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Abstract

Introduction—Tissue factor (TF) and factor (F) VII, compo-
nents of the extrinsic pathway of blood coagulation, are
essential for hemostatic plug formation in response to injury;
less clear are their roles in propagating thrombosis, as
observational data in humans with congenital FVII defi-
ciency suggests persistent thrombotic and bleeding risk even
at significantly decreased FVII levels. We aimed to define the
contribution of FVII to thrombus formation and hemostasis
using a non-human primate model.
Methods—We treated baboons with a FVII antisense
oligonucleotide (ASO) and measured platelet and fibrin
deposition inside and distal to collagen- or TF-coated
vascular grafts. We assessed hemostasis by measuring bleed-
ing time (BT) and prothrombin time (PT). Enoxaparin and
vehicle treatments served as controls.
Results—FVII–ASO treatment reduced FVII levels by 95%
and significantly increased both the PT and BT. Lowering
FVII levels did not decrease platelet deposition in collagen-
or TF-coated grafts, in thrombi distal to the grafts, or fibrin
content of either collagen- and TF-coated grafts. Lowering
FVII levels were associated with a modest 25% reduction in
platelet deposition at 60 min in the distal thrombus tail of
TF-coated grafts only.
Conclusions—FVII inhibition by way of ASO is feasible yet
significantly impairs hemostasis while only exhibiting
antithrombotic effects when thrombosis is initiated by vessel
wall surface-associated TF exposure.

Keywords—Blood platelet, Coagulation factor VII, He-

mostasis, Shear flow, Thrombosis.

ABBREVIATIONS

ASO Antisense oligonucleotide
BT Bleeding time
FVa Activated coagulation factor V
FVII Coagulation factor VII
FVIIa Activated coagulation factor VII
FX Coagulation factor X
FXI Coagulation factor XI
i.d. Inner diameter
PT Prothrombin time
TF Tissue factor

INTRODUCTION

Vascular injury exposes flowing blood to suben-
dothelial and extraluminal proteins including tissue
factor (TF) and collagen which collectively trigger ra-
pid platelet adhesion and activation of the coagulation
system to incite thrombus formation. These processes
facilitate the formation of a platelet plug (primary
hemostasis) and thrombin generation, ultimately
forming a stable fibrin clot (secondary hemostasis).20

TF, a transmembrane glycoprotein found on multiple
extravascular cell types, forms a complex with circu-
lating factor (F) VII, a vitamin K-dependent, trypsin-
like serine protease produced in the liver and released
into the circulation. The TF–FVIIa complex, in asso-
ciation with FVa, forms the extrinsic ‘‘X (ten)-ase’’
complex, catalyzing the production of activated FX
(FXa), which then converts prothrombin to thrombin.
Thrombin functions as both a catalyst for conversion
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of soluble fibrinogen to insoluble fibrin as well as an
agonist to perpetuate platelet activation.

Within the classical concept of coagulation, TF and
FVII comprise the ‘‘extrinsic’’ pathway of thrombin
generation, which is essential for normal hemostasis.
Congenital FVII deficiency is rarely encountered in
humans, and while it most often presents with muco-
cutaneous bleeding and menorrhagia, the bleeding
phenotype correlates poorly with measured FVII
activity; thus a ‘‘safe’’ FVII threshold below which
bleeding risk becomes clinically significant remains
poorly defined.24 While a role for TF–FVII has been
shown for the initiation of coagulation and thrombus
formation under shear in vitro and in vivo, it remains
unclear whether FVII plays a role in propagating
thrombus formation.11

In vitro, exogenous thromboplastin reagents are
used to activate FVII and the extrinsic pathway to
ultimately generate a fibrin clot, forming the basis of
the prothrombin time (PT) assay. In our in vivo
baboon model of arterial-type thrombosis, thrombus
formation can likewise be initiated by coating the
surface of a large (4 mm i.d.) vascular graft with
lipidated TF (Dade Innovin�) or collagen to incite
platelet deposition and fibrin formation.12 Con-
versely, FVII or TF genetic knockout in animals
results in an often lethal bleeding diathesis, high-
lighting the crucial role of these factors in
hemostasis.3,5,23,25 Curiously, many scenarios exist in
which the PT or factor VII activity levels correlate
poorly with bleeding and thrombotic outcomes,10,19

and pathologic thrombosis can still be encountered
in FVII-deficient humans.17,18 We, therefore, sought
to determine whether FVII plays a role in thrombus
propagation including pathologic venous throm-
boembolism (VTE) in our experimental thrombus
propagation model in baboons.

This study was designed to determine whether
lowering FVII levels exhibit antithrombotic effects
prior to antihemostatic effects. We designed, created,
optimized and used an antisense oligonucleotide
(ASO) targeted to FVII to reduce FVII levels in vivo to
below 5% of normal. Our results show that lowering
FVII levels impaired hemostasis while only reducing
platelet deposition in the tail of thrombi formed on
TF, and having no effect on platelet deposition or
fibrin formation on any part of collagen-coated grafts.
These results would suggest that pharmacological
reduction of FVII levels exhibits antihemostatic effects
prior to antithrombotic effects, and that circulating
FVII as low as 5% does not prevent thrombosis with
either TF or collagen.

MATERIALS AND METHODS

FVII Antisense Oligonucleotides

Single-stranded ASOs were designed to specifically
target the mRNA transcript of baboon FVII. All
oligonucleotides were 16 nucleotides in length, 3-10-3
cEt gapmers modified with a phosphorothioate back-
bone.30 The sequence of the FVII oligonucleotide
(GCTAAACAACCGCCTT) is a perfect match for
four species including baboon, cynomolgus monkey,
rhesus monkey, and human and prevents transcription
of the mRNA to cDNA resulting in a complete shut-
down of FVII synthesis. Oligonucleotides were syn-
thesized using a Perkin Elmer-Applied Biosystems
380B automated DNA synthesizer and purified as
previously described.1 All ASOs were synthesized at
Ionis Pharmaceuticals (Carlsbad, CA) and were for-
mulated in sterile pyrogen-free phosphate-buffered
saline (PBS, pH 7–7.4).

Animals

All studies were approved by the Institutional Ani-
mal Care and Use Committee (IACUC) of Oregon
Health & Science University. Animals were housed in a
controlled environment at the Oregon National Pri-
mate Research Center (ONPRC). Twenty nonterminal
thrombosis experiments were performed using three
male baboons (Papio Anubis, 12–13 kg). Experiments
were conducted on awake, slightly sedated animals to
manage anxiety using low dose (< 2 mg/kg/h) keta-
mine. Animals were restrained in a chair for the
duration of the thrombosis experiment. Each animal
had a chronic exteriorized femoral arteriovenous
shunt, as described below. All animals were followed
up for > 80–110 days to monitor the clearance of
ASO via serial measurements of FVII antigen/activity
and PT. Hemostasis safety assessment (n = 62) was
performed in six animals.

Antisense Oligonucleotide, Low-Molecular-Weight
Heparin (LMWH) and Vehicle Treatment

To establish baseline values, each of the three
shunted animals had a thrombosis experiment per-
formed twice. Subsequently, each of the three shunted
animals received a single intravenous injection of
LMWH (enoxaparin, 1 mg/kg); two separate throm-
bosis experiments were performed in each baboon at
15 min and 120 min following administration of
LMWH. Finally, after sufficient time to allow for
LMWH clearance, these same animals were adminis-
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tered repeated subcutaneous doses of 50 mg/kg FVII-
ASO up to four times per week. The maximum dosing
period was 13 days, for a maximum of 7–8 doses and a
cumulative dose of 350–400 mg/kg FVII–ASO.

Baboon Shunt Model of Thrombus Formation

A 2.0 cm-long vascular graft segment made of
expanded polytetrafluoroethylene (ePTFE, 4.0 mm
i.d.; WL Gore & Associates, Flagstaff, AZ) was
coated with a solution of either equine type I colla-
gen (1 mg/mL; Chronolog Corporation, Allentown,
PA) or TF (Dade� Innovin�; Siemens Healthcare
Diagnostics, Germany) as previously described.6,12,28

The collagen- or TF-coated grafts were then inter-
posed between segments of silicon rubber tubing
extending the surgically-placed chronic arteriovenous
(AV) shunt of the baboon. Collagen- and TF-coated
grafts were placed in the externalized shunt with
blood allowed to flow through the graft and shunt in
each thrombosis experiment. The flow rate through
the graft was restricted to 100 mL/min (Transonics
Systems flowmeter, Ithaca, NY) by clamping the
distal shunt segment, thereby producing an initial
mean wall shear rate of 265 s�1. Blood was allowed
to flow continuously through the grafts for 60 min,
during which time thrombus formation was quanti-
fied via gamma camera imaging of accumulated
autologous 111Indium-labeled platelets. In addition,
platelet accumulation was measured within a 10 cm-
long ‘‘tail’’ segment of the arteriovenous shunt
immediately distal to the interposed thrombogenic
graft. After 60 min, the shunt segment was closed,
the graft segment removed, rinsed with saline and
stored for subsequent measurement of terminal
125Iodine-labeled fibrin accumulation. 111In-labeling
of platelets and 125I-labeling of fibrin has been de-
scribed previously.4,16

Blood Sample Collection

Prior to the start of experimental thrombosis
studies, a blood sample was collected from the
midstream of the shunt loop into a syringe prefilled
with 3.2% sodium citrate, at a ratio of 9:1
blood:citrate. For follow-up samples, blood was
collected by venous puncture of either the celiac or
saphenous vein of the animal. All samples were
immediately processed to platelet-poor plasma
(3 min, 10,0009g) and used to determine the pro-
thrombin time (PT) to assess animal eligibility for
the thrombosis experiments. The remainder of each
plasma sample was stored at – 80�C for later anal-
ysis of FVII protein levels and activity.

Coagulation PT Test

Prothrombin times (PT) were measured using a KC-
4 coagulation analyzer (TCoag Ltd, Ireland). Initiation
of PT assay was performed by adding Dade� Innovin�

(Siemens Healthcare Diagnostics, Germany) according
to the manufacturer’s protocol.

FVII Antigen Levels and FVII Activity

Factor VII antigen levels were determined using
ELISA (FVII Elisa kit, Aniara, West Chester, OH).
Plasma samples were diluted to either 1:10 or 1:20 (v/v)
and incubated for 15 min in microwells that had been
coated with an anti-FVII rabbit-polyclonal antibody.
Plates were then incubated with an anti-(h)-FVII
immunoconjugate for 1 h. Wells were washed five
times, and the horseradish peroxidase (HRP) substrate
was added (5 min). The reaction was stopped using
0.45 M sulfuric acid stop solution, and absorbance was
measured at 450 nm. Factor VII activity was measured
using a chromogenic assay (Biophen FVII kit, Aniara,
West Chester, OH) according to the manufacturer’s
protocol.

Hemostasis Assessment

Hemostasis was assessed using the standard tem-
plate skin bleeding test (Surgicutt�, International
Technidyne, Piscataway, NJ).13,15 In brief, a 40 mm
Hg pressure cuff was applied to the upper arm of the
animal, and a 5 mm long and 1 mm deep incision using
the adult, Food and Drug Administration-approved
Surgicutt device was made on the shaved volar surface
of the animal’s forearm. Bleeding time (BT) was
determined by collecting blood drops every 30 s onto a
Whatman paper until the bleeding stopped. Bleeding
volume was determined by dissolving the dried blood
in Drabkin’s reagent (Sigma) and absorption was
measured at 540 nm and compared to a standard curve
of the animal’s blood taken on the same day.

Statistics

Hemostasis measurements were analyzed using
Welch’s t test (Prism, GraphPad Software, Inc., La
Jolla, CA) due to the unequal variances in the bleeding
test groups. Real-time platelet deposition was analyzed
using two-way ANOVA with Holm-Sidak posthoc
analysis, which was chosen as this can be used for both
pairwise comparisons and comparisons versus a con-
trol group; real-time platelet deposition rate was ana-
lyzed using one-way ANOVA (Sigma Stat, Systat
Software, Inc., San Jose, CA). Data are reported as
mean ± SEM.
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RESULTS

Effect of FVII–ASO on FVII Antigen Levels, Activity
and Prothrombin Time

We generated antisense oligonucleotides based on
baboon FVII mRNA. Baboons were subcutaneously
administered the FVII ASO (50 mg/kg, 4 9/week) for
a period of 12–13 days. Blood samples were collected
prior to and serially during ASO treatment to assess
FVII antigen, activity and PT. Baboons were subcu-
taneously administered the FVII ASO for a period of
12–13 days. As shown in Fig. 1, by day 13, plasma
FVII antigen levels decreased to approximately 5% of
baseline (93.0–96.6% decrease); without additional
doses of FVII–ASO, FVII antigen remained less than
10% of baseline at least until day 50 and did not return
to baseline levels by study day 105. A concomitant
decrease in FVII activity was observed by day 13 of
FVII–ASO dosing, with a correlation value of
R2 = 0.97 between FVII antigen and FVII activity
(data not shown). Conversely, a twofold increase in PT
was observed by day 13, with the peak PT occurring at
day 28 at 2.7-fold over baseline. The PT also remained
elevated compared to baseline (1.2-fold) at day 105.

Effect of FVII ASO on Platelet Deposition and Fibrin
Formation

We next studied the effects of reducing FVII levels
on the kinetics of platelet deposition and on fibrin
formation on collagen- or TF-coated grafts placed in
the AV shunt. Negative (no treatment) and positive
(enoxaparin 1 mg/kg) control experiments (n = 6 for
both) were performed in each animal prior to starting

the FVII–ASO treatment regimen. Thrombosis exper-
iments with collagen- and TF-coated grafts in FVII-
depleted animals (n = 8) were performed 13–15 days
post treatment initiation, which corresponds to the
point at which the PT was increased to 20.2 ± 1.1 s
(2.2 ± 0.1-fold over baseline) and FVII levels were
reduced by > 93% compared to baseline. Thrombus
formation in the grafts was monitored for 60 min using
gamma camera imaging of radiolabeled platelets
within the 2 cm graft and in the 10 cm ‘‘tail’’ segment
distal to the graft. Endpoint measurement of radiola-
beled fibrinogen was used to assess fibrin levels. All
devices initiated thrombus formation in both untreated
and treated animals.

Our results show that both TF- and collagen-coated
grafts initiated platelet deposition within 10 min
exposure to blood flow regardless of the treatment
group (Table 1 and Fig. 2). The rate of platelet depo-
sition in either TF- or collagen-coated devices contin-
ued to increase during the acceleration phase (10–
20 min), then exhibited linear growth (20–40 min).
Platelet deposition continued throughout the 60 min of
observation on TF-coated grafts, while a trend toward
a plateau in average platelet deposition rate was
observed on collagen-coated grafts. Total platelet
accumulation in the graft and tail was observed for
TF-coated grafts as compared to collagen-coated
grafts, suggesting a mechanistic or biophysical differ-
ence in thrombus formation based on whether the clot
was initiated by TF or collagen, and that the plateau
on collagen-coated grafts was not a spatial limitation.

FVII–ASO treatment caused a slight yet statistically
significant reduction in platelet deposition by minute
60 on TF-coated grafts themselves; in the 10 cm tail
segment of the TF graft, FVII depletion led to a
modest 25% reduction in total platelet deposition that
was observed by 45 min. In contrast, reduction of
FVII levels with FVII–ASO had no effect on the initial
or final rate of platelet deposition on collagen-coated
grafts or in the 10 cm tail segments as compared to
control animals. As expected, pretreatment of animals
with the low molecular weight heparin enoxaparin
resulted in a substantial reduction in platelet deposi-
tion in both collagen- and TF-coated grafts, with a
greater than 50% reduction in platelet deposition in
the tail segments observed for enoxaparin as compared
to controls.

We next analyzed the degree of fibrin deposition
within the graft and tail segments produced by either
TF- or collagen-coated grafts. As shown in Fig. 3, we
did not detect a reduction from baseline resulting from
FVII to ASO treatments on either collagen- or TF-
coated grafts.
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FIGURE 1. FVII antigen levels (black triangles, fraction of
baseline) and prothrombin times (PT; fold-increase) over time.
Each animal received up to 8 doses of FVII–ASO (50 mg/
kg/dose) over a 2-week period (as indicated by the grey
shaded box). Dosing of FVII–ASO was stopped once PT
reached two-fold prolongation compared to baseline.
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Effect of FVII–ASO on Hemostasis

Lastly, we assessed the effect of reducing FVII levels
on hemostasis and the FVII antigen level for each BT
was quantified. Our results show that increased
bleeding times, rates, and volumes above baseline were
observed when the FVII antigen levels were reduced
below 20% of normal (Fig. 4). Of note, based on the
trend observed in pilot BT experiments, we did not
reduce FVII levels to or below 2% as a precaution
against causing lethal bleeding in the baboons. No
differences in BT were observed in animals when FVII
levels were above 20% of baseline.

DISCUSSION

We created and used an ASO platform to reduce
FVII antigen levels in a non-human primate AV shunt
thrombosis model in order to study the role of FVII in
maintaining hemostasis and promoting and propagat-
ing thrombosis. We found that FVII depletion via
ASO mildly reduced TF-mediated thrombosis and
distal thrombus propagation while having no effect on
collagen-mediated thrombosis nor distal thrombus
propagation.

One-third of patients with FVII deficiency are
asymptomatic and are only incidentally identified via a
prolonged PT; bleeding risk is typically a concern only
in individuals with FVII activity < 20% and a posi-
tive clinical history of abnormal bleeding.8,21 In our
study, we similarly saw no increased incidence of
abnormal bleeding when FVII activity was > 20%.
Mild mucocutaneous bleeding is most common,
though a minority of patients can experience soft tis-
sue, gastrointestinal, uterine and central nervous sys-
tem bleeding. Surgical bleeding is a common concern,
though here too, the risk seems to correlate best with
the nature of previous bleeding episodes rather than
FVII activity levels.2,8

Interestingly, as many as 3–4% of cases of con-
genital FVII deficiency reported in the literature have
also developed either arterial or venous thrombosis,
even in the setting of FVII activity levels < 2%. While
transient provoking risk factors have been identified in
the majority of these cases, several were reportedly
unprovoked.17,18 Our model of collagen- or tissue
factor-initiated thrombus formation supports this
concept, as even at the most profound degrees of FVII
depletion, thrombus formation and propagation were
either unaffected (collagen) or only mildly reduced
(TF). We have previously shown that administration
of a competitive FVIIa inhibitor (active site-inhibited
FVIIa [FVIIai]) had no significant effect on the extent
of thrombus formation in prosthetic vascular grafts
despite increasing PT and BT in a primate model of
arterial-type thrombosis.14 The current study examines
FVII inhibition by decreasing the level of FVII antigen
itself, allowing corroboration of our previous findings
using a similar large vessel arterial-type thrombosis
model.

The competing results of increased bleeding with
retained potential for thrombosis despite lowered FVII
levels seen both clinically and in our study require
reconciliation. We propose several possible explana-
tions. First, even at near-complete FVII reduction via
ASO, the residual ~ 5% FVII antigen level may be
sufficient to initiate thrombosis when exposed to suf-
ficiently thrombogenic stimuli such as TF. Second, the
intrinsic, or contact pathway of coagulation may play
a relatively greater role in thrombus propagation in
our model. We previously demonstrated in a baboon
shunt thrombosis model similar to the currently de-
scribed study that antibody-mediated FXI reduction
almost completely abrogated platelet accumulation in
a TF-coated graft, in contrast to the far milder
reduction in platelet accumulation achieved with
FVII–ASO in the current study.12 The relative
importance of the contact pathway in thrombus
propagation may also explain why the collagen-coated
vascular graft triggered such robust platelet accumu-
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TABLE 1. Platelet deposition rate on collagen-coated and TF-coated grafts for the following times: 0–10 min, 10–20 min,
20–40 min, and 40–60 min.

Graft surface Time Control (106 platelets/5 min) Enoxaparin (106 platelets/5 min) FVII-depleted (106 platelets/5 min)

Collagen 0–10 min 153 ± 39 139 ± 38 145 ± 33

10–20 min 595 ± 41 485 ± 31 535 ± 34

20–40 min 763 ± 52 451 ± 48*** 772 ± 48###

40–60 min 144 ± 52 � 55 ± 34** 234 ± 49###

Tissue factor 0–10 min 168 ± 44 123 ± 32 126 ± 31

10–20 min 653 ± 73 446 ± 44* 546 ± 44

20–40 min 1188 ± 59 684 ± 51*** 923 ± 56**##

40–60 min 589 ± 77 136 ± 40*** 511 ± 85##

*p < 0.05, **p < 0.01, ***p < 0.001 vs. control; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. enoxaparin.
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lation despite FVII–ASO treatment, as collagen is a
known stimulus for both FXII auto-activation and
platelet adhesion via von Willebrand factor.22 Even
within TF-coated vascular grafts, the contact pathway
could contribute to residual platelet accumulation de-
spite FVII–ASO treatment, as the trace concentrations
of pre-formed, circulating FVIIa or FVIIa/TF com-
plexes could generate thrombin and amplify contact
pathway activation via a positive feedback loop con-
sisting of FVIII, FIX, and FXI.26,27 Independent pla-
telet activation and short- polyphosphate release could
also amplify FXII activation.29 In contrast, the FXa
inhibitor enoxaparin stymied platelet accumulation to
a greater degree than FVII–ASO in both TF- and
collagen-coated vascular grafts, reflecting the impor-
tance of FXa in transmitting the procoagulant signals
initiated by both the extrinsic and contact pathways.

Third, while our AV shunt model mimics arterial-
type thrombosis, it must be acknowledged that this is
an imperfect simulation. Therefore, the conflicting in-
crease in BT and retained ability for graft thrombosis
in our model despite lowered FVII levels may simply
reflect differences between physiologic and artificial
vasculature. In humans with severe FVII deficiency,
bleeding may dominate, though a sufficiently pro-
thrombotic stimulus exposing TF, collagen or other
substances may still override this bleeding tendency
and lead to pathologic thrombosis, as is seen clinically.

Fourth, it has been suggested that microparticle TF
activity is inhibited until fusion with activated plate-
lets, providing an explanation for localization of cir-
culating TF-derived coagulation activity.7 TF-bearing
microparticles were not measured, therefore, we are
unable to conclude from our results whether circulat-
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FIGURE 2. Effect of FVII depletion on platelet deposition during thrombus formation on tissue factor or collagen. Grafts were
coated with either collagen [top row; (a, b)] or tissue factor [bottom row; (c, d)]. Platelet deposition was recorded within the graft
[left column; (a, c)] as well as the downstream thrombus tail segment [right column; (b, d)]. The three treatment groups included
control (circles, n = 6), enoxaparin (diamonds, n = 6), and FVII-depleted (ASO-treated) (triangles, n = 8). Graft experiments were
performed 13–15 days after initiation of FVII–ASO treatment, when PT was prolonged ‡ 2.0 times the baseline, corresponding to
93–97% reduction in FVII antigen levels compared to baseline. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control.
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ing, microparticle-associated TF plays a role specifi-
cally in thrombus propagation.7 The lack of an effect
of decreased FVII levels on thrombus formation on
collagen in our model suggests that circulating TF does
not play a major role in propagating thrombus for-
mation in this model.

We acknowledge several limitations to our study.
First, our model was applied to a limited number of
baboons, and thus not powered to define efficacy.
Second, as previously noted the thrombogenic grafts
bonded exclusively with collagen or TF utilized in our
model are simplified models of vascular injury; indeed,
many additional sub-endothelial substances are also
exposed to circulating blood in vivo at sites of vascular
injury or in diseased blood vessels. Third, the BT as-
say, while widely used in both pre-clinical and clinical
studies assessing hemostasis, is an imperfect surrogate
for hemostatic capacity, most clearly demonstrated by
the substantial variability in BT seen in humans with
FVIII and FIX deficiencies (hemophilia A and B).9

In conclusion, our study shows that depletion of
FVII via FVII–ASO treatment failed to reduce platelet
deposition or fibrin formation on collagen-coated
grafts; a reduction in platelet deposition was only
observed in the thrombus tail on TF-coated grafts. We

confirmed a requisite role of FVII in maintaining
hemostasis, as evidenced by PT prolongation and, at
very low FVII concentrations, increased bleeding.
Collectively, these observations render the notion of
pharmacologic inhibition of FVII activity for throm-
bosis prophylaxis untenable, though our findings do
suggest important mechanisms by which pathologic
thrombosis can continue to occur despite reduced
FVII. Future studies by our group and others could
further refine our thrombosis model to more closely
mimic vascular endothelium and sub-endothelial lay-
ers, separately assess platelet and fibrin accumulation
via a variety of exogenous antiplatelet agents, and
more clearly define the contribution of the contact
pathway activity.
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