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Abstract:

Patients with defective plasminogen activator inhibitor protein (PAI-1) or with PAI-1 deficiency can experience hemorrhage as a re-
sult of a hyperfibrinolysis. In these patients, a normal thrombus forms, but endogenous lysis is unchecked as tissue plasminogen acti-
vator is unopposed. Treatment includes anti-fibrinolytic agents, including oral tranexamic acid. Another treatment option is the
administration of PAI-1, but this serpin rapidly inactivates itself. We have developed a mutant plasminogen activator inhibitor with
a very long half life (VLHL PAI-1, t½ >700 h). Here we investigate VLHL PAI-1 effects in the blood of PAI-1 deficient mice, as
a model of human disease. Using a thrombelastograph, we found that blood clots of PAI-1 knockout mice were lysed much more
quickly than wild type mice. Additionally, blood clots had less shear elastic modulus strength than clots of normal animals. VLHL
PAI-1 treatment of PAI-1 deficient mice extended or prevented thrombus lysis and increased clot strength in a concentration depend-
ent fashion. These two parameters determine the extent of thrombus growth and regression; thus, further testing is anticipated to con-
firm the effectiveness of plasminogen activator inhibitor with a very long half life in an in vivo model and we hope that this protein
can be effective in human PAI-1 deficiency disorder.
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Abbreviations: PA(s) – plasminogen activator(s) and uPA –
urokinase PA, tPA – tissue PA, htPA – human tPA, mtPA –
mouse tPA, PAI-1 – plasminogen activator inhibitor, VLHL
PAI-1 – very long half-life PAI-1

Introduction

Hemostasis depends on a delicate balance of coagula-
tion and fibrinolysis. Dysfunction in either system can

lead to excessive bleeding or clotting. This includes
anomalies in the expression or function of tissue plas-
minogen activator, plasminogen and plasminogen ac-
tivator inhibitor type 1. PAI-1 deficiency is a rare
clinical entity [14], but it seems that this condition is
simply under-diagnosed rather than extremely un-
common. Patients with defective PAI-1 protein or
with PAI-1 deficiency bleed excessively as a result of
a hyperfibrinolytic hemorrhage characterized by nor-
mal primary hemostasis but extended bleeding. In
these patients, a normal thrombus is formed, but it
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quickly lyses as there is no inhibitor to moderate tPA
plasmin activation [23]. Spontaneous bleeding is
rarely observed, but moderate hemorrhaging of the
knees, elbows, nose and gums can be triggered by
mild trauma. Additionally, menstrual bleeding may be
severe, and prolonged bleeding after surgery is common
[22, 23, 32, 36]. Partial deficiency of plasminogen acti-
vator inhibitor-1 is associated with a lifelong bleeding
tendency, but severe deficiency can be life-threatening,
as described by Fay et al. in the case of a serious postop-
erative hemorrhage in a 15 year-old patient [14].

The plasminogen activation system contains the fol-
lowing components: (i) Plasminogen – a pro-enzyme
that is cleaved by urokinase (uPA) or tPA to its active
form called plasmin. Plasmin is a proteolytic enzyme
able to digest proteins of connective tissue, basement
membranes and fibrin in blood clots [38]. (ii) Plasmi-
nogen activators – uPA and tPA. Both are specific pro-
teolytic enzymes that activate plasminogen to plasmin
by proteolytic cleavage. uPA is involved in pericellu-
lar proteolysis during cell migration, wound healing,
and tissue remodeling in a variety of physiological
and pathological conditions. tPA mainly mediates in-
travascular fibrinolysis [24], and tPA-driven plasmi-
nogen activation is stimulated by fibrin polymers [24,
25]. (iii) Inhibitors of plasminogen activators [6].
There are four known protein inhibitors of PAs: PAI-1,
PAI-2, PAI-3 and a protein called nexin. All are regula-
tory proteins that mediate proteolysis at the level of ac-
tivation. Most relevant in the blood clotting cascade is
PAI-1, which exists in three different forms: active,
inactive-latent, and cleaved [26–28, 34].

PAI-1 is a fast-acting highly specific inhibitor of
tPA, but it is an unstable molecule and converts itself
into the latent form with a half-life in the range of
t1/2= 1–2 h. This conversion is associated with partial
insertion of the reactive loop (P4-P10’) into the cen-
tral �-sheet of the PAI-1 molecule. In such a confor-
mation, P1–P1’ and other sites are not accessible for
reaction with tPA or uPA. Wild-type PAI-1 can inhibit
fibrinolysis in a dose-responsive manner by intrave-
nous bolus injection of active PAI-1, whereas latent,
inactive PAI-1 has no effect. PAI-1 markedly inhibits
fibrinolysis in vivo and delivery of PAI-1 to a devel-
oping thrombus is an important physiological mecha-
nism for subsequent thrombus stabilization [2, 3, 5,
13, 35]. One obstacle in using wPAI-1 as a hemostatic
drug is its very short half-life [30, 31].

Several mutants reduce or prevent insertion of the
reactive loop into the PAI-1 molecule, causing exten-

sion of the half-life to ~6–168 h [6, 33]. We have pro-
duced several PAI-1 mutants by replacing chosen
amino acids with 2, 4 or 6 cysteines. This has resulted
in proteins with extended half-lives of serpin activity
ranging from 2 to over 700 h (very long half-life
VLHL-PAI-1) [10].

In our previous study, fibrin clot formation was ini-
tiated in normal human plasma by the addition of ei-
ther tissue factor or human recombinant FVIIa. Clot
lysis time, monitored turbidimetrically in a microtiter
plate reader, was determined at various concentrations
of wPAI-1 and VLHL PAI-1. Both wPAI-1 and VLHL
PAI-1 caused a significant increase in the fibrin clot
lysis time. VLHL PAI-1, but not wPAI-1, maintained
its anti-fibrinolytic activity after preincubation for
a prolonged period of time at 37°C. We conclude that
the high stability of VLHL PAI-1 compared to wPAI-1
may enable the use of this novel inhibitor of tPA-
mediated fibrinolysis in therapeutic applications [18].

PAI-1 deficiency is a rare condition and therefore
obtaining human blood samples is subject to consider-
able logistical and technical difficulties. Thus, we
have used wild-type C57BL/6J mice and their PAI-1
knockout littermates to compare and assess improve-
ment of hemostasis using whole blood. Our data indi-
cate that VLHL PAI-1 can alleviate the PAI-1 defi-
ciency and, in the future, it could potentially be used
for the treatment of human patients.

Materials and Methods

Expression of VLHL PAI-1

The mutation of two amino acids (Gln197 � Cys,
Gly355 � Cys) produces VLHL PAI-1 with a very
long half-life of over 700 h. Construction of this pro-
tein has been previously described by us [10]. Briefly,
the cDNA encoding PAI-1 was excised from the
VLHL PAI-1 plasmid as an NdeI/XhoI fragment. All
mutations were introduced by PCR. The PCR product
of the VLHL PAI-1s NdeI/XhoI fragment was ligated
into the pFastbac plasmid, which contains a 6His pu-
rification tag. To confirm mutations, the VLHL PAI-1
DNA construct was sequenced (MWG-BIOTECH
Inc., Mendenhall Oaks Parkway, NC).
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Purification of VLHL PAI-1

VLHL PAI-1 was expressed and purified as described
previously [18, 19]. Briefly, a bacmid containing
VLHL PAI-1 DNA was used to transfect Sf9 cells de-
rived from Spodoptera frugiperda using the cellfectin
reagent (Invitrogen), according to the manufacturer’s
instructions. The virus produced by the cells was then
used to infect Sf9 cells. The flasks were incubated in
a rotary incubator for 72 h at 27°C, harvested, and
lysed by two freeze-thaw cycles. The lysate was cen-
trifuged at 3,000 × g for 20 min to pellet cellular de-
bris. The supernatant was loaded onto a nickel resin-
packed column (Invitrogen, Carlsbad, CA). The peak
fractions were further purified on an HPLC (Milli-
pore) Superose 12 FPLC column.

Tissue plasminogen activator

Fully active mouse and human tPA were purchased
from Molecular Innovations, Novi, MI.

Complex formation of VLHL PAI-1 with mouse

tPA

VLHL PAI-1 was incubated with tPA and analyzed by
electrophoresis.

SDS-PAGE analysis

Electrophoresis of proteins was performed at room
temperature using 4–12% SDS-polyacrylamide gradi-
ent gels under non-reducing conditions. Gels were
stained with Colloidal Coomassie Blue (Invitrogen,
Grand Island, NY).

Blood

Mouse whole blood of C57BL/6J PAI-1 +/+ (cat
# 000664) and C57BL/6J PAI-1 –/– (cat # 002507)
treated with sodium citrate was purchased from The
Jackson Laboratory, Bar Harbor, ME; human whole
blood treated with sodium citrate was purchased from
Bioreclamation Inc., Westbury, NY. Blood was col-
lected on day 0, shipped cold and analyzed on day 1.

PAI-1 activity in the plasma of C57BL/6J PAI-1

+/+ and C57BL/6J PAI-1 –/– mice

Determination of murine PAI-1 activity was done as
described in the manual of the PAI-1 activity kit (cat
# MPAIKT, Molecular Innovations, Novi, MI). Briefly,
sodium citrate treated blood was centrifuged at 3,000
× g for 30 min, and plasma was frozen at –80°C until
analysis. Aliquots of the plasma (50 µl) were added to
a 96-well ELISA plate with immobilized mouse uPA
to bind active PAI-1. The amount of PAI-1 was deter-
mined by the absorbance at 450 nm of the colored
substrate bound to PAI-complexed with primary and
secondary antibodies and compared against standards.

Analysis of clot formation with thromboelas-

tometry (TEG)

Clotting characteristics were analyzed by 2 units
(4 samples at the same time) of TEG® 5000 Throm-
belastograph® from Haemonetics Corp., Braintree,
MA. The critical part of this instrument is a pin hang-
ing on a torsion wire and suspended in a cup holding
a blood sample (380 µl). This pin oscillates at 6 rpm
at a 4°45’ angle at 37°C (Fig. 1). When blood changes
viscosity during clot formation, the pin motion is pro-
gressively restrained by the clot and cup. The strength
of the clot determines the degree of force on the pin.
The instrument provides several specific determinants
of blood clotting, including: reaction time (R), which
is the time from the start of the reaction until a meas-
urable clot is detected; the time from the R point until
a certain clot firmness is achieved (K); the angle (A),
which reflects the rate of clot formation; the maxi-
mum amplitude (MA) of clot shear elasticity, which
reflects the contribution of fibrin to clot strength; LY
30 (percentage), which represents clot lysis 30 min
after MA; G (elastic modulus strength SEMS), which
is derived from MA by the formula G = (5000A/(100-
A))/1000 and measures actual clot strength in
dyn/cm2, presented here as kdyn/cm2; CLT, which is
clot lysis time as the elapsed time between MA and
2 mm amplitude; and if clot lysis was not reached,
LTE (lysis time estimated), which is predicted from
fibrinolysis kinetics [1]. The sodium citrate treated
blood was used for TEG assays by mixing 1 ml of
blood with 20 µl of kaolin (Haemoscope Co., Neils,
IL) and saline or tPA (20 µl in 320 µl of blood). Next,
340 µl of that mixture was transferred to a TEG cup
containing 20 µl of CaCl2 (0.2 M) and 20 µl of either
saline (0.15 M) or VLHL PAI-1. Calcium chloride
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was used to initiate blood clotting and was chosen
over factor seven (FVIIa) due to the uncertainty of in-
teraction between human FVIIa and animal proteins.
Assays were done in duplicate.

Results and Discussion

VLHL PAI-1 purity

As shown in Figure 2, the VLHL PAI-1 yielded 95%+
pure protein (~8–12 mg from 1 L cell culture) follow-
ing two-step purification, as determined by PAGE gel
densitometry. The dominant band represents active
VLHL PAI-1, while the faint band above is the latent
form of VLHL PAI-1 [19]. The two bands were analyzed
by LS-MS mass spectrometry, and both were identified as
PAI-1, while no other contaminating proteins were de-
tected, as previously reported by us [19, 20].

VLHL PAI-1 forms a complex with mouse tPA

Substantial species-specificity frequently exists in the
interaction between human and animal proteins in-
cluding elements of the plasminogen activation sys-
tem [17]. Human wild-type PAI-1 and mouse tPA
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form a complex, but verification was needed to deter-
mine if our mutated VLHL PAI-1 was able to com-
plex with mouse tPA. As seen in Figure 2, line 7,
complex tPA/VLHL PAI-1 was detected. In the same
lane, an additional band of VLHL PAI-1 was detected
as well. This band is of VLHL PAI-1 cleaved by tPA,
with a higher electrophoretic mobility than the latent
and active forms of this protein [4, 11], thus providing
additional confirmation of the mouse tPA and VLHL
PAI-1 reaction. Usage of mouse tPA was critical in
these experiments since the catalytic efficiency with
which human tPA activates mouse plasminogen is
40-fold lower than that for human plasminogen [37].

PAI-1 concentration in the blood of PAI-1 +/+

and PAI-1 –/– mice

According to the provider, northern blot analysis did
not detect PAI-1 mRNA in endotoxin-treated homozy-
gous mutant liver. Neither untreated nor endotoxin-
treated homozygous mutant kidney produced detect-
able PAI-1 immunoreactivity. A monoclonal anti-
body-based immunofunctional assay did not detect
protein levels in the plasma of endotoxin-treated or
untreated homozygous mutant C57BL/6J –/– PAI-1
mice [7]. Nevertheless, we checked the concentration
of active PAI-1 in plasma from wild-type mice and
found it to be 1.0 ± 0.5 ng/ml; PAI-1 was not detect-
able for PAI-1 knockout animals (< 0.05 ng/ml). The
normal level of active PAI-1 antigen in wild-type
murine plasma has been reported to be 1.9 ± 0.6 ng/ml
[12].

VLHL PAI-1 prevents tPA-induced thrombus

lysis and improves hemostasis

As can be seen in Figure 3, there were no significant
differences in the clotting characteristics of control
blood samples from wild-type and knockout animals,
and humans. The small variations observed in reac-
tion time R, K, maximum amplitude, and strength of
clot (G) were most likely within the range of experi-
mental errors. There is no literature on TEG clotting
characteristics for the mouse. However, the normal
ranges are known for human blood and are shown in
Table 1 [1]. This analysis seems to indicate that the
observed variation of clotting parameters (R, K, an-
gle) in mouse indeed can be attributed to fluctuation
within the normal range, while the human blood ana-
lyzed fell within the normal range. In general, mouse
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blood parameters were similar to human parameters
with one noticeable exception: the reaction time R
was much shorter in mouse blood than in human
blood. Also, human blood lost its elastic modulus
strength as time passed, while mouse blood remained
unchanged in both strains even after 180 min (the long-
est experiment duration allowed by the hardware).

Surprising to us was the fact that the blood of con-
trols from different strains clotted in a very similar
way. Fibrinolysis and coagulation are not independent
processes since both reactions take place simultane-
ously, and the outcome depends on their relative rates
[16]. Thus, lack of PAI-1 should favor fibrinolysis,
but it did not. Some explanation is provided in the lit-
erature describing humans who are PAI-1 deficient
but have normal primary hemostasis. In these pa-
tients, a normal clot is formed but is quickly lysed due
to tPA-induced plasmin activity. In the normal popu-
lation, tPA produced at the site of injury is under con-

trol of PAI-1. In PAI-1-deficient patients, there is no
inhibitor to moderate the activity of tPA, resulting in
prolonged bleeding [23]. Since the blood of both
strains and humans contains a fixed amount of tPA ex

vivo along with a normal coagulation apparatus, it
clots in a similar way, and the lysis that depends on
a steady supply of tPA was not detected as it was simi-
lar in all samples.

The standard technique to replicate physiologic
thrombolysis is the controlled addition of fibrinolytic
agents [8, 29]. Under such controlled conditions, lysis
can be measured and is related to the bleeding time
[15, 18, 21]. As can be seen in Table 1 and Figure 3,
differences were detected in the lysis time and
strength of clot between wild-type and PAI-1 knock-
out animals. Tissue PA-induced lysis produced drasti-
cally different results between PAI-1 +/+ and PAI-1
–/– animals. The fibrin clot in the knockout mice was
lysed quickly, in comparison to the wild-type strain of
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R
(min)

K
(min)

A
(°)

CLT
(min)

GMA
(kdyn/cm�)

PAI-1 +/+ mouse blood

Control 3.5 ± 1.0 2.1 ± 1.7 52.8 ± 3.8 > 180 5.4 ± 0.8

mtPA 0.5 µg/ml 2.8 ± 1.0 4.2 ± 1.6 49.7 ± 3.3 70.3 ± 1.6 4.6 ± 0.6

mtPA 0.5 µg/ml, VLHL PAI-1 1.4 µg/ml 2.5 ± 0.6 4.1 ± 0.2 50.0 ± 1.1 > 180 4.8 ± 0.1

mtPA 0.5 µg/ml, VLHL PAI-1 2.8 µg/ml 3.0 ± 0.1 3.4 ± 0.2 53.5 ± 3.5 > 180 5.5 ± 1.0

PAI-1 –/– mouse blood

Control 1.8 ± 1.0 1.1 ± 0.2 71.9 ± 6.0 > 180 6.1 ± 2.3

mtPA 0.5 µg/ml 1.8 ± 0.6 1.5 ± 0.5 60.1 ± 5.7 8.1 ± 1.3 1.9 ± 0.3

mtPA 0.5 µg/ml, VLHL PAI-1 1.4 µg/ml 2.5 ± 0.6 4.1 ± 0.2 50.4 ± 1.1 21.5 ± 5.2 2.9 ± 1.1

mtPA 0.5 µg/ml, VLHL PAI-1 2.8 µg/ml 3.0 ± 0.1 3.4 ± 0.1 53.5 ± 3.5 > 180 4.5 ± 1.0

Normal values for human blood

– sodium citrate/kaolin [9]

2.0–8.0 1.0–3.0 55–78 – 4.6–10.9

human blood

Control 5.4 ± 0.6 1.6 ± 0.2 56.7 ± 0.4 > 180 7.3 ± 1.0

htPA 0.5 µg/ml 5.2 ± 0.4 1.8 ± 0.3 53.9 ± 2.1 48.2 ± 22.3 6.5 ± 1.4

htPA 0.5 µg/ml, VLHL PAI-1 1.4 µg/ml 4.8 ± 0.6 1.7 ± 0.2 54.2 ± 2.9 > 180 6.7 ± 1.0

htPA 0.5 µg/ml, VLHL PAI-1 2.8 µg/ml 4.7 ± 0.5 1.5 ± 0.3 52.9 ± 3.7 > 180 7.0 ± 1.2

R �� ��� ���� �� �	��
� ���� ��� ����� ��	� ��� '���� 3	� ��	
�� � ��� �C# 
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mouse and humans. Addition of comparable concen-
trations of VLHL PAI-1 produced differential results
depending on the strain. Complete clot protection
from tPA-induced lysis was observed in the case of
the wild-type C57BL/6J mouse and humans, while
somewhat lesser effects were seen in the knockout
mouse. This fact strongly suggests that unopposed ac-
tivity of tPA is responsible for premature lysis of
blood clotting, and for consequent prolonged bleeding
or rebleeding in PAI-1-deficient patients.

Conclusions

PAI-1 deficiency, and the consequent decreased PAI-1
expression at sites of thrombus formation, disturbs the
natural balance between coagulation and fibrinolysis,
leading to excessive bleeding. VLHL PAI-1 treatment
of PAI-1-deficient mouse blood extended or pre-
vented thrombus lysis and strengthens the clot. These
two parameters determine the extent of thrombus
growth and regression. Further testing is expected to
confirm the effectiveness of VLHL PAI-1 in an in

vivo model, and we hope that this protein can be ef-
fective in the treatment of human bleeding disorders.
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