THROMBOSIS RESEARCH 64; 213-222, 1991
0049-3848/91 $3.00 + .00 Printed in the USA.
Copyright (c) 1991 Pergamon Press pic. All rights reserved.

EFFECT OF LIPOPROTEIN-ASSOCIATED COAGULATION INHIBITOR (LACTI)
ON THROMBOPLASTIN-INDUCED COAGULATION OF
NORMAL AND HEMOPHILIAC PLASMAS

Dean J. Welschl*, William F. Novotny2, and Tze-Chien Wun!

1Monsanto Company, 700 Chesterfield Village Parkway, St. Louis, MO 63198 and 2The Jewish
Hospital at Washington University Medical Center, 216 South Kingshighway Boulevard, St.
Louis, MO 63110, u.s.A.

(Received 6.6.1991; accepted in revised form 6.8.1991 by Editor C.S. Greenberg)

ABSTRACT

Lipoprotein-associated coagulation inhibitor (LACI) is a plasma-derived protein that
inhibits the tissue factor/factor VIla/calcium/phospholipid complex in a factor
Xa-dependent manner. Recombinant LACI (fLACI) added exogenously to plasma
prolonged the activated partial thromboplastin time (APTT) and prothrombin time
(PT) as a function of rLACI concentration in linear and curvilinear manners,
respectively. Under these standard assay conditions, the amounts of rLLACI required
to double the APTT and PT were approximately 350- and 90-fold the plasma
concentration of LACI, respectively. Likewise, addition of antibodies against LACI
to pooled normal, factor VIII-deficient, or factor IX-deficient plasma had no effect
on their respective APTTs and PTs, demonstrating the insensitivity of these assays
to endogenous LACI. The prothrombin time assay was modified by using dilute
thromboplastin. Unlike the standard prothrombin time assay, the clotting times were
prolonged for factors VIII- or IX-deficient plasma relative to pooled normal plasma
in this modified PT assay. Additionally, the degree of factor deficiency, as
determined by the APTT assay, was correlated with that determined by the modified
PT assay using dilute thromboplastin. When antibodies against LACI were added to
pooled normal, factor VII-deficient, or factor IX-deficient plasma and the
prothrombin time assay initiated using dilute thromboplastin, the clotting times for
antibody-treated plasma were shorter than for the corresponding plasma in the
absence of antibodies. Moreover, the clotting times for factors VIII- and
IX-deficient plasmas treated with antibodies raised against LACI were at least as fast
as pooled normal plasma in the absence of LACI antibodies when dilute
thromboplastin was used to initiate clotting. These results suggest that the
prothrombin time assay using dilute thromboplastin may more accurately reflect
what occurs in vivo and that LACI may play an important role in the prolonged
bleeding of those with hemophilia A or B.
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INTRODUCTION

The coagulation of blood results from a series of reactions in which inactive zymogens are
sequentially activated to serine proteases. Evidence suggests that initiation of coagulation is a
consequence of the formation of a quaternary complex composed of tissue factor (TF), factor VIla
(VIIa), calcium ions (Ca*), and phospholipid (PL) (1). This catalytic complex results in the
activation of factors IX and X to factors IXa and Xa, respectively (2-5). The factor IXa
produced, in conjunction with its cofactor factor VIIIa, also converts the inactive factor X
zymogen to the active serine protease factor Xa. Therefore, active factor Xa can be generated via
the TF/VIIa/Ca*+/PL complex either directly by the action of the complex on factor X or
indirectly requiring factors VIII and IX.

The clinical manifestations exhibited by those deficient in factors VIII or IX (hemophilia A or
B, respectively) suggest that, if coagulation is initiated by the TF/VIIa/Cat*/PL complex, the
indirect pathway of factor X activation is predominant in vivo. Furthermore, the relative utility of
tlsle direct and indirect pathways of factor X activation has been the subject of numerous reports
(5-11).

The identification and mechanistic understanding of a plasma protein which inhibits the
TE/VIIa/Ca*+/PL complex suggest that it may be important in the regulation of factor X
activation. This inhibitor has been given the name lipoprotein-associated coagulation inhibitor
(LACI) (12), tissue factor inhibitor (TFI) (13), or extrinsic pathway inhibitor (EPI) (14). LACI,
a protein containing three tandem Kunitz domains (15), acts as a direct inhibitor of factor Xa (12,
16). Furthermore, its unique mode of action allows LACI to act as an inhibitor of the
TF/VIIa/Ca**/PL complex through a feedback mechanism which requires factor Xa (12, 16).
Descriptions of coagulation including the proposed effect of LACI have recently been reported
(17, 18). Briefly, coagulation is initiated by formation of the TF/VIIa/Ca**/PL complex and
results in the activation of some factor X to factor Xa and some factor IX to factor IXa. Once
small amounts of factor Xa have been generated, LACI is able to inhibit the TF/VIIa/Cat*/PL
complex. Thus, additional factor Xa can only be produced through the indirect pathway.

This model of coagulation which includes LACI-induced feedback inhibition of the
TF/VIa/Ca**/PL complex explains the need for both the direct and indirect pathways of factor X
activation. Additionally, the model predicts that in normal hemostasis the TF/VIIa/Ca**/PL
complex produces a temporal burst of factor Xa sufficient to induce local platelet aggregation and
activation of factors V and VIII and that persistent hemostasis requires the action of factors VIIIa
and IXa. Importantly, this prediction is consistent with the observation that the bleeding seen in
hemophiliacs is often delayed in onset (19).

Based on this understanding of the initiation and regulation of coagulation, the effects of
inhibitors of LACI on normal, factor VIII-deficient, and factor IX-deficient plasmas were
investigated in an attempt to assess the physiological importance of LACI in these plasmas. These
studies demonstrated that the prothrombin time (PT) and activated partial thromboplastin time
(APTT) assays as routinely used are not sensitive to LACI. Furthermore, these investigations
demonstrated that when clotting was initiated with dilute thromboplastin the clotting times were
prolonged for factors VIII- or IX-deficient plasma relative to normal plasma and the degree of
factor deficiency could be correlated with the APTT. Finally, our results showed that, when
clotting was initiated with dilute thromboplastin, antibodies to LACI shortened the time to clot
formation for normal, factor VIII-, or IX-deficient plasma and that the clotting time for factor
VIII- or IX-deficient plasma in the presence of LACI antibodies was as fast or faster than for
normal plasma in the absence of antibodies. These investigations suggest that inhibition of LACI
function may be viewed as a route to enhanced factor Xa formation which may be especially
useful for those with hemophilia A or B.

EXPERIMENTAL PROCEDURE

Materials. Fresh frozen congenital factor VIII and factor IX deficient plasmas as well as fresh
frozen pooled normal plasma were obtained from George King Bio-Medical (Overland Park, Ks).
Lyophilized factor VIII and factor IX immunodepleted plasmas were from American Diagnostica
(Greenwich, CT). Lyophilized normal pooled plasma was purchased from Organon Teknika
(Durham, NC). Immunization of rabbits with purified LACI and purification of the polyclonal
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anti-LACI-Ig (PAb) were carried out as previously described (20). Monoclonal anti-LACI-Ig
(MAb) was from hybridoma cell line #14 which was a fusion product of Balb/cj myeloma cell line
P3x63AG8.653 (American Type Culture Collection) and splenocytes from mice immunized with
purified LACI. Monoclonal cell line supernatants were screened for the ability to remove
fluorescein labelled LACI from solution after a 20 minute incubation. All other reagents were of
the highest purity available and all solutions were prepared with distilled and deionized water,
Expression. purification, and characterization of recombinant LACI, Recombinant LACI
(rLACI) was expressed in mouse C127 cells using a bovine papilloma virus vector and the rLACI
cell line was grown, harvested, and the rLACI purified as previously described (21). The
purified protein yielded a single band by polyacrylamide gel electrophoresis in the presence of
sodium dodecyl sulfate (SDS-PAGE), gave only the expected amino acid sequence relative to the
sequence deduced from the cDNA sequence of LACI, and the stoichiometry of factor Xa
inhibition in an amidolytic substrate assay (20) was approximately 1:1. Protein concentrations
were determined by amino acid analysis or by the Bio-Rad Protein Assay since both gave similar
results. A molecular weight of 38000 for LACI was used for calculations of molar
concentrations.

Prothrombin Time assay (PT). Plasma samples were prepared by mixing plasma with 0.1
volumes of control buffer, rTLACI, non-immune Ig (1 mg/ml), polyclonal anti-LACI-Ig (1
mg/ml), or monoclonal anti-LACI-Ig (1 mg/ml). After incubation for 30 min at 25 °C, plasma
samples (0.1 ml) were combined with 0.2 mli of appropriately diluted Simplastin Excel as a source
of thromboplastin (Organon Teknika) and the clotting time determined using a Coag-A-Mate RA4
instrument (Organon Teknika). Dilutions of thromboplastin were made into 0.05 M Tris base
containing 0.10 M NaCl, 0.1% bovine serum albumin, and 0.02 M CaCl, at pH 7.5. The
standard or routinely used prothrombin time assay refers to the protocol described using
thromboplastin reconstituted as per manufacturers instructions.

Activated Partial Thromboplastin Time assay (APTT). Plasma samples were prepared by mixing
plasma with 0.1 volumes of control buffer, rLACI, non-immune Ig (1 mg/ml), polyclonal
anti-LACI-Ig (1 mg/m}), or monoclonal anti-LACI-Ig (1 mg/ml). After incubation for 30 min at
25 °C, plasma samples (0.1 ml) were incubated with 0.1 m! of automated APTT reagent (Organon
Teknika) for 3 min at 37 °C. Clotting was then initiated by the addition of 0.1 ml of 0.025 M
CaCly (Organon Teknika) and the clotting time determined using a Coag-A-Mate RA4 instrument
(Organon Teknika).

RESULT
Effect of exogenously added rLACI on the prothrombin and activated partial thromboplastin

times. When rLACI was added to plasma the clotting time as determined by the APTT was
linearly related to the concentration of exogenously added LACI (Figure 1A). Based on the best
linear fit to the data, it was found that about 35 pg of rLACI /ml of plasma was required to double
the APTT. Interestingly, when the PT was measured as a function of added rLLACI a curvilinear
response curve was obtained (Figure 1B). An exponential fit of the data revealed that about 9 pg
of LACI/m] of plasma was required to double the prothrombin time of plasma without added
rLACI. These concentrations of tLACI are approximately 350- and 90-fold greater than that
reported to be present in plasma (13).

Effect of antibodies raised against LACI on the PT and APTT of various plasmas. LACI exists in
human plasma at a concentration of approximately 100 ng/ml (13). To further investigate whether
endogenous LACI plays a regulatory role in coagulation, the effects of antibodies against LACI
on the clotting times determined by standard APTT and PT assays were investigated. Table 1
shows that the PTs and APTTs of various plasmas were unaffected by the presence of LACI
antibody as compared to the same plasmas pre-incubated with non-immune rabbit Ig (NIg). This
was the case whether polyclonal (PAb) or monoclonal (MAD) antibodies and whether normal,
factors VIII-, or IX-deficient plasmas were used. The concentrations of antibodies used in this
experiment were the same as subsequent experiments which demonstrated that this level of
antibody was saturating with respect to LACI function (see below). These results demonstrated
that endogenous levels of LACI do not inhibit the rate of clot formation as determined by the
standard prothrombin time and activated partial thromboplastin time assays.

Effect of thromboplastin concentration on the PTs of various plasmas. Prothrombin times were
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measured for pooled normal, factor VIII-deficient, and factor IX-deficient plasmas as a function
of thromboplastin concentration (Table 2). Additionally, investigations employing factor-deficient
plasmas with differing APTTs revealed that the degree of prolongation of the PT, when initiated
with dilute thromboplastin, was related to the severity of the factor deficiency as determined by
APTT assays (Tables 1& 2). In fact, when the prothrombin times measured at a given dilution of
thromboplastin were plotted as a function of the activated partial thromboplastin time for each
plasma a strong positive linear correlation (correlation coefficient = 0.97) was observed at two
dilutions of thromboplastin (Figure 2A & B). These results indicated that prothrombin times
initiated with diluted thromboplastin depended on factors VII and IX.
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Figure 1. Activated partial thromboplastin (A) and prothrombin (4) times as a
function of exogenously added recombinant LACI. Values given are the average
clotting times obtained from typical duplicate experiments having a standard deviation of <2.5%
of the mean.

TABLE 1
APTT and PT of Various Plasmas With or Without Antibodies Against LACI

PT(sec) APTT (sec)
Sample + Nlg + PAb + MAD + Nlg + PAD + MAD
Normal Plasma
Pool 1 13.3 12.8 13.8 323 32.3 323
Pool 2 12.7 12.4 12.3 34.5 340 34.7
E.VIII deficient
Patient 1 12.0 11.7 11.7 74.2 71.8 76.1
Patient 2 12.2 12.2 12.3 78.6 75.1 78.0
Patient 3 12.2 12.0 12.4 85.5 85.0 86.1
Immunodepleted 13.6 13.6 134 725 72.1 74.7
F.IX deficient
Patient 1 12.1 11.7 12.3 73.7 80.9 839
Patient 2 12.2 12.0 12.2 82.0 79.6 85.5
Patient 3 12.5 12.0 12.2 102.7 97.6 99.1

Immunodepleted 13.2 13.2 13.5 106.3 105.7 109.4
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Effect of LACI antibodies ¢ e proth imes of varioy asmas as a function of
thromboplastin concentration. Based on the aforementioned results, the ability of LACI

antibodies to affect prothrombin times initiated with varying thromboplastin concentrations was
investigated. These studies revealed that LACI antibodies significantly shortened the clotting
times for pooled normal, factor VIII-deficient, and factor IX-deficient plasmas when clotting was
initiated with dilute thromboplastin (Figure 3A-C). For the sake of clarity, only representative
pooled normal, factor VIII-deficient, and factor IX-deficient plasmas are shown. The results,
however, were qualitatively similar for each class of plasma. The amount of antibody added to
plasma was saturating as determined by the fact that additional antibody did not further reduce the
clotting times (data not shown). Several monoclonal antibody preparations were screened and
some had no effect in this assay. The monoclonal antibody preparation reported was the one
showing the strongest inhibition of LACI function as determined in this assay. Clearly, the
results revealed that when the PT assay was initiated with dilute thromboplastin endogenous
LACI acted as an inhibitor of coagulation. Furthermore, that both monoclonal and polyclonal
antibody preparations yielded similar clotting times suggests the complete inhibition of LACI
function in both cases.

TABLE 2
Clotting Times for Various Plasmas as a Function of Thromboplastin Concentration

Thromboplastin Concentration (fold dilution

Sample 1 10 100 1000 5000

Normal Plagma
Pool 1 13.3 28.5 49.5 929 141.0
E.VIII deficient
Patient 1 12.0 28.1 50.3 112.1 163.7
Patient 2 12.2 29.8 55.2 114.1 166.1
Patient 3 12.2 32.8 62.0 124.3 178.4
E.IX deficient
Patient 1 12.1 29.3 52.5 109.2 168.7
Patient 2 12.2 33.0 529 121.4 175.9
Patient 3 12,5 33.5 65.8 1314 187.9
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Figure 2. Relationship between activated partial thromboplastin and prothrombin
times. Prothrombin times were determined when clotting was initiated with 1000- and
5000-fold dilutions of thromboplastin (4 and A, respectively). The data reported are the average
of duplicate determinations having a standard deviation of < 2.5% of the mean. The correlation
coefficient for the best linear fit to the data was 0.97 for both dilutions of thromboplastin.
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Importantly, these studies demonstrated that when the PT assay was initiated with dilute
thromboplastin, LACI antibodies shortened the clotting times of plasmas from congenital factor
VIl or IX deficient hemophiliac donors such that they were at least as fast as those which resulted
from pooled normal plasma that was not treated with LACI antibodies (Figure 4A & B). For
example, when a 1000-fold dilution of thromboplastin was used and samples were incubated with
non-immune Ig the time to clot formation for pooled normal and factor VIII-deficient plasmas
were 93 and 124 seconds, respectively. At this thromboplastin concentration the clotting times
for this factor VIII-deficient plasma in the presence of polyclonal or monoclonal antibody against
LACI were 84 and 86 seconds, respectively. The clotting times for the various plasmas treated
with LACI antibodies employing dilute thromboplastin may still reflect the severity of the factor
deficiency as determined by APTT assays. That is, the prothrombin times using a 1000-fold
dilution of thromboplastin and factor VIII-deficient plasmas in the presence of non-immune Ig
were 112, 114, and 124 seconds. The corresponding prothrombin times in the presence of
polyclonal or monoclonal antibodies against LACI were 76, 81, and 84 seconds and 78, 79, and
86 seconds, respectively. As with the other clotting times reported, these times represent the
average of duplicate determinations having a standard deviation of < 2.5% of the mean. This
suggested that in the presence of LACI antibodies some factor Xa generation may result from the
indirect action of the TF/VIIa/Ca**/PL complex requiring factors VIII and IX.
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Figure 3. Prothrombin time as a function of thromboplastin concentration in the
presence or absence of antibodies against LACL The prothrombin times for normal
(panel A), congenital factor VIII-deficient (panel B), and congenital factor IX-deficient (panel C)
plasmas were determined at several concentrations of thromboplastin in the presence of
non-immune-Ig ({J), polyclonal anti-LACI-Ig (4), and monoclonal anti-LACI-Ig (R ). The
clotting times are the average of duplicate determinations which differed by < 2.5% of the mean.
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Figure 4. Comparison of the prothrombin times of various plasmas. Panel A shows
the prothrombin times for pooled normal (+) and factor VIII-deficient plasmas [patient 1 ((J,00),
patient 2 (A, &), and patient 3 (o, @)] as a function of thromboplastin concentration. Panel B
shows the clotting times for pooled normal (+) and factor IX-deficient plasmas [patient 1 (0.8,
patient 2 (A, A), and patient 3 (o, @)] as a function of thromboplastin concentration. Factor
deficient samples were assayed in the presence of non-immune Ig (open symbols) or polyclonal
anti-LACI-Ig (closed symbols). Pooled normal plasma was assayed in the presence of
non-immune Ig. The clotting times are the average of duplicate determinations which differed by
< 2.5% of the mean.

DI ION

Previous investigations have demonstrated that a complex of tissue factor, factor VIla, calcium
ions, and phospholipid can catalyze the formation of factor Xa directly by its action on factor X or
indirectly by converting factor IX to factor IXa which subsequently, in the presence of factor
VIII, converts factor X to factor Xa. The relative importance of each of these reaction pathways
to factor X activation has been investigated (5-11, 22, 23). Several of these studies have
demonstrated that the effect of an inhibitor of the TF/VIIa/Ca**/PL complex, LACI, must be
addressed when studying the mechanism of factor Xa generation. The aim of the studies
presented was to investigate the effect that inhibitors of LACI have on the thromboplastin-initiated
clotting times of pooled normal, factor VIII-deficient, and factor IX-deficient plasmas in order to
better understand the physiological role of LACL

Addition of rLACI or antibodies against LACI to various plasmas demonstrated that the
standard prothrombin and activated partial thromboplastin time assays were relatively insensitive
to LACI function. Exogenously added rLACI prolonged the clotting time of plasma, as
determined by the APTT assay, linearly as a function of tLACI concentration. The dose-response
curve for ILACI in the APTT assay was similar to that reported for the factor Xa inhibitor known
as tick anticoagulant protein (TAP) (24). The concentration of rLACI required to double the
APTT was approximately 350-fold higher than the plasma concentration of LACI suggesting that
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this assay did not measure the in vivo effect(s) of LACI. When rLLACI was added to plasma and
the standard prothrombin times measured a curvilinear dose-response curve was obtained. This
type of response might result from the simultaneous effects of LACI acting as an inhibitor of both
factor Xa and the TF/VIIa/Ca**/PL complex. Further experiments will be needed to determine if
this is in fact the case. Nevertheless, the concentration of rLACI required to double the PT in the
absence of exogenously added rLACI was about 90-fold higher than the endogenous LACI
concentration. Additionally, antibodies raised against LACI had no effect on the clotting times as
determined by the standard PT and APTT assays. Taken together, these investigations
demonstrate the insensitivity of the PT and APTT assays to LACL

The data showed a correlation between the activated partial thromboplastin time and the
prothrombin time measured when clotting was initiated with dilute thromboplastin. These results
confirmed and extended previous investigations which showed that hemophiliac plasma clotting
times exceeded those of normal plasma only when dilute thromboplastin was used to initiate
clotting (9). Therefore, not only do the clotting times of plasma induced to clot with dilute
thromboplastin identify plasmas deficient in factors VIII or IX but they are also sensitive to the
degree of factor deficiency. These results suggest that prothrombin times measured for samples
induced to clot with dilute thromboplastin may more accurately reflect the in vivo situation than
prothrombin times determined using undiluted thromboplastin.

The prothrombin time assay initiated using dilute thromboplastin is kinetically related to the
rate of formation of the inert TF/V1la/Cat*/PL/factor Xa/LACI complex. The importance of a
kinetic assay, as opposed to endpoint assays which measure residual tissue factor activity after
preincubation of test samples, has been reported (20). Briefly, an assay which includes the rate
of inert complex formation more stringently differentiates various LACIs and is likely to more
closely mimic physiological conditions.

Using antibodies raised against LACI in pooled normal, factor VIII-deficient, and factor
IX-deficient plasmas and diluted thromboplastin to initiate clot formation, it was demonstrated that
neutralization of LACI function resulted in a decrease in clotting time. These antibody results
were similar to the results obtained by a comparison of clotting times for various plasmas as a
function of tissue factor concentration. That is, an effect was observed only when dilute
thromboplastin was used to initiate coagulation. These results further imply that the
thromboplastin concentrations routinely used in the prothrombin time assay, while sensitive to
several coagulation protein deficiencies, may not be an entirely appropriate mimic for hemostasis.
Furthermore, these results would be consistent with LACI being a factor Xa-dependent inhibitor
of the TF/VIIa/Ca**/PL complex in vivo.

Additionally, the data showed that the clotting times for factors VIII or IX-deficient plasmas in
the presence of LACI antibodies were at least as fast as those for pooled normal plasma not treated
with LACI antibodies.

Determination of factor IX activation peptide concentrations in the plasma of patients with
hereditary deficiencies of factors VII, IX, or X1 revealed the dependence of factor IXa generation
in vivo on the TF/VIIa/Cat+/PL complex (11). Additionally, investigations have demonstrated
that under a variety of cofactor conditions the activation of factor IX by the TF/VIla/Ca**/PL
complex may be an important reaction in normal hemostasis (10). An experiment employing a
tubular reactor and physiological protein concentrations to approximate in vivo conditions
demonstrated that factors VIII and IX are required for optimal factor Xa production when
coagulation is initiated by the TF/VIIa/Ca*+¥/PL complex (22). In these studies, the presence of
factors VIII and IX led to a 2- to 3-fold enhancement in factor Xa production in the absence of
LACI and to approximately a 20-fold enhancement in factor Xa production in the presence of 1
nM LACI (22). Finally, it has been shown that in the presence of plasma concentration of factors
VIII and IX at least ten times the plasma concentration of LACI is required to reduce factor
VIla-dependent factor X activation one order of magnitude in vitro and that in the absence of
functional factor VIII and IX a plasma level of LACI was sufficient to be a potent inhibitor of this
factor X activation (23). Our results are consistent with the above studies and extended them to
the study of hemophiliac plasma. ‘ '

In summary, our studies showed that the standard prothrombin and activated partial
thromboplastin time assays were not sensitive to endogenous LACI and extended the very old
observation that the standard PT assay does not give prolonged clotting times for plasmas from
patients deficient in factors VIII or IX (25). They identified a thromboplastin-dependent assay
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that gave prolonged clotting times for plasmas deficient in factors VIII and IX that could be
correlated with activated partial thromboplastin times. They demonstrated that, using this assay,
antibodies raised against LACI shortened the clotting times of pooled normal, factor
VIII-deficient, and factor IX-deficient plasmas. They also demonstrated that under these assay
conditions the clotting times of plasmas from patients with hemophilia A or B in the presence of
antibodies against LACI, acting as inhibitors of LACI function, were at least as fast as the clotting
times for normal plasma in the absence of such antibodies. The development of an inhibitor of
LACI function and its efficacy in the treatment of hemophilias A and B are the subject of current
investigations.
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