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Abstract The leech protein hirudin is a potent natural

thrombin inhibitor. Its potential as an antithrombotic agent is

limited by its promotion of bleeding. We attempted to

modify this profile by positioning albumin and a plasmin

cleavage site on its N-terminus, in recombinant protein

HSACHV3 [comprising hirudin variant 3 (HV3) fused to the

C-terminus of human serum albumin (HSA) via a plasmin

cleavage site (C)], Previously we showed that HSACHV3

inhibited thrombin in a plasmin-dependent manner, and that,

unlike HV3, it did not increase bleeding in vivo when

administered to mice. Here we tested HSACHV3 for the

ability to reduce thrombosis and assist enzymatic throm-

bolysis in animal models. Intravenous administration of

HSACHV3, but not a control protein lacking the plasmin

cleavage site (HSAHV3), reduced thrombus weight by 2.1-

fold in the ferric chloride-injured mouse vena cava. Simi-

larly, thrombi formed in a rabbit jugular vein stasis model

were 1.7-fold lighter in animals treated with HSACHV3

compared to those receiving HSAHV3. Administration of

60 mg/kg body weight HSACHV3 prolonged the time to

occlusion in the ferric chloride-injured mouse carotid artery

by threefold compared to vehicle controls, while equimolar

HSAHV3 had no effect. HSACHV3 had no ability to restore

flow to the murine carotid arteries occluded by ferric chlo-

ride treatment, but combining HSACHV3 (60 mg/kg) with

recombinant mutant tissue plasminogen activator (TNKase)

significantly reduced the time to restore patency to the artery

compared to TNKase alone. Unlike unfused HV3,

HSACHV3 did not increase bleeding in a mouse liver lac-

eration model. Our results show that HSACHV3 acts as an

antithrombotic agent that does not promote bleeding and

which speeds the time to flow restoration when used as an

adjunct to pharmacological thrombolysis in animal models.
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Introduction

Thrombin is the final effector of the coagulation system. This

versatile enzyme promotes coagulation through a variety of

mechanisms, including activation of: precursor fibrinogen to

clottable fibrin; resting platelets to activated platelets com-

petent for adhesion and aggregation; cofactors V and VIII to

Va and VIIIa; and precursor factor XIII to the active trans-

glutaminase FXIIIa [1]. Thrombin also links coagulation and

fibrinolysis by converting thrombin-activated fibrinolysis

inhibitor (TAFI) from inactive precursor protein to active

carboxypeptidase TAFIa (reviewed in [2]). TAFIa removes

C-terminal lysines from partially degraded fibrin, disrupting

binding sites for plasminogen and plasmin [3], and attenu-

ating fibrinolysis in a positive feedback mechanism that

indirectly promotes clot extension by opposing clot lysis [4].

To attenuate coagulation and promote clot lysis by opposing

clot extension, by analogy we sought to create a plasmin-

activatable coagulation inhibitor by protein engineering of

hirudin, for potential use as an antithrombotic agent.

The hirudins are a family of closely related small proteins

of 65–66 amino acids in length, found in nature in the sali-

vary secretions of leeches [5, 6]. Hirudins inhibit thrombin by
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tight binding, with reported binding affinities in the sub-pi-

comolar range [7]. Two recombinant hirudins [8], lepirudin

and desirudin, are direct thrombin inhibitors used clinically

when heparin becomes contraindicated in patients who

develop heparin-induced thrombocytopenia [9]. Use of the

hirudins in clinical settings affecting large numbers of

patients, for instance in unstable angina, has been hampered

by a narrow therapeutic window and observations of

increased bleeding risk compared to other agents [10].

The biochemical details of the hirudin-thrombin inter-

action suggested a way to engineer a molecular switch in

modified hirudins, one acting to convert them from latent to

active thrombin inhibitors. The crystallographic finding that

the N-terminus of hirudin penetrates to the active site can-

yon of thrombin [11] implied that transient blockage of this

end of the molecule might provide such a control point [12,

13]. We and others have shown that blocking the N-termi-

nus with either fused polypeptides or fused peptides renders

hirudin essentially inactive, with the block to thrombin

inhibition being lifted if these additional residues can be

removed by specific proteolysis [14–17]. Incorporation of

factor Xa, factor XIa, thrombin, or plasmin cleavage sites

has been employed to activate such latent hirudins.

Previously, our laboratory described HSACHV3, a

recombinant fusion protein in which hirudin variant 3, the

most potent of the known hirudin variants, was positioned

C-terminal to a cleavage site specifically recognized by the

fibrinolytic protease, plasmin [14]. The blocked hirudin was

fused to the C-terminus of recombinant human serum

albumin (HSA). We showed that HSACHV3 inhibited both

free and clot-bound thrombin in a plasmin-dependent man-

ner, and that in contrast to free HV3, it did not provoke

bleeding in a mouse tail vein transection model [14]. In the

present study, we tested HSACHV3 in animal models of

thrombosis and pharmacological thrombolysis. We report

that intravenous HSACHV3 reduces fibrin deposition and

vascular occlusion in rabbit and mouse models of throm-

bosis, and that it reduces the time to restoration of blood flow

when administered with a plasminogen activator in a murine

carotid artery thrombolysis model. Furthermore, we report

that, unlike unfused HV3, HSA does not promote bleeding in

a second model, one involving liver laceration in the mouse.

Materials and methods

Methods

Fusion protein expression, purification,

and characterization

Expression plasmids directing the synthesis of His-tagged

recombinant hirudin variant 3 (HV3), HSACHV3 and

HSAHV3 [14] were purified using commercial DNA

plasmid preparation columns (Qiagen, Chatsworth, CA,

USA) from lysed E. coli DH5a, linearized with SacI,

and used to transform Pichia pastoris strain X33 cells to

Zeocin (Invitrogen, Carlsbad, CA, USA) resistance.

Clonally transformed cell lines were cultured and

induced with methanol, and secreted recombinant HV3

or HSA fusion proteins were purified from media con-

ditioned by transformed Pichia pastoris cells as previ-

ously described [18–20] using Ni–NTA agarose

chromatography (Qiagen).

Functional tests of HV3 released from HSA to HV3

fusion proteins in vitro

As previously described [14], a two-stage assay was used

to follow the liberation of HV3 from fusion proteins in

the presence of plasmin, and then to quantify the effects

of the liberated HV3 on thrombin cleavage of a chro-

mogenic substrate. Purified HSACHV3 (376 nM) was

incubated with 600 nM human plasmin, thrombin, factor

XIa, factor XIIa (Enzyme Research Laboratories, South

Bend, IN, USA) or recombinant factor VIIa in 20 mM

HEPES pH 7.4, 150 mM NaCl, and 2 mM calcium

chloride for varying times up to 240 min. The reaction

mixture was then diluted into 7 nM thrombin for 1 min,

and subsequently diluted into 0.1 mM S2238 chromo-

genic substrate (Chromogenix, Lexington, MA, USA);

colour generation was then monitored for 5 min to

determine the residual reaction velocity. Control reac-

tions containing proteases but not HSACHV3 in the first

stage of the assay showed that they did not subsequently

cleave S2238, except for thrombin, whose results were

normalized to time zero of the second stage.

In vitro clot lysis

The formation and dissolution of clots in diluted normal

human pooled plasma (NHPP) was followed by record-

ing changes in turbidity, using an ELx808 plate reader

(BioTek Instruments, Winooski, VT, USA) set to take

absorbance readings at 340 nm every 30 s for 4 h, and

quantified as the area under the curve. NHPP was sup-

plemented with tPA (tissue-type plasminogen activator

(Alteplase; Genentech, South San Francisco, CA, USA)

to 0.5 nM final concentration, purified human thrombin

to 5 nM, and with either purified HV3 or purified

HSACHV3 at 0.01–1,000 nM; each reaction contained,

by volume, two parts NHPP and three parts appropriately

diluted HV3-related protein, tPA, and thrombin in Tris-

buffered saline. Clotting was initiated by simultaneous

addition of thrombin and recalcification.
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Thrombus formation in mouse vena cava treated

with ferric chloride

Thrombus formation was induced by topical application of

10 % (w/vol) ferric chloride on the surgically exposed

murine vena cava, as described in previous reports from

this laboratory [21, 22]. Briefly, CD1 mice(Charles River,

Wilmington, MA, USA) were anesthetized, the vessel

exposed, and recombinant protein or vehicle was injected

intravenously 2 min prior to application of the ferric

chloride-saturated filter paper to the vessel. The time of

vessel exposure to ferric chloride was 3 min. Thirty min-

utes after removal of the filter paper, the vessel was excised

and the clot weight determined [21, 22]. These experiments

as well as all other animal experimentation described in

this communication were carried out under the terms of an

Animal Utilization Protocol reviewed, approved, and

monitored by the Animal Research Ethics Board of the

Faculty of Health Sciences, McMaster University.

Rabbit jugular vein thrombosis model

Clotting rabbit blood was introduced into a jugular vein

segment and held in stasis in New Zealand White rabbits,

in a modified Wessler procedure [23] as previously

described by this laboratory [18]. Briefly, rabbits

(2.5–3.0 kg body weight) were cannulated via the carotid

artery and the jugular veins exposed. Two cm long sections

of the right and left jugular veins were emptied of blood,

and clamped. Anticoagulated autologous citrated whole

blood was combined with purified HSA fusion protein in

sterile saline and warm (37 �C) human thromboplastin

reagent Thromborel S (Dade Behring, Mississauga, ON,

Canada) in a 10:4:5 volume ratio, and 0.15 ml of this

mixture was re-introduced into the isolated segments; the

concentration of purified HSA fusion protein in the clotting

blood was 1.5 mg/ml. After 30 min of stasis the clamps

were removed and blood flow restored for 60 min prior to

recovery and weighing of the blood clots.

Effects of HSA fusion proteins on the ferric chloride-

treated murine carotid artery

The effect of intravenously injected HSA fusion proteins

on thrombus formation elicited by ferric chloride applica-

tion to the murine carotid artery was also determined, using

methods previously described by this laboratory [22].

Briefly, blood flow through the artery was determined

using a Doppler ultrasound flow meter and a 0.5 mm

diameter flow probe, using a system purchased from

Transonic Systems (Ithaca, NY, USA). 10 % (w/vol) ferric

chloride was applied in the same manner and with the same

timing as described above for the vena cava model. The

time to occlusion (TTO) of the artery was taken as the

interval between application of the filter paper and reduc-

tion of flow to less than 0.10 ml/min; each experiment was

terminated at 60 min, and that time scored for vessels that

did not occlude during the observation period [22].

Thrombolysis of the occluded murine carotid artery

The restoration of flow through the occluded murine car-

otid artery used the approach of Machlus et al [24]. with

minor modifications. The surgically exposed murine car-

otid artery was subjected to 10 % (w/vol) ferric chloride

treatment for 3 min, and flow through the artery monitored.

After removal of the ferric chloride-impregnated filter

paper, the artery was washed three times with saline, and

kept moist throughout. Once flow was observed to have

been stably and continuously occluded for 5 min, purified

HSACHV3 or HSAHV3 or saline vehicle was injected

intravenously via a jugular vein catheter. Two minutes

later, Tenecteplase (TNKase, Genentech, South San Fran-

cisco, CA, USA) was given via the jugular vein catheter at

a dose of 17.5 mg/kg body weight. Flow was monitored

and the time to restore flow stably to pre-ferric chloride

levels was noted; experiments were stopped at 60 min

post-TNKase if no prior restoration in flow was noted. In

some experiments C57Bl6 mice were compared to CD1

mice in this model (Charles River, Wilmington, MA,

USA).

Effects of fusion proteins on bleeding

from the lacerated liver

The effect of recombinant protein administration on blood

loss subsequent to liver laceration was assessed as previ-

ously described [25]. Briefly, the left lobe of surgically

exposed livers of anesthetized mice was exteriorized, and a

5 mm long, perforating transverse incision was made 1 cm

from the lobe’s inferior edge using a number ten scalpel

blade. Shed blood was captured into a tared plastic weigh

boat for 30 min post-liver laceration. Two minutes prior to

liver laceration, 0.2 ml of purified HV3, HSAHV3,

HSACHV3, or saline vehicle, was injected intravenously

via the tail vein in saline. Mice were euthanized at the close

of this and all other in vivo experiments described above

without regaining consciousness.

Statistical analysis

Statistical tests were performed using GraphPad Instat

version 4 (GraphPad Software). Multiple comparisons used

one-way parametric analysis of variation (ANOVA) with

Tukey–Kramer post-tests, since all data sets compared in

this study met the required criteria of being normally
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distributed and having similar standard deviations; com-

parisons of only two data sets used an unpaired t test. All

numerical values reported herein are the mean ± one

standard deviation (SD).

Results

Reaction of HSACHV3 with plasmin and coagulation

proteases

Prior to investigating the effects of HSACHV3 in throm-

bosis and thrombolysis models, we exposed the fusion

protein to excess protease (plasmin, thrombin, factor VIIa,

factor XIa, or factor XIIa) and looked for release of func-

tional hirudin in discontinuous thrombin inhibition assays.

As shown in Fig. 1, plasmin treatment led to the release of

clearly increasing thrombin inhibitory capacity over time,

culminating in abrogation of thrombin activity by 240 min.

In contrast, no reduction in thrombin activity ensued fol-

lowing exposure to thrombin (normalized to take into

account its presence in both stages of the assay), factor

VIIa, or factor XIIa. For factor XIa, some HV3 appeared to

be cleaved, but only after prolonged (180–240 min)

incubation.

Effects of HSACHV3 on thrombus weight in venous

thrombosis models

We next examined the effects of injecting HSA-hirudin

proteins into the murine circulation just prior to eliciting

thrombus formation on the surgically exposed vena cava

using transient exposure to ferric chloride. As shown in

Fig. 2a, clots that formed when either saline vehicle or

non-activatable fusion protein HSAHV3 was administered

did not differ statistically in weight (0.53 ± 0.15 vs.

0.54 ± 0.06 mg, n = 9). In contrast, administration of

plasmin-activatable HSACHV3 led to a 2.1- to 2.2-fold,

statistically significant reduction in thrombus weight

(0.25 ± 0.13 mg, p \ 0. 001 with respect to either other

group).

Similar results were obtained in a stasis model of venous

thrombosis in rabbits, as shown in Fig. 2b. Whole blood

was combined with a source of tissue factor and either non-

activatable fusion protein HSAHV3 or plasmin-activatable

HSACHV3 and introduced into the isolated jugular vein.

Following clamp removal and flow restoration, the mean

thrombus weight in the group of rabbits treated with

HSACHV3 was significantly less than that from the

Fig. 1 Effects ofexposure to different proteases on the liberation of

thrombin inhibitory activity from chimeric protein HSACHV3.

Purified HSACHV3 (376 nM) was incubated with the proteases

indicated to the right of the tracings (600 nM) for varying times, then

diluted into 7 nM thrombin for 1 min prior to further dilution into

chromogenic substrate-containing buffer. The rate of amidolysis was

determined and expressed as a percentage of the mean reaction

velocity of controls lacking HSACHV3 in the initial step. NA no

addition. The mean of 3 (thrombin) or 6 (all other proteases or NA)

determinations is shown ± the standard error of the mean

Fig. 2 Effects of injected recombinant proteins on clot weight in

mouse and rabbit venous thrombosis models. a Weights of clots

formed in response to ferric chloride injury in the murine vena cava

are shown for mice treated with saline vehicle (squares) or 60 mg/kg

HSACHV3 (inverted triangles) or HSAHV3 (circles) (n = 9).

Horizontal lines and descriptions above them indicate the extent of

statistical differences between the groups (by one-way ANOVA with

Tukey post-tests); n.s. not significant’’, p [ 0.05. Each symbol

represents a single mouse. b Weights of clots formed in response to

stasis in isolated rabbit jugular veins for animals treated with

HSAHV3 (circles) or HSACHV3 (inverted triangles). The extent of

statistically significant difference (by unpaired t test, Welch cor-

rected) is shown above the horizontal line connecting the groups.

Each symbol represents a single rabbit
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HSAHV3-treated group (45 ± 10 mg vs. 26 ± 7 mg,

n = 12, p = 0.008).

Effects of HSACHV3 on thrombus weight in arterial

thrombosis models

Figure 3 shows the results of experiments analogous to those

shown in Fig. 2a, except that thrombus formation was pro-

voked in the murine carotid artery, as opposed to the murine

vena cava, and the time to occlusion (TTO) determined using

an ultrasound flow meter. As before, administration of

HSAHV3 had no significant effect on the TTO, as compared

to saline vehicle (both 10 ± 3 min, n = 5–8). In contrast,

the TTO in mice treated with HSACHV3 at the same 1.5 mg

dose per mouse (60 mg/kg body weight) was prolonged

threefold, to 29 ± 10 min (p \ 0. 05 vs. saline). Doubling

the dose of HSACHV3 increased the TTO to 44 ± 10 min,

but the increased TTO was not statistically significantly

different from the lower dose.

Effects of HSACHV3 on restoration of occluded

carotid artery flow

We next employed a mouse thrombolysis model to deter-

mine if HSACHV3 had any innate or adjunctive throm-

bolytic capacity. The protocol is summarized on the

timeline presented in Fig. 4a. Prior to selecting the TNKase

dose that was employed, we tested lower doses of 5 and

9 mg/kg in both C57BL6 and CD1 mice, finding neither

sufficient to restore blood flow in less than 60 min (data not

shown); 17.5 mg/kg TNKase, however, led to full artery

patency in all mice tested within the observation period. As

shown in Fig. 4b, 60 mg/kg HSACHV3 alone had no

ability to restore flow through the occluded artery; 0/7

arteries were patent at the end of the observation period of

60 min. In contrast, all treated arteries (14 per group)

exhibited restored flow within 60 min of administration of

17.5 mg/kg TNKase alone or 17.5 mg/kg TNKase plus

60 mg/kg HSACHV3; the mean time to restoration of flow

was reduced from 27 ± 9 to 15 ± 3 min (p = 0.005).

Promotion of fibrinolysis in vitro byHV3

versus HSACHV3

To gain some understanding of how much hirudin was being

liberated from HSACHV3 during clot lysis, we followed the

change in turbidity of clots that formed rapidly in recalcified

human plasma, and then lysed slowly in the presence of

0.5 nM tPA. Figure 5a shows representative clot lysis pro-

files from such experiments, in which omitting the exoge-

nous tPA eliminated clot lysis (compare tracings 1 and 2) and

adding increasing amounts of either HSACHV3(tracing 3) or

HV3 (tracing 4) reduced and, at high enough doses (tracing

5), eliminated the clot represented by the area under the

turbidity tracing curve. Figure 5b shows a dose response

experiment in which increasing amounts of either HV3 or

HSACHV3 were titrated into the lysing clots. The HV3

curve is clearly left-shifted relative to that of HSACHV3;

75 % clot reduction was achieved with approximately

15 nM HV3 and 900 nM HSACHV3. Taken together with

the parallel shape of the dose response curves, this finding

suggests that only 1–2 % of the HSACHV3 released active

HV3 in these experiments.

Blood loss subsequent to HV3 versus HSACHV3

administration

We had previously shown that HV3, but neither

HSACHV3 nor HSAHV3 promoted bleeding when the

fusion proteins were administered prior to tail transection

in mice [14]. To substantiate this finding, we treated mice

with 0.8 lmol of HSACHV3 or HSAHV3 (1,500 lg) or

equimolar HV3 (183 lg) or saline vehicle and measured

blood loss in a different bleeding model, one involving

liver laceration. Figure 6 shows that the weight of shed

blood did not differ significantly among groups of mice

receiving saline vehicle (170 ± 40 mg) or fusion proteins

(180 ± 50 mg for HSACHV3 or 160 ± 50 mg for

HSAHV3) but was significantly increased when unfused

HV3 was administered, to 720 ± 130 mg (p \ 0.001).

Discussion

Previously we demonstrated that HSACHV3 released

active hirudin in vitro when challenged with plasmin but

Fig. 3 Effects of injected recombinant proteins on time to occlusion

in the ferric chloride-injured murine carotid artery. The time in

minutes (min) to occlusion of arteries is shown, for groups of n mice

treated either with saline vehicle or HSAHV3 or HSACHV3. Protein

doses, in mg/kg, are shown below the x axis. Horizontal lines and

descriptions above them indicate the extent of statistical differences

between the groups (by non-parametric ANOVA with Dunn’s post-

tests); n.s. not significant, p [ 0.05
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not thrombin, that it inhibited clot formation and clot lysis

in plasmin-containing systems in vitro, and that it, unlike

equimolar HV3, did not promote bleeding in a murine tail

transection model [14]. However, our initial study left

unresolved the question of whether or not HSACHV3 had

antithrombotic activity in vivo. Our findings in the present

study strongly supported both of our previously untested

hypotheses: that HSACHV3 would inhibit thrombosis

in vivo; and that HSACHV3 would assist pharmacological

thrombolysis in vivo, when administered with a plasmin-

ogen activator.

HSACHV3 reduced thrombus size in mouse models of

both arterial and venous thrombosis employing ferric

chloride as a prothrombotic stimulus. Ferric chloride

treatment leads to endothelial damage via strongly oxidant

mechanisms [26] in which erythrocytes are important

mediators [27, 28]. Both endothelial damage and thrombin

stimulation release tPA from endothelial cells, which

would be expected to generate local plasmin [29]. Plasmin

generation over the relatively short time span of these ferric

chloride in vivo experiments is also consistent with the

results of previous studies with plasminogen and a2-anti-

plasmin (a2-AP) knockout mice in venous and arterial

settings. Plasminogen -/- mice exhibited shortened mean

times to occlusion in the photochemically injured carotid

artery compared to wild-type mice (from 12.1 to 5.9 min),

suggesting that plasmin activity opposes clot extension in

normal animals [30]. Similarly, a2-AP -/- mice exhibited

prolonged time to occlusion compared to their wild-type

counterparts (from 7.2 to 27.1 min) in the photochemically

injured jugular vein, suggesting that a2-AP ordinarily

opposes plasmin activity in this setting [30]. The anti-

thrombotic activity demonstrated by HSACHV3 in a rabbit

model of venous thrombosis provides further confidence in

the generalizability of our findings, since a second exper-

imental animal species and a prothrombotic stimulus, stasis

and tissue factor infusion, was employed.

Our initial selection of plasmin as the activator for our

latent albumin-hirudin construct was also based on the idea

that HSACHV3 could provide a well-controlled and safe

Fig. 4 Effects of TNKase and/or HSACHV3 on time to restore flow

in the occluded murine carotid artery. a Schematic diagram of the

murine carotid artery model employed, in which occlusion was

provoked by ferric chloride exposure. A timeline (not to scale) is

shown, with elapsed time in minutes (min) below and actions above:

TTO time to occlude, PTN recombinant protein, TTRF time to restore

flow. b Flow restoration time for mice with ferric chloride-occluded

carotid arteries treated either with 17.5 mg/kg TNKase, 60 mg/kg

HSACHV3, or both, as indicated on the x axis. The number of mice

per group is indicated below the x axis. Each symbol indicates one

mouse. Arteries that remained occluded at the end of the 60 min

observation period were scored ‘‘[60’’ as shown above the break in

the x axis. The extent of statistically significant difference (by

unpaired t test, Welch corrected) is shown above the horizontal line

connecting the first two groups, which exhibited continuous responses
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adjunct to thrombolytic therapy. To test HSACHV3 as an

adjunct to thrombolysis, we followed the approach of

Machlus et al., who employed TNKase to lyse experi-

mental thrombi formed in the ferric chloride-injured mur-

ine carotid artery [31]. TNKase is less rapidly cleared than

first generation recombinant tPA, primarily due to elimi-

nation of a site of high mannose N-linked glycosylation,

eliminating the need to provide it by continuous infusion

[32]. We found it necessary to administer TNKase at

17.5 mg/kg rather than the 5 mg/kg employed by Machlus

et al., in order to achieve restoration of blood flow in

approximately 30 min, and eliminated mouse strain dif-

ference as a possible explanation. However, Machlus et al.

did not quantify the time to blood flow, but rather reported

that 5/5 normal mice receiving the 5 mg/kg dose had open

arteries 60 min post-infusion. This methodological differ-

ence, combined with different routes of TNKase adminis-

tration and the possibility of differing specific activities in

the TNKase used by our laboratories may contribute to this

apparent discrepancy. Our data are nevertheless internally

consistent and importantly, in our adaptation of this model,

HSACHV3 had no independent thrombolytic activity. Its

presence, co-administered with TNKase, was associated

with a 1.8-fold reduction in the time to restore flow com-

pared to TNKase alone. Since hirudin is exquisitely spe-

cific for thrombin [33], our results are consistent with the

presence of active thrombin in the lysing clot, which would

have extended the clot and potentially re-occluded the

artery had it not been inhibited by released hirudin. Our

findings suggest that HSACHV3 could be used to improve

the efficacy of thrombolytic therapy, joining antiplatelet

agents [34] and heparin and heparinoid [35] anticoagulants

in this role, potentially provoking less associated bleeding.

HSACHV3 was designed for preferential if not exclu-

sive activation by plasmin, and incorporates a GSGIYR-I

cleavage site originally selected in a peptide screening

study that sought superior peptide substrates for plasmin

[36]. However, it should be noted that we cannot exclude

the possibility of activation by other proteases in vivo. In

this regard, we found no evidence of activation of

HSACHV3 by thrombin, factor VIIa, or factor XIIa

in vitro, using extreme conditions in which the concen-

tration of protease exceeded that of HSACHV3, circum-

stances that likely never came close to being repeated in

our vivo work. We did note weak reactivity with factor XIa

under identical conditions. If factor XIa did contribute in

small part to HSACHV3 activation, this would likely not

be counterproductive because factor XI deficiency protects

mice from thrombosis [37–39] and fluid-phase factor XIa is

subject to inhibition by circulating protease inhibitors [40–

Fig. 5 Comparison of effects of HV3 and HSACHV3 on clot

formation and lysis in recalcified diluted plasma. a The change in

turbidity over time in minutes (min) in recalcified plasma supple-

mented with thrombin and tPA is shown. Each tracing represents an

individual reaction whose optical density at 340 nm was measured

every 30 s for up to 240 min. Tracing number labels refer to: 1 no

tPA, no recombinant protein, 2 no recombinant protein, 3 300 nM

HSACHV3, 4 3 nM HV3, 5 30 nM HV3. b The observed area under

the turbidity curve, normalized to Condition 2 internal controls, was

calculated from experiments like those shown in Panel A for reactions

containing varying concentrations of HV3 or HSACHV3. Data points

represent the mean ± SD of triplicate determinations

Fig. 6 Effects of fused or unfused hirudin on blood loss in a liver

laceration model. The weight of shed blood collected from the

lacerated, exteriorized liver is shown for groups of mice receiving

saline vehicle (open bar) or 0.8 lmol of HSACHV3 or HSAHV3

(1,500 lg) or 0.8 lmol of HV3 (183 lg) (closed bars). The mean of

five determinations ± the standard deviation is shown for each group.

Horizontal lines and descriptions above them indicate the extent of

statistical differences between the groups (by one-way ANOVA with

Tukey post-tests): n.s. not significant; ***p \ 0.001
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42]. Therefore, factor XIa is likely localized to the

thrombus surface, like plasmin, leaving the location of

HSACHV3 activation unchanged if some factor XIa also

contributes to its predominant plasmin-dependence. The

effectiveness of HSACHV3 contrasted with the lack of

effect of HSAHV3 in all models, reinforcing the absolute

need for proteolysis to liberate activity.

Others have reported the production and characteriza-

tion of hirudin derivatives with blocked N-termini, and

their investigation in rat models of thrombosis. Zhang et al.

produced recombinant hirudins in P. pastoris with 3–5

amino acid N-terminal extensions cleavable by FXIa (EH),

FXa (GH), or thrombin (LH) [17]. In a rat carotid artery

thrombosis model, in which thrombosis was elicited by

electrical injury, the highest dose tested (8 mg/kg)

increased the time to occlusion by 1.5- to 2.0-fold (from

10–12 min to 16–20 min). In the mouse model of arterial

thrombosis that we employed, we obtained similar results

for HSACHV3 doses of 60 mg/kg (comparable to 6 mg/kg

unfused hirudin due to the tenfold difference in molecular

mass), with a similar, approximately 10 min baseline and

2- to 3- fold prolongations of the time to occlusion. At

equivalent doses, however (6 mg/kg for EH, GH, or LH

versus 60 mg/kg for HSACHV3) Zhang et al. reported a

statistically significant elevation of bleeding in the mouse

tail transection bleeding assay [17], whereas we saw no

such elevation in bleeding for the fusion protein. Such

equivalent efficacy with decreased bleeding risk may sug-

gest a superior safety profile for HSACHV3 versus the less

extensively N-terminally capped hirudins.

Previously we demonstrated that HSACHV3 adminis-

tration did not increase blood loss relative to vehicle con-

trols in a tail transection model of moderate bleeding;

HV3-treated mice lost approximately 7 % of their blood

volume during the observation period, as opposed to 1.7 %

for HSACHV3- or vehicle-treated mice [14]. In the current

study, we addressed bleeding in a different anatomical

setting. Following a standardized liver laceration injury,

mean blood losses in HV3-treated animals were 46 % of

blood volume (assuming a blood density of 1060 kg/m3)

compared to 10 % for HSACHV3- or vehicle-treated mice.

In both the moderate and severe bleeding models, HV3

promoted approximately fourfold more bleeding than

HSACHV3 or vehicle. These similar results in two models

of bleeding support the enhanced safety of HSACHV3

arising from its latency and specific activation and should

diminish any concerns arising from the limitations of the

tail vein transection model [43].

In conclusion, our results suggest that the protease-

dependent ‘‘switch’’ incorporated into the design of

HSACHV3 is thrown not only in vitro, but also functions

in vivo to reduce experimentally induced venous and

arterial thrombosis and, in combination with plasminogen

activators, to assist thrombolysis by blocking rapid clot re-

growth. Its relative resistance to activation clearly con-

tributes to its safety profile and its lack of bleeding pro-

motion [14]. Whether or not this extreme latency is optimal

could be tested by incorporating spacer regions N-terminal

to the cleavage site, obtaining HSACHV3 derivatives

activated by lower concentrations of plasmin, and per-

forming dose response experiments in the same models

employed here.
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