the formation of a blood clot.ix 

Because of its key role in the blood coagulation cascade, FVIII can be inactivated 

as a control mechanism.  In addition to its role in the activation of FVIII, thrombin can 

also inactivate it.  After longer periods of time, thrombin will cleave at residue 336 

resulting in an inactive FVIII molecule.  Factor Xa and Protein Ca also cleave at this 

position.x  Protein Ca can also inactivate FVIII by binding to residues 2009-2019 and 

cleaving in the A3 domain after FVIII’s separation from vWF. 

 

FVIII Production in Cell Culture 
Production of Factor VIII using transgenic technology was first attempted in cell 

culture.  Work with production in Chinese Hamster Ovary (CHO) cells highlighted the 

necessity of having vWF with wild-type FVIII.  In the absense of vWF, low initial 

concentrations (by activity) of FVIII are produced and with time, that activity decays.  

von Willebrand Factor is required for the stability of the secreted heterodimer.  When 

vWF is present in the cell culture, the FVIII activity in the cell culture increases with time 

as a result of the FVIII being stabilized by the vWF.  This vWF can be introduced either 

as the result of a vWF transgene inserted into the CHO cells or by adding serum 
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containing vWF to the cell culture.  When vWF is not expressed, most of the FVIII is 

secreted as separate chains rather than the active heterodimeric form.vi ix   

Significantly better results are obtained when vWF is coexpressed with the FVIII. 
viii  Figure 4 shows the accumulation of FVIII activity in CHO cell culture with respect to 

time and with and without exogenously added vWF.  When vWF is not coexpressed, the 

levels of FVIII gradually decline with time even when vWF is added to the culture media.  

This is probably due to the eventual saturation of the vWF that is added exogenously as 

well as the effect of intracellular vWF on the processing of FVIII in the endoplasmic 

reticulum (ER).  However, this phenomena is poorly understood.   

Factor VIII expressed in CHO cells show a significant association with GRP78 

(also known as BiP), a resident protein of the ER.  Having vWF coexpressed in the CHO 

cells prolongs FVIII’s association with GRP78 and results in a slower secretion from the 

cell.  This slower secretion results in lower production on a time basis but yields more 

stable and active FVIII.  The results plotted in Figure 4 for the 10A1 and 10A1C6 grown 

in 10% fetal calf serum (FCS) show this result.  Similar levels of FVIII are present after 

24 hours in both cultures but the cell line without endogenously produced vWF is unable 

to maintain its activity and has decreased activity levels with time. ix 

vWF is known to play a critical role in the assembly of FVIII.  Under in vitro 

conditions, vWF has been added to a mixture of isolated light and heavy chains and was 

able to promote chain association with a concomitant generation of procoagulant activity. 
xi xii  It appears to be somewhat less important as a stabilizer for the assembled chains.  

Once the factor VIII chains are properly associated, the vWF can be purified away 

leaving a stable ion complex.   

These results could be the result of a major kinetic limitation.  The cleavage that 

results in separate light and heavy chains occurs inside the cell before it is secreted.  

When FVIII is synthesized inside the cell in the presence of coexpressed vWF, the vWF 

is in close proximity and is able to promote the association of the two chains.  When there 

is no vWF present inside the cell, the chains have a greater chance to spatially separate 

resulting in a lower frequency of vWF-assisted association. 

The desire to create a more stable molecule with FVIII activity led Pipe and 

Kaufmanviii to develop IR8.  IR8 is an inactivation resistant coagulation factor VIII 
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created by judicious gene splicing.  The most notable features of this modified FVIII are 

the replacement of the B domain by a short linker sequence composed of a short section 

of the wild-type B domain.  This linker sequence causes the A2 and A3 domains to be 

covalently linked instead of being linked by the much weaker ionic interaction existing in 

the wild-type.  These covalently linked A2 and A3 domains also eliminate some of the 

vWF stabilization requirements because the molecule exists as a single chain.  As a result 

of these modifications, the rFVIII retains 38% of it activity after 4 hours whereas wild-

type FVIII becomes inactive after only 10 minutes.  Additionally, a 5-fold increase in 

specific activity is observed compared to wild-type FVIII.  The structure of the 

Inactivation Resistant Factor VIII (IR8) is diagrammed in Figure 2. 

 

Factor VIII Production in Transgenic Animals 
Factor VIII has also been produced in the milk of transgenic animals.  Thus far, 

only a cDNA construct for wild-type FVIII has been expressed.  No vWF has been 

coexpressed with the Factor VIII in transgenic animals.  Paleyanda et al i have expressed 

rhFVIII in the milk of transgenic swine and Niemann et al xiiihave expressed rhFVIII in 

the milk of transgenic sheep.  Both research groups had very low specific activity with 

0.33 U / µg obtained in pigs and 0.005 U / µg obtained in sheep.  Antigen analysis via 

ELISA showed FVIII levels of approximately 5 µg / mL obtained in pigs with Niemann 

detecting only trace amounts in transgenic sheep milk.  The Factor VIII in plasma 

typically has an activity of 5 U / µg with 200 ng /mL being a typical FVIII concentration.  

When FVIII is expressed in milk, it will suffer from the same problems as that observed 

in cell culture along with several other hindrances unique to the milk environment. 

The results obtained by Kaufman et al in cell culture (Figure 4) show the baseline 

case that should be present in transgenic animals before factors unique to the milk 

environment are considered.  Cell line 10A1 growing in defined media shows rapidly 

decreasing FVIII activity after the initial 24 hours.  In addition to the lack of human vWF 

in transgenic milk, there are also endogenous proteases and casein micelles that are likely 

to decrease activity even further. 

In the absence of vWF, FVIII tends to be secreted as separate chains rather than 

the native heterodimeric form.  Some intact chains are present even in the absence of 
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vWF but the equilibrium favors separate chains.  As in cell culture without vWF, very 

little intact FVIII is likely to be present.  In addition to the lack of vWF, there are other 

characteristics of the milk environment that favor separate chains. 

The major protein in milk is casein and the majority of this casein exists in a 

micellular form.  Casein micelles are approximately spherical aggregates with diameters 

ranging from 40 to 300 nm.  They are composed of smaller submicelles held together by 

ionic interactions.  In addition to the casein, these micelles contain approximately 7% 

calcium and phosphate.  It is this calcium phosphate in colloidal form that links the 

submicelles together into the larger aggregates.  On the outside of these aggregates are 

flexible, hydrophilic, “hairs” with the hydrophobic portions largely sequestered inside the 

micelle.xiv  Structurally, these micelles are quite similar to phospholipid membranes. 

The presence of these micelles creates problems.  The micelles will tend to 

sequester the calcium which is required by the FVIII to maintain its heterodimeric form.  

This will further shift the equilibrium of the FVIII to separate light and heavy chains 

rather than the intact molecule.  Also favoring the presence of separate chains is the 

phospholipid-like structure of the micelles.  The light chain of FVIII has a binding site for 

phospholipids localized at the carboxy-terminus of the C2 domain.  During blood 

clotting, these negatively charged phospholipids are required for FVIII to enhance the 

activity of factor X.v  In transgenic milk, however, this binding domain will tend to 

associate with the casein micelles.   

Milk also contains over 30 indigenous proteases including ones that associate 

with the casein micelles.xv  These proteases could start to degrade the FVIII almost 

immediately upon secretion in the mammary glands.  These proteases would be non-

specific for the FVIII and would also degrade the other milk proteins.  Of particular 

interest, is the thrombin that is naturally present in milk.xvi  This thrombin could 

specifically activate any FVIII present in the milk.  Shortly after activation, the FVIII 

chains would disassociate resulting in inactive FVIII.viii 

Wild-type FVIII is unstable under most conditions.  In vivo, this instability is a 

characteristic of the way in which its activity is regulated.  Under cell culture conditions, 

judicious gene splicing combined with careful control of the growth media can allow 

production of stable FVIII.  Cell culture, however, has relatively low productivity and 
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scale-up to industrial-level production is difficult.  In the milk of transgenic animals, high 

production is possible but the generation of high specific activity protein is difficult and 

costly.  The complex milk environment includes proteases that degrade the FVIII and 

caseins that sequester it and complicate its purification.  All of these complications 

combine to make the production of large amounts of high-specific activity FVIII a goal 

that is thus far unattained. 

The specific goals of this research were to study those factors hindering the 

characterization, production, and recovery of purified rhFVIII.  The specific approaches 

taken include attempts at assay development and novel purification strategies.  The 

theoretical diversity of the populations of FVIII were predicted by modeling the 

glycosylation effects upon the protein’s isoelectric point.  These theoretical predictions 

were subsequently confirmed using two-dimensional western analysis.  Assays were 

developed as a means to better characterize the purification techniques as well as to 

discover any fundamental limitations that may hinder assay development.  The assay 

research served mainly to highlight the complications arising from the extreme 

heterogeneity of FVIII populations as well as its tendency to undergo precipitation.  The 

purification techniques further confirmed this heterogeneity and also revealed FVIII’s 

lability under even relatively mild conditions.  They also served to confirm the low 

efficiency of the swine mammary gland in producing active FVIII with the wild-type 

construct.   

 

 



 

Figure 1a.  Western Analysis of FVIII Chains Obtained Human Plasma 
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Figure 1b.  Thrombin Activation of WT-FVIII – vWF Complex viii
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Figure 2.  Inactivation Resistant Factor VIII (IR8) in CHO Cell Culture viii
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Figure 3.  Hypothesized rhFVIII Inactivation in Transgenic Milk 
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Figure 4.  Factor VIII Activity Levels Obtained in Cell Culture ix 

 
Figure obtained from “Effect of von Willebrand Factor Coexpression on the Synthesis 

and Secretion of Factor VIII in Chinese Hamster Ovary Cells”ix  10A1C6 is a CHO cell 

line expressing both FVIII and vWF.  10A1 is a cell line expressing only FVIII.  Defined 

media is standard cell culture growth media.  10% FCS represents 10% Fetal Calf Serum 

added to the growth media as a source of vWF.  
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