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Abstract
Introduction—Vascular devices such as stents, hemodialyzers,
and membrane oxygenators can activate blood coagulation
and often require the use of systemic anticoagulants to
selectively prevent intravascular thrombotic/embolic events
or extracorporeal device failure. Coagulation factor (F)XII
of the contact activation system has been shown to play an
important role in initiating vascular device surface-initiated
thrombus formation. As FXII is dispensable for hemostasis,
targeting the contact activation system holds promise as a
significantly safer strategy than traditional antithrombotics
for preventing vascular device-associated thrombosis.
Objective—Generate and characterize anti-FXII monoclonal
antibodies that inhibit FXII activation or activity.
Methods—Monoclonal antibodies against FXII were gener-
ated in FXII-deficient mice and evaluated for their binding
and anticoagulant properties in purified and plasma systems,
in whole blood flow-based assays, and in an in vivo non-
human primate model of vascular device-initiated thrombus
formation.
Results—A FXII antibody screen identified over 400 candi-
dates, which were evaluated in binding studies and clotting
assays. One non-inhibitor and six inhibitor antibodies were
selected for characterization in functional assays. The most
potent inhibitory antibody, 1B2, was found to prolong
clotting times, inhibit fibrin generation on collagen under
shear, and inhibit platelet deposition and fibrin formation in
an extracorporeal membrane oxygenator deployed in a non-
human primate.
Conclusion—Selective contact activation inhibitors hold
potential as useful tools for research applications as well as

safe and effective inhibitors of vascular device-related
thrombosis.
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ABBREVIATIONS

ACT Activated clotting time
aPTT Activated partial thromboplastin time
BK Bradykinin
BT Bleeding time
CAS Contact activation system
CBC Complete blood count
cDNA Complementary DNA
CFT Clot formation time
CT Clotting time
ECMO Extracorporeal membrane oxygenation
ECOS Extracorporeal organ support
F Factor
HGFA Hepatocyte growth factor activator
HK High molecular weight kininogen
IgG Immunoglobulin G
IP Intraperitoneal
mAb Monoclonal antibody
MCF Maximum clot firmness
NATEM Non-activated thromboelastometry
NHP Non-human primate
PCR Polymerase chain reaction
PK Prekallikrein
polyP Polyphosphate
PPP Platelet-poor plasma
PT Prothrombin time
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TAT Thrombin-antithrombin
VAD Ventricular assist device

INTRODUCTION

Vascular devices, including ventricular assist devices
(VAD), stents, and extracorporeal membrane oxy-
genators (ECMO), are prone to surface-initiated
thrombus formation.20,30 While these devices provide
needed cardiovascular support to patients, their use
inevitably exposes blood to non-biological surfaces
and non-physiological shear stress, creating a highly
pro-coagulant environment.16 The current standard of
care to prevent thrombotic complications for some
vascular devices, including venous and arterial
thromboembolism, or occlusions within extracorporeal
vascular device circuits (extracorporeal organ support,
ECOS) sometimes mandates the administration of
anticoagulation. Currently available anticoagulants
(e.g., heparin, warfarin, direct coagulation factor (F) X
inhibitors) target enzymes in the extrinsic, intrinsic,
and common pathways of blood coagulation. While
these anticoagulants prevent vascular device-associ-
ated thrombosis, the extrinsic and common pathways
are critical for hemostasis, their inhibition universally
increase the risk of bleeding, including life-threatening
hemorrhage.30 Therefore, there is an urgent need to
develop new strategies for safer anticoagulation cap-
able of preventing vascular device-associated throm-
bosis. Our study was designed to develop and
characterize inhibitors of the contact activation system
(CAS), and in particular, FXII, which is activated by
foreign surfaces, including vascular devices, yet is not
required for normal hemostasis.16 Our efforts in
developing exclusively intrinsic pathway inhibitors,
including FXII, are consistent with the original con-
cept that an anticoagulation strategy targeting FXII or
activated FXII (FXIIa) could provide thrombopro-
tection without hemostasis impairment.3,14,17

FXII (Hageman factor) is an 80 kDa, 596 residue
long single-chain glycoprotein proenyzme that is pro-
duced and secreted by hepatocytes. It is encoded by a
12 kb gene comprised of 13 introns and 14 exons, lo-
cated at chromosome 5q33-qter. Upon activation, it is
cleaved into a 353 residue heavy chain joined to a 243
residue long light chain, which contains part of the
catalytic domain joined by a disulfide bond (a-FXIIa)
(Fig. 1a). There are seven structural domains: a fi-
bronectin domain type II, two epidermal growth factor
(EGF) domains, a fibronectin domain type I, a kringle
domain, a proline-rich region, and the protease (cat-
alytic) domain.29 The physiologic plasma concentra-

tion of FXII in humans is in the range of 30–40 lg/
mL.24 Phylogenetic studies have demonstrated that
FXII likely arose as a genetic duplication event; FXII
is conserved across a number of species, including
human, opossum, platypus, and frog, but is absent in
birds and many sea creatures.18 Humans and mice with
congenital deficiencies in FXII exhibit in vitro prolon-
gation of the activated partial thromboplastin time
(aPTT), yet lack an abnormal bleeding phenotype, in
stark contrast to other coagulation factor deficiencies
such as FVIII and FIX (hemophilia A and B, respec-
tively).21 Pharmacologic inhibition or genetic knock-
out of FXII has been shown to reduce thrombus
formation in both in vitro and in vivo experimental
models, again whilst leaving hemostasis intact.15,22

When blood contacts negatively charged surfaces,
including a number of biological molecules and artifi-
cial materials such as those that comprise vascular
devices, the zymogen FXII is cleaved after Arg353,
which generates the serine protease a-FXIIa.33 The fate
of a-FXIIa is several-fold: (1) a-FXIIa cleaves factor
XI (FXI) to form FXIa and ultimately produces
thrombin (factor IIa [FIIa]) to drive platelet activation
and fibrin formation; (2) a-FXIIa activates pre-
kallikrein (PK) to form a-kallikrein, which both con-
verts FXII to a-FXIIa in a reciprocal feedback
mechanism, and activates major components of com-
plement system C3 and C5, which subsequently acti-
vate both the classical and alternative complement
activation pathways;16 moreover, kallikrein cleaves the
cofactor high molecular weight kininogen (HK) to
release bradykinin (BK), a systemic vasoregulatory
and inflammatory mediator;20,30 (3) a-FXIIa is cleaved
after Arg334 to generate b-FXIIa, which is comprised
of the a-FXIIa catalytic domain and a 2 kDa heavy
chain remnant (Fig. 1b); and (4) b-FXIIa, while unable
to generate FXIa, is additionally able to activate PK to
form a-kallikrein.

Herein, we describe the generation and characteri-
zation of antibodies against FXII used to study FXII
activation pathways and the function of FXII in pro-
moting thrombus formation under shear flow. We also
validate that inhibiting FXII activity prevents platelet
deposition and fibrin formation in blood perfused
membrane oxygenators.

MATERIALS AND METHODS

Generation of Anti-FXII Monoclonal Antibodies

Antibodies against FXII were generated as previ-
ously described.29 In brief, three FXII-deficient Balb-C
mice were immunized with an intraperitoneal (IP)
injection of a 30 lg mixture of recombinant murine
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and human FXII in Freund’s complete adjuvant on
day 0, and 20 lg mixture in Freund’s incomplete
adjuvant on day 18. A 10 lg booster dose in saline was
administered on day 46. Spleens were harvested on day
49, and a standard polyethylene glycol-based protocol
was used to fuse lymphocytes with P3X63Ag8.653
myeloma cells. Production runs of 50–400 mL hy-
bridoma cultures were grown and antibodies were
purified using a protein A matrix.

Expression of Recombinant FXII and Antibody
Mapping

Complementary DNA (cDNA) from human FXII
was inserted into vector pJVCMV.18 Using polymerase
chain reaction (PCR), the sequence encoding individ-
ual domains from the FXII homolog hepatocyte
growth factor activator (HGFA) was amplified from
the human HGFA cDNA and used to replace the
corresponding sequence in the FXII cDNA (Fig. 1c).21

HEK293 fibroblasts (ATCC-CRL1573) were trans-
fected with pJVCMV/ FXII-HGFA constructs as
described.18 Anti-FXII monoclonal antibodies were
used as the primary antibody in Western blots to detect
FXII in human and mouse plasma, as well as purified
a- and b-FXII. Purified FXII antibodies were size-
fractionated on 10% polyacrylamide–sodium dodecyl
sulfate gels, and chemiluminescent Western blots were
prepared using 1D7, 5C12, 7G11, 9G3, 15D10, or goat

polyclonal-anti-human FXII immunoglobulin G (IgG)
for detection.

Western Blot of Plasma FXII

Platelet-poor plasma (PPP) was obtained as previ-
ously described from the following wide range of spe-
cies: giant anteater (Myrmecophaga tridactyla), cattle
(Bos taurus), horse (Equus ferus caballus), pig (Sus
scrofa domestica), rabbit (Oryctolagus cuniculus), rac-
coon (Procyon lotor), Amur tiger (Panthera tigris al-
taica), human (Homo sapiens), baboon (Papio anubis),
domestic cat (Felis silvestris catus), chicken (Gallus
gallus domesticus), domestic dog (Canis lupus famil-
iaris), African elephant, (Loxodonta africana), llama
(Lama glama), cynomolgus monkey (Macaca fascicu-
laris), rhesus macaque (Macaca mulatta), rat (Rattus
norvegicus domestica), African green monkey
(Chlorocebus aethiops), and marmoset (Callithrix jac-
chus).1 One lL PPP was size fractionated on SDS-
polyacrylamide gels under reducing or non-reducing
conditions, followed by Western blotting using the
different monoclonal antibodies.

Blood Sample Analysis

Activated Partial Thromboplastin Time (aPTT)
Nine parts venous blood was drawn by venipuncture
from healthy male and female adult volunteers into
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FIGURE 1. Human FXII. (a) Primary and secondary structure of FXII. (b) Schematic diagrams comparing the domain structures of
FXII, a- FXIIa, and b- FXIIa. (c) Chimera and deletion constructs. Dark gray shading indicates the HGFA domains introduced into
FXII to create FXII /HGFA chimeras.
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one part 3.2% sodium citrate in accordance with the
OHSU (Oregon Health & Science University) Institu-
tional Review Board (No. 1673). Informed consent
was received from all human blood donors. Platelet-
poor plasma was prepared by centrifugation of citrated
whole blood at 21509g for 10 min. Further centrifu-
gation of the plasma fractions at 21509g for 10 min
yielded platelet-poor plasma, which was pooled and
stored at – 80 �C until use.

aPTT measurements were made in duplicate using
SynthASil (Instrumentation Laboratory, Bedford,
MA, USA) and a KC4 Analyzer (TCoag, Ltd, Wick-
low, Ireland). Activated clotting time (ACT) of blood
was determined in duplicates using LupoTek KCT (r2-
Diagnostics, South Bend, IN, USA). Prothrombin
time (PT) assay was conducted with Dade� Innovin�
(Siemens Healthcare Diagnostics, Flanders, NJ, USA)
according to the manufacturer’s protocol. PT of plas-
ma samples was quantified using a KC4 Analyzer.
Plasma thrombin-antithrombin complex (TAT) were
measured with ELISA kits from Siemens (Flanders,
NJ, USA) as previously described.

In separate studies, citrated platelet-poor plasma
was obtained from the following species: human
(Homo sapiens), baboon (Papio anubis), cynomolgus
monkey (Macaca fascicularis), rhesus macaque
(Macaca mulatta), mouse (Mus musculus), rat (Rattus
norvegicus), and rabbit (Oryctolagus cuniculus) and
serially diluted into FXII-depleted human plasma
(Affinity Biologicals). These dilutions were incubated
with 20 lg/mL anti-FXII monoclonal antibody and
aPTT was measured using a KC-4 coagulometer
(Tcoag, Ltd, Ireland; SynthasIL Reagent, Instrumen-
tation Laboratory) as described above.

Non-activated thromboelastometry analysis (NA-
TEM) NATEM was measured immediately after ve-
nous blood collection (within 5–10 min). Human
blood was taken into syringes containing 3.2% (w/v)
sodium citrate (one-tenth of blood volume) and FXII
antibodies (40 lg/mL, final concentration) were added
prior to recalcification (300 lL blood re-calcified with
20 lL 200 mM CaCl2) for use in the NATEM assay
following standard protocols.

FXII Activation and FXIIa Inhibition

FXII activation and FXIIa inhibition were mea-
sured as previously described.19 In brief, to measure
activation of FXII, human FXII (40 nM; Haemato-
logic Technologies, Inc., Essex Junction, VT) was
incubated with an anti-FXII monoclonal antibody
(mAb) (0–80 nM) for 10 min at room temperature,
followed by dextran sulfate (1 lg/mL) for 20 min at 37
�C. Spectrozyme FXIIa (0.5 mM; Sekisui Diagnostics
GmbH, Germany) was then added to measure

hydrolysis by activated FXII (FXIIa). To assess the
effect on FXII activation by polyphosphates, FXII
(100 nM) was co-incubated with an anti-FXII mAb (0–
200 nM) for 10 min at room temperature. The mixture
was diluted 50/50 with HK (12.5 nM, Enzyme Re-
search Laboratories, South Bend, IN), PK (12.5 nM,
Enzyme Research Laboratories, South Bend, IN), and
polyphosphates [long (> 1000 phosphate units) or
short (~ 70–100 phosphate units)].27 The antibody
solution (10 lM, final concentration) was incubated
for 60 min at 37 �C. Polybrene (120 lg/mL, Sigma-
Aldrich, Saint Louis, MO) and soybean trypsin in-
hibitor (1 mg/mL, Sigma, Sigma-Aldrich, Saint Louis,
MO) were added to the antibody solution and the
amidolytic activity was quantified. To test FXIIa
inhibition, Spectrozyme FXIIa was added to mixtures
of FXIIa (20 nM) and anti-FXII mAb (0–40 nM). The
samples were read at 405 nm.

Flow Chamber Analysis

Glass capillary tubes (0.2 9 2 9 50 mm; VitroCom,
Mountain Lakes, NJ, USA) were coated with 100 lg/
mL of fibrillar type I collagen (Chrono-Log Corp,
Havertown, PA, USA) for 1 h at room temperature
(RT), then washed with PBS and blocked with 5 mg/
mL denatured bovine serum albuminutes for 1 h at
RT. The capillary tubes were connected to a blood
reservoir and a syringe pump. Human venous blood
was collected by venipuncture into syringes containing
3.8% (w/v) sodium citrate (one-tenth of blood vol-
ume). Blood was incubated with 100 lg/mL 1B2, 1D7,
or 5A12 for 10 min at RT. Re-calcification buffer (1:9,
buffer:blood; 75 mmol/L CaCl2 and 37.5 mmol/L
MgCl2) was added to allow for coagulation prior to
perfusion at venous shear rate of 300 s�1 for 10 min at
37 �C. Capillaries were washed with PBS, fixed with
4% paraformaldehyde and sealed with Fluoromount-
G Mounting Medium (ThermoFisher Scientific). Pla-
telet aggregates and fibrin formation in the capillaries
were imaged for analysis using a 639 Zeiss Axio Im-
ager M2 microscope (Carl Zeiss MicroImaging
GmbH, Germany) as previously described.36

Anticoagulation of Baboons

All animal experiments were approved by the
Institutional Animal Care and Use Committee of
Oregon Health & Science University. To establish the
time course of coagulation parameters, one anti-FXII
antibody that binds the FXII catalytic domain (1B2),
and one that bind the FXII heavy chain (1D7) were
selected. 1B2 (n = 2) or 1D7 (n = 1) were adminis-
tered to baboons (Papio anubis) in subsequent i.v.
doses of 1 mg/kg every 40 min over a 4-h period,
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totaling six doses. A baseline measurement was made
prior to drug administration at time = 0. Blood
samples were collected for up to three weeks post
administration and aPTT, ACT, PT, TAT levels were
measured. Complete blood count (CBC) was also
measured to determine platelet count, hematocrit
concentration, white blood cell count, and red blood
cell count.

Baboon Model of Thrombogenesis in Extracorporeal
Membrane Oxygenators

All animal experiments were approved by the
Institutional Animal Care and Use Committee of
Oregon Health & Science University. Two juvenile
baboons (Papio anubis) were repeatedly employed for
the perfusion experiments. Baboons were implanted
with exteriorized femoral arteriovenous shunts as
described previously.4,8,9 In brief, 111In-labeled
autologous platelets and 125I-labeled homologous
fibrinogen were used for measurement of thrombus
formation in the saline-primed oxygenator cartridge
that was interposed in the exteriorized shunt loop
(Terumo-CAPIOX� RX05, coated hollow fiber de-
sign, Terumo Cardiovascular Group, Ann Arbor,
MI). Animals were administered 1B2 intravenously at
a 5 mg/kg initial dose with 2 mg/kg daily maintenance

dose. The vehicle control experiments were performed
in week one, prior to antibody treatment in week two.
Platelet radioactivity within the oxygenator was
recorded in real-time using gamma camera imaging
(GE-Brivo NM 615 interfaced with Xeleris 3.1 soft-
ware, GE Healthcare, Chicago, IL). Platelet deposi-
tion was calculated as previously described.8,9,11,31

For quantification of 125I-fibrin content at the 60 min
endpoint, the cartridge was removed, rinsed, dried,
and stored refrigerated until processing. In brief, the
oxygenators were filled with digest buffer (10 mM
Tris-H3PO4 pH 7.0, 35 mM SDS) for three days. The
radioactivity of the digest solution was measured
using a gamma counter (Wizard-3, PerkinElmer,
Shelton, CT), and the amount of trapped fibrin/fib-
rinogen was calculated as previously described.9,11

Bleeding times were evaluated twice during each
administration of 1B2 using the adult Surgicutt�
device (International Technidyne, Piscataway, NJ), as
described previously. Template bleeding time (BT)
was recorded twice during each experiment and
averaged.10,12 Briefly, a pressure cuff at 40 mm Hg
was applied to the upper arm, and a 5 mm long 9 1
mm deep incision was made on the volar surface of
the lower arm. Blood drops were collected on a
Whatman� filter paper every 30 s until the bleeding
stopped.
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FIGURE 2. (a) Western blots of FXII unreduced and reduced human recombinant FXII (R), human plasma FXII (P), and mouse
recombinant FXII (M)-fractionated by sodium dodecyl sulfate-PAGE. (b) Western blots of human a- and b- FXII. (c) Western blots of
FXII and FXII/HGFA chimeras.
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RESULTS

Generation and Characterization of Monoclonal FXII
Antibodies

FXII antibodies were generated by immunization of
FXII knock-out mice with a mixture of human and
mouse FXII zymogen. A total of 463 monoclonal
antibodies were identified in an ELISA screen as bin-
ders of murine and/or human FXII. Using an aPTT
clotting assay, we screened the cell culture super-
natants using platelet-poor plasma serially diluted into
FXII-deficient plasma (1:128 dilution), which gave a
baseline aPTT of ~ 50–70 s. Of these, 78 clones were
shown to prolong aPTT of human platelet-poor plas-
ma (> twofold increase in clotting times over base-
line); these antibodies were then tested for cross-
reactivity with mouse FXII in plasma. We identified
two antibodies that robustly prolonged aPTT of
human plasma only (1B2 and 5C12) and four that
prolonged the aPTT of both human and mouse plasma
(1D7, 7G11, 15D10, and 9G3). Additionally, 5A12,
despite binding FXII, did not prolong the aPTT of
human platelet-poor plasma.

The binding epitopes for these antibodies on human
and mouse FXII were determined by Western blot. We
used plasma-derived a- and b-FXIIa to identify the
binding region. Our data showed that only two
human-specific antibodies, 1B2 and 5C12, recognized
b-FXIIa, which only contains the catalytic domain of
a-FXII; neither bound to murine FXII. The antibodies
1D7, 7G11, 9G3, 15D10, and 5A12 recognized both
human and mouse FXII and did not bind b-FXIIa,
which suggests that they bind to the heavy chain of
FXII (Figs. 2a and 2b).

We next used FXII/HGFA chimeras to identify the
FXII regions containing the binding sites for the anti-
FXII antibodies. As the F12 gene arose from a dupli-
cation of the HGFA gene, FXII and HGFA have
similar domain structures with the exception that FXII
has a proline-rich region not found in HGFA. We
prepared FXII with individual domains replaced by
corresponding HGFA domains as previously described
(Fig. 1c).17 The antibody 1D7 was the only antibody
which recognized both the reduced and non-reduced
forms of human FXII (Fig. 2a); 1D7 was found to
recognize the second epidermal growth factor (EGF2)
domain, as evidenced by the reduction in detection
when this domain was swapped out for the H4 domain
of HGFA. Similarly, 5A12 detected the second EGF2
domain of FXII. Deletion or exchange of the fi-
bronectin type 2 (F2), as well as the first and second
EGF domains (EGF1, EGF2) of FXII regions with the
HGFA homologous region reduced the detection of
these FXII chimeras by the antibodies 7G11, 9G3, and
15D10 by Western blot (Fig. 2c).

Cross-Reactivity of Monoclonal FXII Antibodies

As antibodies were raised in FXII-deficient mice, it
is possible that some of them recognize epitopes on
FXII that are conserved between species. We evaluated
the species cross-reactivity of the anti-FXII antibodies
with FXII derived from a range of vertebrate animals
(Fig. 3a). The most universal antibodies in our set were
7G11 and 15D10, which recognized FXII from giant
anteater, cattle, horse, pig, raccoon, tiger, baboon,
dog, elephant, and llama. A slight band was detected
by 7G11 and 15D10 for rabbit FXII. Despite 9G3
binding to the same three domains as 7G11 and
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FIGURE 3. Western Blots of FXII from mammalian plasmas. Western blots of non-reducing 7.5% polyacrylamide gels of FXII for a
variety of animal species (a) and commonly used preclinical research animal models (b).
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15D10, 9G3 was only found to detect FXII in plasma
from raccoon, tiger, dog, elephant, and llama. 9G3
detected FXII from human but not baboon plasma.
The antibody 1D7 detected FXII in the plasma from
cattle, horse, rabbit, raccoon, tiger, baboon, dog, ele-
phant, llama, and uniquely, cat FXII. The antibody
5A12 detected FXII in plasma from cattle, pig, rabbit,
tiger, baboon, elephant, and llama. The antibodies 1B2
and 5C12 were shown to detect FXII in plasma from
giant anteater and baboon. All of the antibodies were
shown to detect both the positive control (human
FXII), with FXII-depleted plasma serving as a nega-
tive control (Fig. 3a). These studies confirm that
immunizing mice with a protein in which they are
deficient can generate antibodies that cross-react with
presumed conserved epitopes across species.

We extended our study to characterize the binding
of a subset of anti-FXII antibodies to plasmas from
animals commonly used in preclinical research
including NHPs. Our data showed that 1B2 and 5C12
detected FXII in plasma from African green monkeys
in addition to baboons and humans (Fig. 3b). Like-
wise, the antibodies 1D7 and 5A12 detected FXII in
plasma from baboons and humans as well as
cynomolgus monkey, rat, and marmoset; a slight band
was shown for both antibodies for detection of rhesus
macaque FXII. 5A12 detected FXII from African
green monkey, while 1D7 detected FXII in beagle
plasma (Fig. 3b).

Effect of Monoclonal FXII Antibodies on Clotting
Times of Plasma and Whole BLOOD

We measured the effect of each antibody on the
aPTT using pooled human platelet-poor plasmas
(PPP) that were serially diluted with human FXII-de-
pleted PPP. Our reference data, serially diluted normal
pooled human plasma with FXII-depleted plasma
alone, showed that aPTT remained near 30 s until the
level of FXII was reduced by > 95%, at which point
there was a sharp increase in aPTT that exceeded 250–
300 s as the amount of FXII remaining fell near or
below 1% of normal (Fig. 4a). This pattern was con-
served across the seven species tested (human, baboon,
mouse, rat, cynomolgus, rhesus macaque, and rabbit
(Figs. 4b–4h).

The diluted aPTT assay was employed to detect the
potential inhibitory effects of the FXII antibodies on
clotting. In human plasma, the aPTT began increasing
upon reduction of FXII to 10% or less, and plateaued
at approximately 260 s once FXII was reduced to
0.01%. Of note, the antibodies were used at a con-
centration of 20 lg/mL (125 nM), thus roughly four
times lower than the concentration of FXII in plasma
(~ 40 lg/mL, 500 nM). The anti-FXII mAbs 1B2 and

5C12 caused a leftwards shift in the curve for human
and baboon plasma clotting times indicative of an in-
hibitory effect (Figs. 4b–4c). Antibodies 1D7, 7G11
and 15D10 inhibited the aPTT in human, baboon,
cynomolgus, rhesus, mouse, rat, and rabbit plasmas
(Figs. 4b–4h), although it should be noted that the
degree of inhibition as reflected by the aPTT prolon-
gation in human and baboon plasmas was less than
observed for 1B2 and 5C12. An inhibitory effect was
also observed for 9G3 in human, baboon, cynomolgus,
rhesus, and mouse plasmas (Figs. 4b–4f). The FXII
antibody 5A12 did not affect clotting times in any of
the plasmas tested (Figs. 4b–4h).

We next employed non-activated thromboelastom-
etry analysis (NATEM) to measure the effect of the
panel of FXII antibodies on clotting time (CT), clot
formation time (CFT), the time to reach a clot strength
of 20 mm force, time to reach maximum clot firmness
(MCF-t), maximum clot firmness (MCF), and the time
from the start of clotting to maximum velocity (a-an-
gle). We first performed an aPTT assay using whole
human blood, wherein we confirmed that the FXII
antibodies 1B2, 5C12, 1D7, 7G11, 15D10, and 9G3
prolonged clotting times, with the greatest level of
inhibition observed for 1B2 and 5C12 (Fig. 5a). For
NATEM assay (for schematic, see Fig. 5b), we used an
antibody concentration of 40 lg/mL, thus roughly half
the equimolar concentration to antigen FXII levels in
whole blood.

The clotting time (CT), and the CT added to the clot
formation time (CT+CFT) measured via NATEM,
were prolonged for 1B2, 5C12, 1D7, 7G11, and
15D10, whereas 9G3 and 5A12 did not affect the CT
(Figs. 5c and 5e). No increases for CFT alone, MCF-t,
MCF or a-angle were observed for 1B2, 5C12, 1D7,
7G11, and 15D10 (Figs. 5d, 5f–5h). 5A12 did not af-
fect any of the parameters measured (Figs. 5c–5h).

Effect of Monoclonal FXII Antibodies on FXII
Activation and FXIIa Activity

We assessed the ability of the anti-FXII antibodies
to inhibit FXII activation or activity. Dextran sulfate
or long- or short-chain polyphosphates (polyP) were
added to purified FXII to induce FXII activation and
amidolytic activity toward a FXIIa-specific chro-
mogenic substrate. We found that FXII activation or
activity was inhibited by 1B2, 5C12, 1D7, 7G11, and
15D10 as measured by the amidolytic activity of FXIIa
(Figs. 6a–6c) regardless of whether FXII was activated
by long- or short-chain polyP or dextran sulfate. Dif-
fering degrees of efficacy were observed for the anti-
bodies with the greatest potency being reported for
1B2 and 5C12. 1D7 was observed to inhibit FXII
activation by short-chain polyP as compared to long-
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chain polyP or dextran sulfate, whereas 9G3 was
ineffective in blocking FXII activation by dextran
sulfate while exhibiting inhibitory effects against long-
or short-chain polyP-mediated activation of FXII
(Figs. 6a–6c). FXII activation was unaffected 5A12.
Lastly, we characterized the effect of the anti-FXII
antibodies on inhibiting FXIIa activity directly in a
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bFIGURE 4. Serially diluted normal pooled human plasma
with FXII-depleted plasma alone was used as reference data
(a). Platelet-poor plasma from (b) human, (c) baboon, (d)
cynomolgus, (e) rhesus, (f) mouse, (g) rat, or (h) rabbit was
serially diluted into FXII-deficient human plasma. These
dilutions were incubated with 20 lg/mL of FXII antibody
candidates. Clotting times were measured following addition
of an aPTT reagent. Changes in aPTT were plotted as a
function of FXII levels on a logarithmic scale.

FIGURE 5. Thrombus formation and growth was measured using non-activated thromboelastometry (NATEM). Human plasma
from healthy volunteers was inhibited with 40 lg/mL antibody. (a) FXII inhibition confirmed by aPTT; (b) thromboelastometry curve
explaining the parameters reported below; (c) clotting time; (d) clot formation time, (e) time to 20 mm clot firmness; (f) time
to maximum clot firmness; (g) maximum clot firmness; (h) time to maximum velocity. Data represents mean 6 SEM and were
analyzed using one-way ANOVA (GraphPad Software, San Diego, CA) with Dunnett’s posthoc analysis versus control. *p < 0.05, **p
< 0.01, ***p < 0.001.
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purified system. Only the antibodies that bound to the
catalytic domain of FXII, 1B2 and 5C12, were capable
of inhibiting the amidolytic activity of purified FXIIa
(Fig. 6d).

Effect of Monoclonal FXII Antibodies on an In Vitro
Model of Thrombus Formation Under Flow

Experiments were designed to examine the effect of
anti-FXII antibodies on fibrin generation and platelet
deposition in an in vitro model of thrombus formation
under flow. Sodium citrate-anticoagulated whole
human blood was recalcified prior to perfusion over
immobilized collagen for 10 min at a shear rate of 300
s�1 to produce fibrin- and platelet-rich clots (Fig. 7).
Consistent with a necessary role for FXII activation
and activity in this assay,34,36 the anti-FXII antibodies
1B2, 5C12, and 1D7 abrogated fibrin formation on
collagen under flow; only platelet aggregates were

observed in the presence of these antibodies. In con-
trast, the anti-FXII antibody, 5A12, did not affect the
extent of fibrin deposition or thrombus formation.

Effect of Monoclonal FXII Antibodies on an In Vivo
Model of Vascular DEVICE-Initiated Thrombus

Formation

We next selected two anti-FXII antibodies for
advancement for testing in a baboon NHP model. We
have already demonstrated the efficacy of antibody
5C12 in this model.33 Based on favorable binding and
inhibitory profiles in the in vitro assays, we chose one
antibody that binds the FXII catalytic domain (1B2),
and one that binds the FXII heavy chain (1D7). In a
preliminary dose range finding study, both 1B2 and
1D7 were administered to baboons in a stepwise
manner consisting of six doses of 1 mg/kg given 40 min
apart. Our results show that 1D7 caused a 1.5 fold
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FIGURE 6. Anti-FXII antibodies inhibit FXIIa activity. Increasing concentrations of anti-FXII antibodies were added to a solution of
purified FXII. FXII was activated by either long PolyP (a), short PolyP (b), or dextran sulfate (c). Amidolytic activity was quantified as
hydrolysis of the chromogenic substrate, Spectrozyme FXIIa. Activated FXII (FXIIa; 20 nM) was incubated with increasing
concentrations of anti-FXII antibodies for 5 min before addition of Spectrozyme FXIIa. The velocity of hydrolysis was measured for
20 minutes and Vmax was calculated for each reaction (d). Each data point was measured in duplicate. Data represent mean 6 SEM
from n = 2.
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increase in the plasma aPTT above baseline after the
sixth dose, while 1B2 caused a greater than threefold
increase in the plasma aPTT from baseline after the
second dose (Fig. 8a). Corresponding increases in
activated clotting time (ACT) were noted after 4 h
(Fig. 8b). Neither of the antibodies altered the PT,
circulating TAT levels, platelet count, hematocrit, or
WBC or RBC levels (Figs. 8d–8h). Based on the
favorable pharmacodynamic profile of 1B2 over 1D7,
1B2 was chosen for use in the baboon model of vas-
cular device-initiated thrombus formation.

A pediatric extracorporeal membrane oxygenator
was inserted into the loop of an exteriorized arteri-
ovenous shunt implanted in a baboon. We quantified
autologous radiolabeled platelet deposition in the
oxygenator in the absence of an anticoagulant, finding
that after 30 min over 1.5 billion platelets per minute
were being deposited in the oxygenator, resulting in the
retention of upwards of 80 billion platelets in the
oxygenator by 60 min (Figs. 9a and 9b). Robust fibrin
formation was observed in the oxygenator at the 60-
min time point under non-anticoagulant conditions
(Fig. 9c). Our data show that pretreatment of the ba-
boon with 1B2 resulted in a significant reduction in
both the rate (0.86 ± 0.03 billion platelets per minute)
and the extent of platelet deposition and fibrin for-
mation (Figs. 9a–9c). We did not detect any change in
template bleeding time following treatment with 1B2 as
compared to vehicle control (Fig. 9e).

DISCUSSION

In this study, a library of monoclonal antibodies
against FXII were generated in FXII-deficient mice.
One non-inhibitory and six inhibitory antibodies were
selected for further characterization. The relative
potencies of the inhibitors on FXII activation and
activity were determined using functional assays.
These antibodies exhibited cross-reactivity with FXII

from a variety of vertebrate animals as assessed by
Western blots of mammalian plasmas. We used aPTT
and NATEM assays to characterize the inhibitory
effects of the antibodies on initiation, strengthening,
and growth of clots. A series of activity assays,
including an in vitro flow chamber model, were em-
ployed to define the effect of the antibodies on FXII
activation and activity. Based on the results, two
antibodies that bind to the catalytic domains of FXII,
a-FXIIa and b-FXIIa, 1B2 and 5C12, were chosen to
assess the effects of FXII inhibition in a model of
vascular device-initiated thrombus formation using a
pediatric membrane oxygenator inserted into a high
flow arteriovenous shunt in a baboon. Results for
5C12 were reported previously.33 Here we discuss
results with antibody 1B2.

Vascular interventions that involve placement of
artificial devices such as intravenous access catheters,
stents, vascular grafts, valves, and ventricular assist
devices (VADs) may be complicated by thrombosis.
Prothrombotic effects of some vascular devices, which
can cause both device failure and thromboembolic
complications, include: (1) non-physiologic, shear-
stress induced platelet activation as shown by an in-
crease in soluble P-selectin and enhanced platelet
aggregation; (2) release of thrombotic platelet
microparticles; (3) excessive red blood cell hemolysis;
(4) complement activation; (5) inflammation; and (6)
exaggerated coagulation via contact-driven FXII acti-
vation and thrombin generation.6,28 Several of these
effects also paradoxically contribute to the non-trivial
bleeding diathesis occasionally encountered with some
types of vascular devices, most notably: consumptive
coagulopathy; platelet shedding of hemostatic surface
molecules including GPVI, GPIb, and CD63; and non-
physiologic shear-mediated loss of high molecular
weight von Willebrand factor multimers.13,35 As a re-
sult, both thrombosis and major bleeding rates
encountered in patients with VADs, ECMO, or CPB
are high. For instance, rates of oxygenator thrombosis,
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FIGURE 7. Effect of anti-FXII antibodies on fibrin and thrombus formation under shear. Re-calcified, citrated whole blood
pretreated with anti-FXII antibody (100 lg/mL, 10 min) was perfused through collagen-coated chambers at 300 s21. Representative
images from n = 3.
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arterial thrombosis, and major bleeding in ECMO
approach 16, 10, and 30%, respectively.6,28 Here we
found that inhibiting the contact activation system by
blocking FXIIa activity has an anti-platelet effect in a
model of vascular device-initiated thrombus forma-
tion. This suggests that when blood comes in contact
with foreign surfaces such as an ECMO circuit,
inhibiting the initial events that trigger activation of
the coagulation cascade that lead to thrombin gener-
ation may be an effective route for dampening delete-
rious platelet activation.

Vascular-device associated thrombosis or outright
device failure remain important complications of these
medical technologies, and systemic anticoagulation
during their use has traditionally been mandated. Al-
though numerous potent anticoagulant drugs that can
reduce the incidence of these complications if given at
effective doses are widely available, all of them have
dose-limiting hemorrhagic toxicities.7 This has inspired
researchers to develop vascular technologies with im-
proved biocompatible surfaces, alternative dosing

protocols for anticoagulants, and entirely new thera-
peutic agents aimed at blunting the pathologic pro-
cesses implicated in bleeding and thrombosis.6,28 FXII,
of the CAS, has emerged as a promising target due to
an abundance of pre-clinical and early clinical data
supporting the efficacy and safety of agents targeting
the protein. Murine and NHP models have demon-
strated that pharmacologic inhibition or genetic
knockout of FXII substantially reduces collagen- and
FeCl3-induced experimental venous and arterial
thrombosis, respectively.1,21 Perhaps more compelling
is the demonstration that inhibiting FXII activation or
activity is useful in reducing device failure in animal
models where membrane oxygenators were perfused
with blood to induce clot formation.16,33 Herein, we
validate this hypothesis by demonstrating that the anti-
FXII monoclonal antibody 1B2 inhibits platelet
deposition and fibrin formation in an extracorporeal
membrane oxygenator deployed in non-human pri-
mates. These studies, and our prior work with the anti-
FXII mAb 5C12, suggest that targeting the catalytic
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FIGURE 8. Time course of coagulation parameters after 1B2 or 1D7 administration in a non-human primate. Baboons were
administered i.v. doses of 1 mg/kg 1B2 or 1D7 every 40 min over a 4-h period. Blood samples were collected for up to three weeks
post administration. (a) aPTT, (b) ACT, (c) PT, and (d) TAT levels were measured. Complete blood count (CBC) was measured: (e)
platelet counts, (f) hematocrit, (g) white blood cell count, and (h) red blood cell count. The upper and lower limits of reference
values are indicated by dashed lines. aPTT, activated partial thromboplastin time; ACT activated clotting time, PT prothrombin
time, TAT thrombin-antithrombin complex.
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domain of FXII may be a useful approach for limiting
vascular-device associated thrombosis.

In addition to inciting thrombosis, vascular devices
including ECMO and hemodialysis circuits induce a
pro-inflammatory process similar in some aspects to
that observed in sepsis. Indeed, in patients with
extracorporeal devices or sepsis, excessive cytokine
release as part of the overwhelming inflammatory
response may result in organ damage and contribute to
morbidity. We observed that the CAS, and specifically
crosstalk between FXII and FXI, serves as a nexus
between thrombosis and inflammation in animal
models of severe infection and bacterial challenge.26,32

In these models, selective inhibition of FXII activation
significantly blunted the inflammatory response,
exemplified by nearly a sixfold reduction in interleukin
(IL)-6 levels. Since increased IL-6 levels are associated
with poorer survival in patients undergoing
ECMO,5,23,25 the CAS may prove an effective target to
reduce vascular device-associated inflammation, in
addition to its anticoagulant properties.

Translational approaches for reducing vascular
device-associated thrombosis by targeting and
inhibiting the CAS must take into account the effects

of anti-FXII antibodies on FXII activation and
activity in the absence of a surface. In the absence of
surface, some antibodies directed at the FXII heavy
chain accelerate the reciprocal activation of PK and
FXII in plasma. While this does not lead to clotting, it
could potentiate the release of bradykinin as a con-
sequence of kallikrein cleavage of HK. An example of
this effect was observed for the anti-FXII antibody,
15H8, which interferes with contact activation by
preventing FXII from binding to surfaces. Previously,
we demonstrated that 15H8 prevented thrombus
formation in vitro on collagen as well as in vivo in an
AV shunt thrombosis model.17 Yet, addition of 15H8
to human plasma was found to potentiate FXII-me-
diated activation of PK leading to the complete
cleavage of HK. In the absence of a surface, the FXII
heavy chain serves an important regulatory function
that prevents FXII from activating. 15H8 interferes
with that function, setting off brisk reciprocal acti-
vation with PK. 15H8 binds to the N-terminal fi-
bronectin type 2 domain of FXII, which has been
shown to be important in preventing FXII activation
in the absence of a surface.2 Thus, caution is advised
when developing therapies directed at the FXII heavy
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FIGURE 9. Effect of 1B2 on platelet deposition and fibrin formation in ECMO. (a) Real-time platelet deposition was monitored in
an ECMO device inserted in the extended loop of a chronic AV shunt. Study arms included vehicle control (n = 2) or 1B2 (5 mg/kg
initial day 1 2 mg/kg on the following days 30 min before perfusion, n = 4). (b) Average platelet deposition rate was calculated from
30 to 60 min. (c) Measurement of terminal fibrin content in the oxygenator and (d) correlation of fibrin and platelet content. (e) Two
Surgicutt� bleeding time measurements were performed during each experiment and each data point represents the average of
the two measurements. ECMO extracorporeal membrane oxygenator, AV arteriovenous, FXII factor XII.
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chain, as they may promote activities with a detri-
mental effect on patients.

In summary, we have generated a panel of anti-
FXII antibodies with varying affinity and specificity
for FXII; the functional effects of these antibodies were
screened and evaluated for their anticoagulant and
antithrombotic properties in in vitro, ex vivo, and
in vivomodels. Our data provide rationale for targeting
the contact activation system to reduce or prevent
vascular-device associated thrombosis in a variety of
clinical settings, including ECMO.
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