FACTOR VHI IN VON WILLEBRAND'S DISEASE

J. Foster Irwin, Ph.D.

The hemostatic problems encountered in von Willebrand’s disease (VWD)
appear to be corrected by factor VIII, one of the essential constituents of the blood
coagulation system. Similarly, the bleeding problems encountered in classic
hemophilia also are corrected by factor VIII. The clinical and laboratory
observations suggest that these two diseases are very different, yet the genesis of
both appears to result from absent or non-functional factor VIII. Our under-
standing of factor VIII and its relationship to VWD and classic hemophilia is an area
of exciting research, and the apparent discrepancies which have been encountered
are being resolved.

The important clinical observations and manifestations of VWD have been
reviewed by Mammen in the previous article [81] and only briefly will be
summarized here as they pertain to the level of factor VIII in VWD and in
hemophilia. The defect in hemophilia appears to be a plasmatic defect. Although
the defect in VWD gives the impression of being a capillary or platelet disorder, it
now appears to be a plasmatic defect. In classical hemophilia the severity of the
bleeding problem is related to the level of factor VIII activity in plasma; this level
tends to remain fairly constant throughout life. Whereas factor VIII activity is
absent or markedly suppressed, factor VIII levels detectable by immunologic
procedures are normal. Bleeding problems can be corrected by the administration
of antihemophilic factor (AHF) concentrates derived from normal plasma but not
from serum. VWD on the other hand, appears to be more complex. VWD is
characterized by depressed Jevels of both factor VIII activity and immunologically
detectable factor VIII. Seldom are factor VIII levels as low as in hemophilia and
seldom does the factor VIII level remain constant throughout life. The coagu-
lopathy can be corrected in part or entirely by infusions of AHF fractions derived
from hemophilic plasma and serum, as well as from normal plasma and serum [15,
19,26, 94] . In fact, infusion of normal and hemophilic plasma or serum appears to
stimulate the production of factor VIII procoagulant activity above the levels
€xpected; the converse infusion of normal or VWD plasma or serum into
hemophiliacs does not overstimulate factor VIII procoagulant levels [31]. The
Variations encountered in hemophilia and VWD are often perplexing, but these
Same anomalies give more insight into the biochemistry of factor VIU and its
relationship to these diseases.
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In this paper the central role which factor VIII plays in von Willebrand’s diseage
will be examined. Furthermore, the various functions which factor VIII appears to
play as it relates to VWD and hemophilia, the characterization of factor VHI in
selected biochemical and immunologic terms, and the presumed anomaly in the
patterns of inheritance of factor VIII in both diseases will be reviewed.

From the data of many experiments we hope to leave the impression that factor
VIII, as we have known it, now may be a large complex of at least two molecules.
One molecule is of high molecular weight and its absence is responsible for von
Willebrand’s disease. The other molecule is of low molecular weight and appears to
be associated by non-covalent bonds to the larger molecule; its presence is
responsible for normal procoagulant activity.

FUNCTIONS OF FACTOR Vil

Factor VIII has been assigned a number of functions and/or activities, the
ability to correct hemophilia and von Willebrand’s disease being two of these
activities. It should be emphasized that functions assigned to factor VIII have been
based upon the presumption that the activity used to correct various defects is
attributable to factor VIII and not to some contaminant in the correcting
preparation. The assignment of these activities to factor VIII has been confusing at
times; in this regard, the complexity of nomenclature can be appreciated by
examining a recent report on factor VIII nomenclature by the International Society
on Thrombosis and Haemostasis {42]. The functions and activities of factor VI
which will be discussed in this paper are as follows: VIH 4, the ability to correct
the procoagulant defect in hemophilia and VWD plasmas; VIIIywyg, the von
Willebrand’s factor, an activity which is capable of correcting the bleeding
abnormalities in von Willebrand’s disease; Vill,, the factor VIII associated antigen.
a protein which is detected immunologically using heterologous antisera prepared
against purified factor VII preparations; VIl .+, the factor VIII neutralization
substance, a protein which neutralizes homologous antibodies specifically directed
against VIl ,,g activity; VI, the ristocetin aggregating factor activity, an
activity present in factor VIII preparations which permits the antibiotic ristocetin
to aggregate human platelet-rich plasma; and VIlIpa g, the platelet aggregating
factor present in bovine and porcine preparations of factor VIII and in
neuraminidase-treated human preparations of factor VIII which induces the
aggregation of human platelet rich plasma. A summary of these factor VIll
activities detected in most normal, hemophilia and VWD plasma and serum can be
found in Table 1.

The Factor VIl Procoagulant Activity, Vil g4

The observations of numerous investigators have established that factor Vil
activity levels are moderately to severely depressed in VWD and classic hemophilia,
when measured in coagulation tests such as the partial thromboplastin time test
(PTT) and the prothrombin consumption test (PCT). This abnormal coagulation
activity is corrected by normal plasma and fractions derived from it [2] but not by
aged plasma or normal serum [43, 69, 97]. Addition of crude or presumably
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TABLE 1. Factor VIII Activities in Normal, Hemophilia
and VWD Plasma and Serum

Normal Levels of Factor VIII Activity

Source Vill coqg  VIllge VIHywp VIpeyr VIllyige VIHpgp=
Material
Normal
Plasma + + + + + +
Serum + + + + +
Hemophilia
CRM~ Plasma - + + - + +
Serum - + + - + +
CRMT Plasma - + + + + (+)
Serum - + + + + +)

von Willebrand
Plasma - - - - - -
Serum - - - - - -

*VIIpap refers to the ability of bovine and porcine factor VIII or neura-
minidase- treated human VIII fractions to aggregate human platelet rich plasma.
VIIIp o F is presumably normal in CRM* hemophilic individuals.

purified preparations of normal factor VIII to VWD and hemophilia plasmas
normalize the PTT and PCT tests. Infusion of normal AHF fractions into VWD
patients [94] and hemophiliacs [99] stabilizes the bleeding episodes of these
patients and corrects the coagulation screening tests of their plasmas.

The Factor Vil Associated Antigen, Vil 4

As soon as hemophilia was discovered, attempts were made to correct the
coagulopathy using normal plasma fractions. This was soon followed by attempts to
purify factor VII from plasma. As the purity of the preparations of factor VIII
improved, antisera were prepared in laboratory animals against these purified factor
VII preparations. The general criteria of purity of factor VIII were based upon
increased specific activity of the preparations’ procoagulant activity, VIl oag-
Heterologous antisera prepared against purified factor VIII fractions were capable
of immunoprecipitation reactions, such as immunodiffusion, immunoelectro-
phoresis, and immunoelectrodiffusion, when reacted against normal plasma or
Serum and factor VIII preparations derived from normal plasma or serum. These
heterologous antisera were also capable of neutralizing the VIl ,,, of normal
plasma. Originally, antisera were thought to be specifically against VI 4.
However, when normal levels of VIIIag were detectable in normal serum and in alt
hemophilic plasmas [60, 91, 109, 123], both of which have moderately to severely
depressed levels of Vil oag, a distinction between factor VIII procoagulant activity
and immunologically detectable factor VIII had to be made. Thus the term factor
VHI associated antigen, VIII,q, arose to describe the protein in which VIl gag
fesides or with which VIl gag is associated and which can be detected using
heierologous antisera. The level of VI, in almost all cases of VWD is depressed
find appears to be correlated with the depressed levels of VIl 4., [60, 123]. This
8in contrast to the depressed VIH 44 levels and normal VIli,, levels encountered
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in most cases of hemophilia. The relative ratio of Vill¢4,4 to VI, in VWD
individuals is approximately one, a value identical to that in normal individuals. On
the other hand, hemophiliacs have a value considerably less than one. Hemophilic
carriers have a value which is intermediate [16, 122]. These observations have led
to the belief that VWD individuals do not synthesize an immunologically detectable
factor VIII molecule, whereas hemophiliacs do synthesize an immunologically
detectable but nonfunctional factor VIII molecule [25, 61].

The von Willebrand Factor Activity, VillywE

Von Willebrand’s disease is characterized by an apparent platelet disorder. In
most cases, a prolonged bleeding time is encountered, platelet adhesiveness to
surfaces is decreased, and the VIl 4,4, and VIII,, levels are depressed [123].In
addition, and perhaps one of the most definitive criteria for diagnosing VWD [47,
97], the apparent biologic half-life of VIl .y, is prolonged following infusion of
AHF concentrates compared to what would be expected and what is observed in
hemophiliacs [19, 94]. Whereas there is an apparent super-response or overstimu-
lation in the detectable VI, levels of VWD individuals, the VI, levels are not
stimulated to the same extent. Factor VIII preparations derived from normal
plasma or serum correct the abnormal clinical and laboratory parameters seen in
VWD. Bleeding times and platelet adhesiveness are corrected and platelet
aggregation induced by the antibiotic ristocetin 58] is normalized. Interestingly,
factor VIILlike preparations derived from hemophilic plasma and serum and devoid
of procoagulant activity can also correct the manifestations of VWD [97]. The
conclusion derived from these observations and those from experiments using
strains of dogs and pigs which have VWD, is that VWD plasma, in contrast to
normal and hemophilic plasma and serum, lacks a factor, the von Willebrand factor
or VIllywy, necessary for the normal expression of both platelet function and
coagulation function. VIllyw activity presumably resides with the factor VIII
molecule, specifically the factor VIII associated antigen, VIII,,.

The Factor VI Antibody Neutralization Substance, VIl oyt

This function is not ordinarily accepted as a separate activity; however, for the
purposes of this review it will be used to give clarity to the different factor VIII
functions and activities. In a number of hemophiliacs there has developed an
antibody against factor VIII as a result of receiving infusions of factor VII
concentrates used to stabilize their coagulopathy. In addition, spontaneous
inhibitors against factor VIII develop for unknown reasons in some persons, both
men and women. These persons having a spontaneous antibody inhibitor have
hemophilia in the truest sense of the disease and are no different from the
congenital hemophiliac in terms of the clinical observations; only the origin Of
cause of the hemophilia and the management of the patient appear to be different.
These antibodies are called homologous antibodies, as opposed to heterologous
antibodies derived from a different species. Homologous antibodies inactivate
VIl 5, but do not recognize VIII,, in immunoprecipitation reactions [106]-
These observations contrast with those obtained with heterologous antibodies;. the
latter not only destroy VIII 44, but also undergo immunoprecipitation reactions
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with VIIl;, in normal plasma and serum. Thus, normal plasma and factor VIil
fractions derived from normal plasma contain a substance capable of neutralizing or
inactivating homologous inhibitors, thus the term VIl ... Furthermore, this
neutralizing activity persists in normal serum even though VI ,,, has been
lost [1]. Whereas normal plasma has normal VI, levels, most hemophiliacs
have moderately to severely depressed levels of VI, .,:, depending upon the
severity of the disease. Contusion has arisen regarding the hemophiliac, however, in
that approximately 15% or less of hemophiliacs contain normal VIII, ., levels in
spite of the fact that they have markedly depressed VIil;,,, levels [35,37, 61,73,
90}; this discrepancy appears to be related to a nonfunctional form of VIII¢,,g.
VI, ey levels are almost always moderately depressed in VWD in relation to the
level of VIl 4., [73, 90]. Except for those 15% of hemophiliacs who have normal
VIl ey levels, there appears to be a good correlation between VI, ., and
VI, activities in normal, hemophilia and VWD individuals. In fact, VHI, ey is
believed to be identical to VIl qqa,.

The Ristocetin Aggregating Factor, VIl ¢

The antibiotic ristocetin had been used in patients to treat gram-positive
bacterial infections but was eventually removed from clinical usage presumably
because of its platelet aggregating activity. USFDA subsequently has approved its
limited usage for investigative diagnostic purposes. It was found that normal
platelet rich plasma (PRP) would aggreagate when ristocetin was added to the in
vitro test system but that ristocetin-induced aggregation of VWD PRP did not occur
or was impaired [58, 119, 120]. Although recent studies have shown that all
patients who have VWD have impaired ristocetin-induced aggregation [951}, other
studies have shown that some VWD individuals who have questionable platelet
adhesiveness may have normal ristocetin-induced platelet aggregation {4, 59]. The
impaired ristocetin-induced platelet aggregation in VWD PRP can be corrected by
the addition of normal and hemophilic plasma and serum as well as factor VIII-like
preparations derived from plasma or serum. Thus, VWD plasma lacks an activity,
VI, which is essential for normal platelet aggregating function; this activity is
associated with the factor VIII molecule of normal and hemophilic individ-
uals [120]. The ristocetin-induced aggregating factor is believed to be the same as
the von Willebrand’s Factor. Both VIll,; and VIlIyw g levels correlate well with
VIIIag levels but do not correlate well with VI ,,, levels, when one compares
Normal, hemophilic and VWD individuals.

The Platelet Aggregating Factor, Villpa g

Normal bovine and porcine factor VII from plasma or serum [36, 38, 46, 77},
but not from porcine VWD plasma [33], aggregates human PRP. VIilp g is
asociated with galactose carbohydrate side-chains, for VIHpayp is lost by
Pretreatment with galactose oxidase [125]. Normal and hemophilic but not VWD
factor VIIT can acquire VIIIp A activity by pretreatment with neuraminidase to
®move sialic acid, thereby exposing galactosyl residues [124]. Pretreatment of
human v with neuraminidase and galactose oxidase does not produce VIlp 41

activity [125]. VIlIp Ay correlates with VIIywy [33] and is similar to VI, if
ot identical.
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CHARACTERIZATION OF FACTOR Vi

Biochemical Characterization

Factor VIII is intimately associated with the intrinsic pathway of blood
coagulation where it is essential for the conversion of prothrombin to thrombin, a
phenomenon which is impaired in hemophilia A [27]. The virtual absence of
antihemophilic factor activity from normal serum [43, 69] and the destruction of
it by thrombin [70] indicates that factor VII procoagulant activity is destroyed
during clotting. The biochemistry of factor VIII and other blood clotting
constituents in hemostasis has been reviewed numerous times, most recently by
Davie and Fujikawa [32]; the physiology of factor VIII has been reviewed recently
by Barrow and Graham [10]. In blood coagulation, factor VI acts as a
cofactor [56, 96], assisting factor IXa in the conversion of factor X to Xa in the
presence of phospholipids and calcium ions. Factor VIII does not act as an enzyme
as originally had been thought, in spite of the fact that low levels of thrombin may
enhance the biological activity of it [18, 101}. The level of factor VIII in human
plasma appears to be 10 ug/ml or less [82], although earlier estimates suggested
that it may be 20-50 ug/ml [28, 100]. '

The sites of synthesis of factor VIII have not been definitively established
although spleen, liver, kidney and leukocytes have been implicated; Barrow and
Graham [10] and Jaffe {66] have compiled and summarized this information.
Recent evidence suggests that the endothelial cell may be implicated since
immunologically detectable factor VIII could be found on endothelial cells of a
variety of tissues using immunofluorescent technics [22, 34, 63]. In addition,
immunologically detectable factor VII having VIllywg activity appears to be
synthesized in and relased from cultured human endothelial cells [66, 67, 68].
Determination of sites of synthesis of a factor VIII molecule may be even more
complicated in view of recent findings that the factor VII molecule may consist of
two molecular species, one associated with VIH,,, and one associated with
Villywe.

Factor VIII has been isolated to various degrees of purity by a number of
procedures. A summary of earlier methodology for isolating factor VIII has been
compiled by Mammen [80]. Isoelectric precipitation, salting and organic solvent
precipitation, and cryoprecipitation procedures were used in the earliest attempts
to isolate crude concentrates of factor VIH; these methods, particularly ethanol
precipitation and cryoprecipitation, still yield useful source material for clinical
usage. More recently, combinations of the above technics with ion exchange
chromatography (separation on the basis of molecular charge), gel filtration
(separation on the basis of molecular size) and affinity chromatography (separation
on the basis of factor VII affinity to immobile ligands or immobile antibodies)
have resulted in purified factor VIII preparations capable of being characterized.

Fibrinogen is a major contaminant of crude factor VIII preparations; indeed
there appears to be a close affinity or association of these two molecules for one
another. Unfortunately, although fibrinogen is a contaminant of factor Vil
preparations, fibrinogen also appears to be a stabilizer of factor VIII procoagulant
activity. Separation of fibrinogen from factor VIH not only results in decreased
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stability of VllL.q,, but also results in different precipitation properties {5, 39, 79,
92, 111] . This markea lability has made isolation and characterization of the factor
VI molecule difficult.

The molecular weight of human and animal preparations of factor VIII has been
reported to be from under 200,000 daltons to over 2,000,000 daltons. Some earlier
sedimentation coefficients of approximately 6.5 Svedberg units have been
reported [78, 108]. These would be consistent with a molecular weight of 200,000
or somewhat less and are consistent with the molecular weight of 180,000
determined by electron irradiation [3].

On the other hand, S,q ,, values of 12 to 19 for human, bovine, porcine and
canine preparations of partially purified AHF [51] suggest that factor VIII may be
a much larger molecule consistent with a molecular weight of about 1,000,000 or
more. More recently, gel filtration studies in 2.6% agarose as 2 means of estimating
molecular weight have strengthened the belief that factor VIII is a glycoprotein
with a molecular weight of 1-3 million [50, 71,75, 76, 82,83, 98, 104, 105, 118].
Some of the discrepancies in molecular weight estimations were originally thought
to be due in part to aggregation of factor VIII which might arise during
purification [51, 78, 82}. This is probably not likely, however, since highly purified
factcr VIII behaves as a high molecular weight substance in the presence of
dispersing agents and as a substance with molecular weight 100,000-200,000 only
after reduction of the disulfide bonds of the purified factor VII {75, 76, 82, 84,
104, 105} . Furthermore, even factor VIIT from plasma has a molecular weight of
1-3 million, when passed over filtration columns [118]. Some of the discrepancies
in molecular weight encountered by investigators may thus be due to the existence
of two different forms of factor VIII in plasma with grossly different molecular
weights. Weiss and Kochwa [117] showed that in human citrated plasma two
regions of VI, ,, activity were detected following ultracentrifugation in a 10-40%
sucrose gradient, a wmain, fast sedimenting activity in the region of
oM-macroglobulin and a minor, slow sedimenting activity in the region of
fibrinogen. They found that VIl o, activity of cryoprecipitates was of the fast
type, whereas the supernatant factor VI, ,, activity remaining after cryoprecipi-
tation was of the slow type; it was noted that the fast type did not contain any
fibrinogen which might have competed with factor VIII. Furthermore, they
Suggested that the heavier or faster form converted to the slower form when the
former was centrifuged in a media of high salt concentration. Factor Vil 4,
activity having a molecular weight of approximately 25,000 has also been found in
kidney extracts [6, 8] and in plasma of von Willebrand’s patients following infusion
of AHF concentrates [20, 21]. Although these VIIl;,,, activities have not been
Characterized, it is thought that the post-infusion Vill;,,, forms in VWD patients
May be different than VI.,,, from normal individuals [17]. Finally, low
Molecular weight forms of factor VIII having VIl ,, have been derived from high
Molecular weight factor VIII when the latter was subjected to gel filtration or
Sucrose gradient ultracentrifugation in the presence of high ionic strength salt
Solutions or 0.25M CaCl, [98,110,117,118].

Although purification of factor VIII has been tedious, sufficiently pure
pr.eparations have been obtained to characterize it. By reducing purified factor VIII
With 2-mercaptoethanol or some other reducing agent in the presence of sodium

dodecy] sulfate, and running these preparations on polyacrylamide gel electro-
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phoresis, both the number of different subunits and the molecular weight of these
subunits can be determined. From a number of investigations, purified factor VIIi
having both VIl ,,, and VIllyw or VIllpa g activities, depending upon source
material, can be shown to consist of a number of apparently identical subunits held
together by disulfide bonds [14, 48, 50, 75, 76, 82, 83, 84, 104, 105]. These
monomers range in size from 25,000 to 240,000, with the most prevalent finding in
the region of 100,000 to 200,000. It is important to note that these subunits could
be detected on polyacrylamide disc gels only after reduction of the disulfide bonds
holding the subunits together; no small molecular weight subunits could be
detected without reduction. By way of comparison, there are no detectable
differences between the factor VIII molecule derived from normal individuals and
that derived from hemophiliacs [14, 52, 84, 105].

Recently, however, Van Mourik and associates [112] were able to dissociate
purified human factor VIII at low ionic strength in the absence of reducing agents
into a slow- and a fast-moving component, both of which had different
immunologic characteristics. Also, the dissociation and the subsequent separation
of low molecular weight factor VIII procoagulant activity from the high molecular
weight protein in the presence of 1 M NaCl or 0.25 M CaCl, has been reported [98
110, 117, 118]. These components can be recombined in the absence of calcium to
yield a high molecular weight protein complex with VIl q,, activity [30]. These
experiments were done in the absence of reducing agents and suggest that factor
VIHI is a complex consisting of a high molecular weight (HMW) protein of about
2,000,000 and a low molecular weight (LMW) protein held to the carrier by
non-covalent bonds. The large component has no VI ,,,, whereas the small
component does have VIIl;,,,. The LMW protein is estimated to have a molecular
weight of between 25,000 and 300,000 based upon its filtration and ultracentri-
fugation properties. Whereas the LMW component is detectable by its procoagulant
activity, little protein material has been found associated with this activity. This is
an important observation, for a number of investigators believe these results to be
artifacts [32, 49, 84]. Some point out that the IMW VIl ,,, could not be
detected when highly purified factor VIII is used. It appears that the detection of
LMW VIIl.,,, may de dependent upon not only the purification of factor VIII but
also upon whether the starting material was cryoprecipitate {114].

Immunologic Characterization

1. Homologous Antibodies. Immunologic technics have played a major role in
the elucidation of factor VIHI structure and function. The use of homologous
antibodies against VIII4,,, i.c. antibodies which develop in hemophilic patients or
which develop spontaneously in normal individuals, have the capacity of inactiv-
ating VIl ,, of normal plasma. In converse manner, normal plasma and factor
VIII preparations have the ability to neutralize the activity of homologous antisera,
thus the term “VIII, .y, activity.” These homologous antibodies, however, do not
appear to undergo immunoprecipitation reactions with factor VIII [106], more
specifically, the VIII,, substance of normal plasma; thus, they do not f(')rm
precipitin lines upon immunoelectrophoresis or immunodiffusion. In addition,
VHlywE and VI are not impaired in the presence of human antibody [23,
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87]. When homologous antisera are incubated with normal and VWD plasma,
pnormal plasma neutralizes the inhibitor, whereas VWD plasma either does not
neutralize the inhibitor or neutralizes the inhibitor in proportion to it’s VIl 4,,
tevel. Thus, normal plasma has VI, .,; and VWD plasma does not [35, 61, 73,
90] . Similar experiments indicate that most hemophiliacs, like VWD individuals,
either lack VI, .., or have low levels of VIIl,.,; in relation to the level of
Vill.oag |1, 35, 61, 73, 90] . It can be shown, however, that a small proportion of
hemophiliacs, approximately 6-15%, contain a cross-reacting material (CRM)
capable of neutralizing homologous antibodies [35, 37, 41, 61, 73, 90] . VIIL ¢ ¢
material in hemophiliacs is believed to be a nonfunctional form of factor VIII
which lacks procoagulant activity; they are designated CRM* or hemophilia A*.
This is in contrast to the majority of hemophiliacs who apparently do not
synthesize any type of factor VIII and, therefore, have no cross-reacting material;
these are designated CRM  or hemophilia A". The VIl .,¢ component in
hemophilia A* individuals appears to be similar to that in normal plasma, in that
both are destroyed by heating at 56°C for 30 minutes [62, 88)]. Stored normal
plasma retains significant VIl ¢, ¢, even though VIIl,,,, has deteriorated.

2. Heterologous Antibodies. When purified factor VHI is used to produce
antibodies in animals, the heterologous antisera not only neutralize VI ,, of
normal plasma but also precipitate antigenic material from normal plasma and
destroy VIllywy [86]. Barrow and Graham [10] have summarized the results of
experiments published through 1972 which have used heterologous antisera to
study factor VHI in normal, hemophilic and VWD individuals. The conclusion
derived from these experiments is that the great majority, if not all, hemophiliacs
contain antigenic material capable of cross-reacting with antisera prepared against
factor VII1 in various states of purity. Furthermore, the VIIl,; synthesized by
hemophiliacs appears to be immunologically identical to VI, synthesized by
normal individuals [24]. The only exception to this conclusion was reported by
Gralnick and associates [44], who found only 8 of 55 hemophilic plasmas which
Neutralized goat antibody to partially purified normal factor VIII. The results of
Zimmerman et al [123] are of particular importance. Using sensitive immunological
Procedures, they were the first to show that all hemophilic plasmas have antigenic
Material capable of cross-reacting with rabbit antisera and that this VIII,, was
Comparable in amount to that in normal plasma. Furthermore, their results also
Prove that VWD individuals have non-existent or markedly depressed levels of
VIIIag. These results suggest that normal individuals and hemophiliacs synthesize a
Substance, VI, ,, which VWD individuals do not; this plasma substance appears to
be necessary for normal platelet function.

Comparison of Structure and Function

The detection of VIII,, in normal and hemophilic plasma but not in VWD
Plasma [123] suggested that VIIl,, was necessary for the normal hemostatic
me?hanisms to operate in VWD. Indeed, addition of normal AHF and hemophilic
dnfigeric material to VWD plasma does correct the defective adhesion of VWD
Platelets to glass [23, 25] and the defective ristocetin-induced platelet aggregation
of VWD platelet rich plasma {58,119, 120].

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



94 J. FOSTER IRWIN

Purified high molecular weight preparations of factor VIII elute in the void
volume of 2-6% agarose columns, a procedure which separates proteins on the basis
of their molecular size. Using various types of assay procedures, it has been
demonstrated that purified factor VIII has all of the functional activities attributed
to factor VI in normal plasma and in AHF preparations: VI, ,,, VI,
Vil eut, VIUywr, VI e and VIIpag. The coincidence of these activities
suggests identity of structure and function. If, however, factor VIII preparations are
dissociated in 1 M NaCl or 0.25 M CaCl, and then separated by filtration or
ultracentrifugation in the presence of dissociating agents, two components are
obtained, a high molecular weight (HMW) component of 1-2 million which lacks
VIl gae, and a low molecular weight (LMW) component of 100,000-300,000
which retains VI ,,, but which is associated with little or no detectable
protein [98, 110, 117, 118]. The LMW component is inhibited by both human and
rabbit antibodies which do not precipitate this material, whereas the HMW
component precipitates rabbit antibodies but does not inhibit human anti-
bodies {98, 103]. VIllywg, VIl and VIlIp o ¢ appear to reside only with the
HMW component and not with the LMW component [13,46, 115, 120] . Not only
has dissociation of factor VIII into two components been possible using molecular
sizing technics, but also separation of VIIl,,, VIIlp o ¢ and VIl activities from
Vill¢ag has been attained using ion exchange chromatography [13, 29, 46, 74].
Needless to say, more must be done to characterize the LMW component if
questions regarding its origin and nature are to be answered.

Cooper and Wagner [30] not only dissociated purified normal factor VIII from
human, bovine and canine plasmas into HMW and LMW components, but also
recombined these components in the absence of calcium to yield a HMW substance
with VIl ,,,. Furthermore, they were able to recombine hemophilic A~ HMW
component with normal LMW component, but they were not able to recombine
canine hemophilic HMW or human VWD HMW components with normal LMW
components from their respective species. They suggest that human hemophilia A
HMW component has a functional “receptor” capable of accepting LMW
component, whereas the canine hemophilia and human VWD HMW components do
not.

Low molecular weight forms of factor VIII are also produced by thrombin. The
destruction of VIII.,,e by thrombin has long been known [70] in spite of the fact
that trace levels of thrombin appear to enhance the biological activity of factor
VIII [18, 101]. Treatment of plasma with thrombin converted a rapidly sedi-
menting form of VIl ,,, in sucrose density ultracentrifugation to a slower sedi-
menting form of VHl 4,5 [117]. Recalcification of normal human cryoprecipitate
produces a HMW form of VIII which neutralizes rabbit and human anti-factor VIII
but which has no VIIl.oaq, and a LMW form of VIII 4., which is inhibited by
rabbit and human anti-factor VIII [40]. Although normal serum contained factor
VI components similar to those found in recalcified cryoprecipitates, low level
thrombin alone produced HMW and LMW forms, both of which had VIII 4, Even
though VI, is lost when thrombin treatment or coagulation occurs, antigens
identifiable by human or rabbit antibodies [1, 115, 116, 123] and VillyvwF
activity are preserved.
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Finally, the dissociation of purified factor VIII into two components following
dialysis in low ionic strength buffers [112, 113] suggests a possible separation of
structure and function. These components had different precipitation properties on
crossed immunoelectrophoresis. In addition, they both cross-reacted with heterolo-
gous antisera against factor VII in immunodiffusion studies but demonstrated a
reaction of non-identity between each other. Further experiments must be done to
clarify the importance of these observations and to determine whether or not these
two components possess any factor VIII functional activities.

Separation of factor VIII activities by chromatographic procedures and other
experimental procedures [57, 87, 121] suggest that VIII,,, resides on a protein
other than VIII,, in spite of the observation that VIIl.,,, and VI, are
associated in a one-to-one relationship in normal and in VWD individuals. On the
other hand, the detection of some VWD patients with normal VIl ., and low
WIll,, levels [55] or with normal VI, and low VIl ,,, levels [23, 53, 102] is
consistent with a two-protein concept for VIl ,,, and VIII,,. This concept is
supported by the fact that homologous antibodies neutralize VIII ,,, of normal
plasma but do not precipitate VIIil,,, an observation which suggests a separation of
VIl 4 and VIIL,, antigenic determinants. In contrast, heterologous antibodies
both destroy VIII ,,, and precipitate VIII,,. This suggests identity of VIl 4,
and VIill,, antigenic determinants or very close proximity of these antigenic
determinants. This apparent discrepancy between the properties of homologous and
heterclogous antibodies might be explained by noting that homologous antibodies
are more specific in their binding to VIl ,,, determinants {60]. Therefore, they
would destroy VIl ,,, but would not precipitate VIII,,, because they do not
form a stable complex with the factor VIII molecule as a whole. Heterologous
antibodies, on the other hand, are less specific in their binding [60] and would
form a stable complex with the entire factor VIII molecule, thereby precipitating
VI, as well as destroying Vill.,,, which might be complexed with VIII,,. One
wonders whether or not heterologous antibodies could be produced specifically
against VI, using the high molecular weight component of factor VIII produced
by dissociating purified factor VIIT in 1 M NaCl or 0.25 M CaCl, ? Better yet, would
heterologous antibodies specific for Vill,, be produced using the VIIl,, antigen
from hemophilia A individuals who had also developed an inhibitor to VI gag?
This latter challenging antigen would be free of all traces of VIllcoag and VIIIneyy.
In this regard the available evidence suggests that these neutralizing and
Precipitating properties of heterologous antisera can be separated {57, 60]. It is
interesting to note that Gralnick and co-workers [45] produced a rabbit antibody
against purified factor VII1 in which VIl ,,, had decayed. The resultant antibody
induced a VWD state and precipitated protein from normal plasma but would not
neutralize VI, ,,.

There is little doubt that VIl 4, and VIIL, . functions reside with the same
Protein and in fact are identical. VIIl.,,, refers to a procoagulant activity;
aneut refers to a specific protein which neutralizes the inhibitor capacity of
homologous antisera directed against VIl ,,,. Homologous antisera neutralize
\/'IIICOag but do not recognize either VHI,, in normal or hemophilic plasma or the
high molecular weight component after dissociation of purified factor VII in high
ionic strength solutions. In hemophilia A* individuals the term VI, ., also
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pertains to a molecule which has a nonfunctional form of VIl 4,3 presumably
nonfunctional VIl ¢, ¢ protein has lost its VIII 4, activity as a result of an amino
acid substitution at a site essential for VIIl,, activity.

The fact that VIll,,, Vilywy, Vill;g and VIIIp 4 ¢ are associated with the
same high molecular weight component on filtration in dissociating salts and are
not separable on jon exchange chromatography suggests that each of these
functional capacities resides on the same protein, i.e., VIll, ;. Generally, when
VIIL,, is depressed in VWD patients, VIIIywg and VI, also are depressed.
Similarly, when VIII,, is depressed in VWD strains of pigs or dogs, VIlIp o ¢ and
VHlywyr are depressed. The presumption is that in VWD the individual lacks
VHI,, and, therefore, lacks von Willebrand factor. The fact that VI, Villywg
and VIllpsy appear to be inseparable from VIII,, does not prove identity with
VIIl,g. Until evidence to the contrary, it is a presumption that these functional
capacities are identical. Our concemn for this point arises from the observation that
there are some individuals who have von Willebrand’s trait, yet have normal VIII,,
levels and normal or depressed levels of VIIlc,,, {23, 53, 89, 102]. Presumably,
these individuals lack VIIlywp capable of correcting bleeding times and platelet
adhesiveness in spite of the fact that VIIl,, levels were normal. Our concern could
be unfounded for it is possible that von Willebrand’s trait in these variants could
arise from a non-functional form of VIII,;. The other possibility is that VIII,; and
VHIywF do not share the same antigenic determinants and may in fact be different
from one another.

Relationship of Albumin to Procoagulant Activity

A number of interesting observations dealing with the relationship of albumin
to factor VIII procoagulant activity have been reported. Succinylation of plasma
yielded factor VIIIlike activity of low molecular weight [7, 9] which had very
similar characteristics to the low molecular weight factor VIIIdike activity derived
from leucine aminopeptidase preparations of kidney tissue {6, 8] . Furthermore,
this same VIII.,4e-like activity could be produced by succinylation of purified
albumin derived from normal, hemophilia A and von Willebrand’s disease
plasmas [12]. Heterologous antisera prepared against purified albumin free of any
VIl oag were capable of neutralizing VIl 4,4 of normal plasma {1 1]. In addition,
the factor VIII neutralizing capacity of this anti-albumin could be blocked by
normal and hemophilic albumin but not by VWD albumin. Our understanding of
the importance of this relationship of albumin to factor VIII procoagulant activity
is insufficient; it must await further clarification.

GENETICS OF FACTOR Vil

It is well known that factor VIII deficiency is an inheritable trait as it relates to
both hemophilia A and von Willebrand’s disease. What is generally not appreciated
is that a number of environmental factors and drugs can also affect the level O,f
VIl oag, particularly as it relates to the level of factor VIII in von Willebrand’s
disease. Ingram has reviewed these parameters [64]. In brief, estrogens, particulaﬂy
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in the last trimester of pregnancy, hyperthyroidism and epinephrine infusion or
those states which induce elevated plasma epinephrine levels, such as exercise, fright
and inflammatory states, increase VIH,,, levels. Furthermore, depressed levels of
VII, 4, are not necessarily due to classic hemophilia A or von Willebrand’s disease
but may be due to the development of spontaneous inhibitors against VI ,,, a
subject which has been reviewed recently [107]. The inheritance of factor VIII is
confusing in that three distinctly human phenotypes defective for factor VIII have
been observed which probably result from mutation on at least three separate
loci {10]: classic hemophilia due to a mutation at a gene locus on the
X-chromosome and expressed as a recessive trait; von Willebrand’s disease, an
autosomally transmitted trait which is clinically expressed in the heterozygote; and
combined factor V and VIII deficiency, a rare autosomal phenotype expressed in
the homozygote and characterized by a reduction of both factors. In addition,
there appears to be an association between blood group and factor VIII levels;
factor VIII levels are higher in Group A than in Group O individuals [65].

Classic hemophilia is controlled by a major gene on the X-chromosome [10,
97]. It has been classified as a sex-linked recessive trait in that the bleeding
deficiency almost always is expressed in males (with an X-Y sex chromosome
pattern) while it is rarely expressed in females. The most celebrated case of
hemophilia involved Queen Victoria and her descendants who controlled many of
the governments of Europe; in this pedigree the disease was expressed in the males
but was transmitted by the females [85]. A male who has hemophilia can transmit
his affected X-chromosome only to his daughter, who does not express the
symptoms of hemophilia because she has received another normal X-chromosome
from her mother. This daughter, however, is a carrier of the disease in that there is a
50% chance that any of her male offsprings will express the disease. In addition,
women carriers of the mutant X-chromosome should have approximately 50% of
the VIli_,,, that normal women have. Insofar as one can determine, because of the
wide variation of V11, ,, levels within the normal population, this hypothesis has
been found to be true [72, 93] . Furthermore, the ratio of VI g, to VI, levels
in hemophilic carriers is % that of normal and of most VWD individuals {16, 122].
A woman can have classic hemophilia as a result of receiving a mutant
X-chromosome from both her hemophilic father and her carrier mother; such cases
are rare but they have been reported [10, 97]. In other situations, women who
were presumably hemophilic were shown to have a male sex chromatin pattern or
XX-XO mosaicism.

The incidence of hemophilia has been estimated at 1 new hemophiliac in
10,000 to 30,000 live births, and this incidence appears to remain constant. Within
a given hemophilic family, the level of factor VIH procoagulant activity and the
Severity of the disease remains constant in the affected males throughout their lives.
Among unrelated hemophiliacs, the Vil ,, level has a range of O to slightly below
normal. The difference in the expression of the disease is, therefore, believed to be
affected by muitiple alleles at the X-chromosome locus [10}.

Hemophiliacs generally have severely depressed levels of VIII ... It is generally
thought that the mutant gene does not allow synthesis of VIl ., protein. This
dppears to be the case with most hemophiliacs and they are classified as hemophilia
Al However, as mentioned previously, in 6-15% of classic hemophiliacs there is
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synthesized a protein which is immunologically detectable with homologous
antibodies but which is not functional [61]. From a biochemical viewpoint, there is
a great difference between A” and A" individuals in terms of synthesis of Vil eut
and mutation at the gene locus, in spite of the fact that the end result is the same in
terms of the clinical manifestations. A' individuals probably arise as a result of 2
single mutation at the gene locus, whereas A™ individuals would result from more
than just a single mutation, perhaps gene repression or deletion, to mention two
possibilities.

Factor VIII inheritance also appears to be controlled by at least one autosomal
gene responsible for the von Willebrand’s disease phenotype [10]. Although the
original investigations into this bleeding disorder suggested that the inheritance of
factor VIII was sex-linked dominant, because of the increased severity of the
disease in females relative to males, the disease is now generally considered to be
transmitted autosomally as a dominant character. There is confusion as to the
expression of its dominant character because of the considerable variation in the
clinical manifestations and in the laboratory assay values of factor VIII activities
from person to person within a given family, and even within the same person
throughout that person’s lifetime. For these reasons, it is believed that there may be
multiple alleles affecting the expression of this autosomal gene locus’ synthesis of
factor VII. Furthermore, there may even be additional autosomal gene loci
affecting this phenotype. The suggestion, that this may be so, is based upon the
observations of Holmberg and Nilsson [53, 54] of VWD individuals who had
normal or elevated levels of VIII,,. These authors suggested that these CRM*
individuals inherited an X-linked dominant trait. In contrast, most VWD individuals
who are CRM inherit an autosomal dominant trait.

Over the last 3040 years, a number of theories have been proposed to account
for the apparent discrepancies "observed in the inheritance of factor VIII in
hemophilia A and in von Willebrand’s disease. Barrow and Graham {10] have
summarized the essential features of these theories along with the key experimental
results which led to the proposal of a new theory or which were discovered as a
result of testing a new theory. All of these theories are speculative in that none of
them answer all of the chemical and clinical observations encountered with factor
VIII inheritance and synthesis. Several hypotheses have been proposed by Graham
and associates; the essential features of each have been summarized by Owen,
Bowie and Thompson [97] and by Ingram [65]. Graham’s activator hypothesis
suggests that a structural gene on the X-chromosome codes for the synthesis of an
inactive precursor to factor VII, whereas the autosomal gene synthesizes 3
substance which activates precursor-VIII. A mutation in the X-gene results in
hemophilia A; on the other hand, a mutation in the autosomal gene allows 2
nonfunctional precursor-VIII to be synthesized, a situation which results in VWD.
Graham’s regulatory hypothesis is based upon the Jacob and Monod model of
bacterial protein synthesis. In this model, factor VIII is under the control of an
X-structural gene and an autosomal structural gene, each of which is under the
control of another regulatory gene which acts by repression. The autosomal gené
produces an effector which blocks the activity of X-regulatory gene on X-structural
gene. Mutation in the X-gene results in hemophilia. Von Willebrand’s disease would
result from a mutation in the autosomal regulatory gene. This mutation would
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cause increased activity of repressor and thus depressed synthesis of autosomal
effector substance; consequently, this reduced synthesis of autosomal effector
allows X-regulatory gene to over-repress synthesis by X-structural gene. Graham’s
combining subunit hypothesis assumes that factor VIII is a multimer composed of
peptide subunits, one under the control of the X-gene and the other under the
control of paired genes on an autosome. Hemophilia could be explained by a
mutation at X-ocus; on the other hand, variations in VWD could be explained by a
mutation at one or both genes of the autosomal locus. Once again, the theories are
speculative and do not explain all of the experimental data. Much of the current
research presumes that factor VIII is a polypeptide or a multimeric protein, but
Barrow and Graham [10] stress that ‘too many genes are involved for factor VIII
to be merely a peptide.” This is consistent with the idea that the VIII;, is not
VIl oae but that factor VI, as we previously have known it, may in fact be a
complex of two tightly bound proteins, one a large multimeric carrier protein with
VII,, and Vllywy properties, and the other a rather small molecule with
VIl cag properties of a very high specific activity.
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