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Tissue Factor Controversies
Kenneth G. Mann, Jolanta Krudysz-Amblo, and Saulius Butenas

Abstract

Tissue factor plays a primary role in both hemorrhage control and thrombosis depending upon
whether its presentation is extravascular or intravascular. The molecular architecture and function
of the tissue factor molecule and its role in the activations of factor 1X and factor X have been
elegantly elucidated but controversies prevail with respect to distinctions between tissue factor
sources and tissue factor “activity.” This presentation will review data on the architecture and
functions of the tissue factor-factor VIla complex and discuss the elements of the controversies
associated with tissue factor presentation in both normal and pathologic milieu.

Ancient History

The observation that tissue “juice” accelerated coagulation was published over 150 years
ago and formalized with the terms “thrombokinase” and “thromboplastin” as the initiator of
extrinsic pathway of coagulation over a century ago [1]. Subsequently it was observed that
thromboplastic activity could be divided into lipid and protein components; the latter termed
tissue factor, was isolated by Nemerson and Bach [2]. The isolated protein enabled the
cloning of the protein and gene sequencing [3] and expression of recombinant (r) forms of
the protein corresponding to residues 1-263 [4], 1-243 and 1-219 [5] which have been the
principle subjects utilized in protein chemistry and functional experiments. A soluble tissue
factor-factor V1la complex was crystallized and a high resolution structure obtained [6].
However, in spite of this level of molecular detail, multiple controversies have swirled
regarding the structure and function of tissue factor.

Structure

Two forms of tissue factor are present in recombinant and natural tissue factor, one of which
has the two first amino acids deleted, thus the mature proteins contain either 261 or 263
amino acids [3]. The molecule is described as having three domains: an extracellular
domain, residues 1-219, composed of two fibronectin type 3 domains; a transmembrane
domain, residues 220-242, and a cytoplasmic domain, residues 243-263 [3]. The various
forms of the protein which have been studied are represented in Figure 1 which illustrates
the source and structures of the tissue factor species and their structures of the tissue factor
species and their molecular weights. Posttranslational modifications include disulfide bond
pairing (Cys*? - Cys®” and Cys186 - Cys209)[7]. The protein is palmitoylated by thioester
formation at Cys24® [8]. Natural and r1-263 tissue factor are glycosylated at a number of
sites while tissue factor r1-243 is produced in bacteria and is not glycosylated [7, 9, 10]. The
Cys186 — Cys299 disulfide bridge is of particular interest with respect to the “deencryption”
of tissue factor [11].
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There are three potential glycosylation sites on the extracellular domain, Asn! and Asn124
and Asn137 [7]. These are represented in the crystal structure of tissue factor, Figure 2, with
the residues important for tissue factor interaction with factor Vlla, and the disulfide bridges
Cys*9-Cys®’ and Cys186-Cys209, Asnl24 js the closest to the membrane and in the proximity
of binding of factor X to tissue factor [6].

Following vascular perforation the complex of extravascular tissue factor, anionic
phospholipids, and plasma factor Vlla (approximately 1% of factor VII is present as cleaved
protease form, factor VI1a) initiates the hemostatic process. The tissue factor-factor Vlla
membrane complex (the extrinsic factor Xase) activates factor X to factor Xa. Since
bleeding is not associated with defects in the proteins of the intrinsic (contact) pathway
(factor XII, prekallikrein, high molecular weight kininogen), a biological conundrum ensued
since the bleeding pathologies of hemophilia A and hemophilia B could not be explained by
factor Xa generated through the extrinsic pathway. Osterud and Rapaport [12], however,
showed that tissue factor-factor Vlla can activate factor 1X to factor 1Xa, providing a
pathway that would include the congenital hemophilias. The rate of factor IX activation by
tissue factor-factor Vlla is enhanced by partial feedback activation by factor Xa cleavage
[13]. Factor 1Xa is produced at about the same rate as factor Xa by the tissue factor-factor
VIla complex when both substrates are presented. Thus, both the “extrinsic” and “intrinsic”
factor X activators participate in the extrinsic pathway of coagulation. The factor Vllla-
factor 1Xa complex is more efficient than tissue factor-factor Vlla and the latter is inhibited
by the tissue factor pathway inhibitor (TFPI) [14]. The dynamics of the factor X activation
process by the two complexes provides a logical explanation of why individuals with
hemophilia A or hemophilia B display a hemorrhagic phenotype even though factor Xa can
be produced from tissue factor-factor Vlla alone [15] The latter mechanism was invoked in
the development of recombinant factor Vlla for the treatment of hemophilia individuals with
inhibitors [16]. In that instance, superphysiologic concentrations of factor Vla are provided
which together with endogenous tissue factor provides sufficient factor Xa to overcome
many hemorrhagic conditions [17].

The generation of thrombin, the enzyme responsible for clot formation, as well as other
procoagulant and anticoagulant functions during the blood coagulation process occurs in a
distinctly non-linear fashion in closed systems [18]. During an initiation phase, tiny amounts
of thrombin are generated, platelets, zymogens and procofactors are activated and the
complex enzymes responsible for most thrombin generation are assembled. Subsequently,
during a propagation phase, a dramatic increase in both the rate and extent of thrombin
generation is observed. The duration of the initiation phase, which roughly corresponds to
the clotting time of blood and plasma, is predominantly dependent upon the concentrations
of tissue factor and TFPI. The propagation phase generation of factor Xa is primarily driven
by the factor VIlla-factor 1Xa complex.

The observations of circulating soluble tissue factor antigen [19] and tissue factor on
microparticles [20] raised the hypothesis that tissue factor dependent thrombin generation
requires the continuous infusion of this cofactor, with plasma tissue factor playing an
important role in hemostasis. The requirement of tissue factor for both the initiation and
propagation phase has been suggested by Taubman et al[21]. In contrast, data from our
laboratory and others were consistent with the notion that there is little or no tissue factor
related activity in the blood of healthy humans or mice. We approached the question of the
need for additional tissue factor to invoke a healthy clot response using a combination of
numerical, synthetic proteome and whole blood experiments. In these experiments,
repetitive additions of reactants to an ongoing clotting process were conducted to simulate
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the resupply condition which might occur with blood exiting a vessel perforation. These data
were consistent with the notion that the reaction system once initiated by subvascular tissue
factor no longer requires tissue factor to maintain thrombin generation in the growing
thrombus [15]. This conclusion however can be applied only to blood from healthy
individuals. A growing body of evidence suggests that active tissue factor exists in the blood
of humans associated with inflammatory syndromes and thrombotic pathologies [22]. This
circulating tissue factor, probably borne on microparticles, may play an important role in
intravascular coagulation associated with thrombosis.

Controversy also exists with respect to the blood cell sources from which tissue factor is
derived. It is generally accepted that monocytes are involved, while red cells are not. Tissue
factor is present in monocytes and surface expressed following activation of these
inflammatory cells by cytokines [23]. Some investigators have reported that both platelets
and neutrophils can synthesize and express tissue factor [24, 25]; others have challenged
these assertions [26]. Data from our laboratory have not confirmed platelet expression of
tissue factor antigen or activity [26]. Osterud has challenged the observation of neutrophil
tissue factor.[23]

A central controversy swirls about the control of tissue factor activity presentation. One
school of thought represented by our laboratory [11] and that of Rao’s [27] is that tissue
factor activity presented on inflammatory cells requires the presentation of accessories i.e.
receptors and/or phospholipids which enhance the functional activity observed for cellular
tissue factor presentation. Others have maintained that tissue factor is “encrypted” in an
inactive form and activated by oxidation to form the disulfide bond closest to the membrane
binding site of the protein (Cys'86—Cys209) [28]. The encryption process derives from a
molecular strain hypothesis forwarded by Hogg and colleagues which maintains that bond
strain induces subsequent conformational changes in the molecule leading to factor Vlla
binding and function [29]. Support for this concept evolves from three observations: 1) r-
tissue factor with elimination of Cys188 of the pair shows decreased activity in factor X
activation [30]; 2) a growing body of evidence suggests that protein disulfide isomerase may
play a significant role in the blood coagulation process [31]; 3) treatment of cells with
HgCl, [28] (presumed to act as an oxidizing agent) increases tissue factor activity
expression. However the role of the Cys8—Cys209 disulfide bond in tissue factor function
has been the subject of controversy and challenged by the data of several studies[32, 33].

Two major breakthroughs in the studies of tissue factor occurred almost 30 years ago when
the scarce natural protein was produced at significant levels using recombinant techniques.
These proteins were produced either in £.colior in Sf-9 cells as alluded to previously. Our
laboratory has principally made use of natural tissue factor isolated from human placenta.
This natural protein has roughly five times the activity of the recombinant tissue factor and
this increase in activity is lost and becomes equivalent to £.coliproduced tissue factor
r1-243 when the carbohydrate on the protein is removed suggesting that recombinant
proteins are less active as a consequence of alterations in or the absence of carbohydrate [9].

The concept of a tissue factor has been around for over a century. At present, the research
community has access to the purified protein from natural and recombinant sources,
methods to study the cellular expression of tissue factor, transgenic mice expressing low
tissue factor levels and the structure of the extrinsic factor Xase at atomic levels. Thus, all
the tools essential to understand tissue factor expression, activation and function appear to
be at our collective disposal to resolve the issue of how, when and where tissue factor
function is expressed.
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Figure 1.

Models illustrating the organizational structures of the tissue factor molecules extending
from the placental protein to the expressed recombinant proteins and the soluble tissue factor
observed in plasma. Cytoplasmic, inter-membrane and extra-cellular domains are illustrated
with the locations of the disulfide bonds and potential sites of glycosolation. The molecular
weights of each of these species based upon amino acid composition, SDS gel and mass
spectroscopy are also illustrated.
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Figure2.

The extracellular domain of tissue factor (PBD 2HFT) on a modeled lipid membrane. The
figure shows in red the three sites of glycosylation on TF including Asn11, Asn124 and
Asn137. Highlighted in green are residues important for TF interaction with FVIla including
Thrl7, Lys20, lle22, Glu24, GIn37, Asp44, Lys46, Lys48, Asp58, Thr60, Phe76, Tyr78,
GIn110, Leul33, Arg135, Phe140, VVal207. Highlighted in magenta are residues important
for the interaction with FX including Thr154-Glul174 and Tyr185. Highlighted in aqua are
the residues important for TF interaction with the membrane including GIn118, Val119,
Thr121, Lys159, Asp180, Lys181, Glu183. Also shown in yellow are the two disulfide
bridges of TF at positions Cys49-Cys57 and Cys186-Cys209.
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