',\' frontiers

in Immunology

ORIGINAL RESEARCH
published: 25 September 2017
doi: 10.3389/fimmu.2017.01188

OPEN ACCESS

Edited by:
Amiram Ariel,
University of Haifa, Israel

Reviewed by:

Michal Amit Rahat,
Technion — Israel Institute of
Technology, Israel

Tal Burstyn-Cohen,
Hebrew University of
Jerusalem, Israel

*Correspondence:
Yi Wu
yiwu@temple.edu

TThese authors have contributed
equally to this work.

Specialty section:

This article was submitted to
Molecular Innate Immunity,
a section of the journal
Frontiers in Immunology

Received: 27 July 2017
Accepted: 07 September 2017
Published: 25 September 2017

Citation:

Yang A, Chen F, He C, Zhou J, Lu Y,
Dai J, Birge RB and Wu Y (2017) The
Procoagulant Activity of

Apoptotic Cells Is Mediated by
Interaction with Factor Xil.

Front. Immunol. 8:1188.

doi: 10.3389/fimmu.2017.01188

®

Check for
updates

The Procoagulant Activity of
Apoptotic Cells Is Mediated by
Interaction with Factor XIl

Aizhen Yang'’, Fengwu Chen'?, Chao He', Junsong Zhou'?, Yi Lu?, Jihong Dai?*,
Raymond B. Birge® and Yi Wu'2*

'Cyrus Tang Hematology Center, Collaborative Innovation Center of Hematology, Soochow University, Suzhou, China,
2The Sol Sherry Thrombosis Research Center, Temple University School of Medicine, Philadelphia, PA, United States,
SWuhan Thalys Mediical Technology Inc., Wuhan, China, “ Department of Pathology and Laboratory Medicine, Rutgers
University-New Jersey Medical School, Newark, NJ, United States, ° Department of Microbiology, Biochemistry and
Molecular Genetics, Rutgers University-New Jersey Medical School, Newark, NJ, United States

Apoptotic cells, by externalizing phosphatidylserine (PS) as a hallmark feature, are
procoagulant. However, the mechanism by which apoptotic cells activate coagulation
system remains unknown. Intrinsic coagulation pathway is initiated by coagulation fac-
tor XII (FXIl) of contact activation system. The purpose of this study was to determine
whether FXll is involved in procoagulant activity of apoptotic cells. Using western blotting
and chromogenic substrate assay, we found that incubation with apoptotic cells, but
not with viable cells, resulted in rapid cleavage and activation of FXII in the presence of
prekallikrein and high molecular weight kininogen (HK), other two components of contact
activation system. As detected by flow cytometry, FXIl bound to apoptotic cells in a
concentration-dependent manner, which was inhibited by annexin V and PS liposome.
Direct association of FXII with PS was confirmed in a surface plasmon resonance assay.
Clotting time of FXIl-deficient plasma induced by apoptotic cells was significantly pro-
longed, which was fully reversed by replenishment with FXII. Corn trypsin inhibitor, a FXII
inhibitor, completely prevented apoptotic cells-induced intrinsic tenase complex forma-
tion. Consistently, apoptotic cells significantly increased thrombin production in normal
plasma, which was not affected by an inhibitory anti-tissue factor antibody. However,
blocking of PS by annexin V, inhibition of FXII, or the deficiency of FXII suppressed apop-
totic cells-induced thrombin generation. Addition of purified FXII to FXII-deficient plasma
recovered thrombin generation to the normal plasma level. In conclusion, FXII binds to
apoptotic cells via PS and becomes activated, thereby constituting a novel mechanism
mediating the procoagulant activity of apoptotic cells.

Keywords: apoptotic cells, factor Xll, phosphatidylserine, coagulation, contact activation system

INTRODUCTION

Apoptosis, or programmed cell death, under physiologic conditions is an active process that
is morphologically and biochemically different from necrosis. Apoptosis can be induced in a
variety of pathological disorders, including inflammation, autoimmune diseases, atherosclerosis,
tissue injury, and degeneration, as well as during radiation treatment and chemotherapy (1).
When a cell undergoes apoptosis, phosphatidylserine (PS) typically becomes exposed on the cell
membrane (2). If apoptotic cells are not rapidly cleared, they become procoagulant and are often
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associated with thrombotic disorders, such as atherothrombosis
and Trousseau syndrome (3-5). Up to date, the mechanisms
by which apoptotic cells activate the coagulation system and
enhance blood clotting are largely unknown. Tissue factor
(TF) is complexed with circulating coagulation factor VII and
triggers the cascade that generates thrombin. Although TF is
involved in the procoagulant activity of apoptotic cells induced
by inflammatory mediators, such as LPS, only a portion of
the thrombin generated during apoptosis is attributable to TF
(3, 6, 7), suggesting the existence of additional mechanisms.

The plasma contact activation system, also called the intrinsic
coagulation pathway, consists of factor XII (FXII), prekallikrein
(PK), and high-molecular-weight kininogen (HK) (8, 9). FXII,
or Hageman factor, is a zymogen of the serine protease factor
XIla (FXIIa). FXII zymogen is activated by limited proteolysis,
involving cleavage of the Arg353-Val354 peptide bond, generat-
ing the two-chain molecule FXIIa (10). Two principal modes of
FXII activation exist. In the first, FXII is activated by binding to
negatively charged surfaces, which induces a conformational
change (auto-activation). In the second, other proteases, such
as kallikrein, cleave and activate FXII (hetero-activation) (10).
FXIIa consists of a heavy chain and a light chain connected by a
single disulfide bond between two cysteine residues (Cys340 and
Cys367) (10, 11). For the last four decades, it has been known that
FXII is activated by a variety of artificial and biological anionic
surfaces (11, 12). These observations suggest that the contact
activation system plays an important role in the enhancement
of coagulation. However, whether FXII is involved in apoptotic
cell-mediated procoagulant activity has never been studied.

In this study, we investigated whether FXII participates in the
procoagulant activity of apoptotic cells. Our results indicate that
FXII binds to apoptotic cells and rapidly becomes cleaved and
activated. The binding of FXII to apoptotic cells is mediated by
PS, and activation of FXII is required for apoptotic cell-mediated
blood clotting and thrombin formation. Our study reveals a novel
function for FXII and a new mechanism underlying apoptotic
cell-mediated procoagulant activity.

MATERIALS AND METHODS

Materials

Human FXII, PK, HK, FIX, FX, and FXI were purchased from
Enzyme Research Laboratories (South Bend, IN, USA). Recom-
binant human FVIII was obtained from American Diagnostica,
Inc. The EZ-Link® Sulfo-NHS-LC-Biotinylation kit was pur-
chased from Thermo Scientific, Inc. Chromogenic substrate for
FXIIa and tissue factor blocking antibody (4501) were purchased
from American Diagnostica. The chromogenic substrate for
FXa was obtained from Chromogenix. Monoclonal antibody
against FXII heavy chain (B7C9) was purchased from Santa Cruz
Biotechnology. Monoclonal antibody against FXII light chain
(C6B7) and PE-labeled anti-TF antibody were obtained from
eBioscience. Polyclonal anti-HK heavy chain antibody was pur-
chased from Abgent. Polyclonal anti-pKal antibody was obtained
from Abcam (catalog number 43084). Corn trypsin inhibitor
(CTTI) was purchased from Merck Chemicals, Ltd. FXII-deficient
plasma and pooled human normal plasma were obtained from

George King Bio-Medical, Inc. Phosphatidylcholine (PC), PS,
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),and 1-oleoyl-
2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-
glycero-3-phosphocholine (NBD-PC) were obtained from
Avanti-Polar Lipids. The FITC-labeled Annexin V Apoptosis
Detection kit was purchased from BD Biosciences. Magnetic
annexin V microbeads were obtained from Miltenyi Biotech, Inc.
Annexin V was obtained from BD PharMingen. Calf intestinal
alkaline phosphatase (CIAP) and DNase were purchased from
New England Biolabs. RPMI 1640 medium and fetal bovine
serum (FBS) were purchased from Invitrogen. All other reagents
were obtained from Sigma-Aldrich unless otherwise specified.

Cell Culture and Induction of Apoptosis

The human T lymphoblastoid cell line CCRF-CEM was purchased
from American Type Culture Collection (ATCC® Number: CCL-
119™). CEM cells were propagated in complete RPMI-1640
medium supplemented with 10% FBS, 1 mM Lr-glutamine, and
1% penicillin-streptomycin at 37°C in a humidified atmosphere
with 5% CO, (13). To induce apoptosis, cells (2 X 10°/mL) were
cultured with 10 pM dexamethasone at 37°C in a humidified
atmosphere containing 5% CO; for 24 h. Apoptosis was verified
by the FITC Annexin V Apoptosis Detection kit according to the
manufacturer’s protocol (14). Apoptotic cells were purified with
annexin V magnetic microbeads.

Preparation of Liposomes and

Phospholipid-Coated Beads

To prepare liposomes containing 100% PC (PC liposomes) or PC
and PS at 80:20 mol% (PS liposomes), the appropriate amounts
of each phospholipid were dissolved with chloroform in a glass
tube. Before use, the phospholipids were dried under nitrogen,
suspended in PBS, and sonicated for 3 min (15, 16). The phos-
pholipid concentration was determined by a phosphorus assay.
To prepare phospholipid-coated beads, 6.5 mg/mL Nucleosil
120-3 C18 beads (Macherey-Nagel) in 1 mL of chloroform were
incubated with 2.5 mg/mL DOPC (PC beads) or mixed DOPC/
PS (80:20 mol%; PS beads). The phospholipid-coated beads
were dried under nitrogen, resuspended in PBS, sonicated, and
then labeled with 2.5 uM NBD-PC for 20 min at 37°C. After
centrifugation at 13,000 X g for 10 min, the beads were washed
with ice-cold PBS twice to remove remaining NBD-PC, and then
resuspended in PBS.

Flow Cytometric Analysis of FXII Binding

to Apoptotic Cells

Human FXII was biotinylated using the EZ-Link® Sulfo-NHS-
LC-Biotinylation Kit according to the manufacturer’s protocol.
Biotin-labeled FXII (B-FXII) at various concentrations was incu-
bated with apoptotic cells at 4°C for 15 min. After washing, the
cells were labeled with PE-avidin and analyzed by flow cytometry.

Measurement of FXII Activity
and Cleavage

Cells were incubated with FXII in the presence or absence of PK
and HK in HEPES buffer (137 mM NaCl, 5 mM HEPES, 2.7 mM
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KCl, 2 mM MgCl, 0.42 mM NaH,PO,, and 1% BSA, pH 7.5)
supplemented with 50 uM ZnCl, at 37°C for 30 min. After cen-
trifugation at 2,500 rpm for 5 min, the supernatant was collected
and a chromogenic substrate, Pefachrome FXIIa (0.5 mM), was
added. The optical density of substrate hydrolysis was measured
at 405 nm using a spectrophotometer (SpectraMax M5) (17).
Cleavage of FXII was also detected by western blotting with a
monoclonal antibody against FXII heavy chain. The density of the
bands was measured by NIH Image ], and cleavage was defined
as ratio of the percentage of cleaved FXIIa (48 kDa)/[uncleaved
FXII (80 kDa) + cleaved FXIIa (48 kDa)].

Surface Plasmon Resonance Assay

The experiments were performed at 25°C using HBS-N buffer
(20 nM HEPES and 0.15 M NaCl, pH 7.4) containing 50 uM Zn**
as a running buffer. PS liposomes (PS:PC = 1:9) were diluted
in running buffer and immobilized onto flow cell 2 (FL2) of the
L1-sensor chip, and PC liposomes were immobilized onto flow
cell 1 (FL1) of the L1-sensor chip. Subsequent measurements
were obtained at a flow rate of 30 uL/min. A two-fold dilution
series of FXII diluted in running buffer was generated (0, 2.5,
5, 10, 20, 40, 80, 100, 200, 400 nM) and was injected over the
flow cells at a flow rate of 10 uL/min for 120 s and dissociated
for 300 s in order of increasing concentration. Response to PS
liposome binding curves was obtained by subtracting the FL2
curve from the FL1 curve and analysis using BIAevaluation
software.

Intrinsic Tenase Complex Activity

Apoptotic cells were incubated with 200 uL of HEPES buffer
containing 2.5 mM CaCl,, 95 nM purified human FXII, 30 nM
PK, 30 nM HK, 5.8 nM purified human FXI and FIX, 0.25 nM
purified human FVIIL, and (where indicated) 2 pM CTT at 37°C.
Then, the reaction was started by the addition of purified human
FX (170 nM). At various time points, a 25-uL aliquot of the
mixture was removed, and 5 pL of 60 mM EDTA in PBS was
added to stop FXa formation. FXa formation was monitored as
the hydrolysis of the chromogenic substrate S-2222 (0.2 mM)
over 30 min. Optical density at 405 nM was converted to FXa nM
using a dilution curve of human FXa.

Clotting Time Assay

Blood drawn from drug-free healthy volunteers was anticoagu-
lated by adding 1 part sodium citrate (110 mM) to 9 parts whole
blood. Our study using blood from healthy volunteers was
performed after approval by the IRBs of Temple University (IRB
no. 20857) and Soochow University (IRB no. 2012037), obtain-
ing informed consent, and in accordance with the Declaration
of Helsinki. Platelet-poor plasma (PPP) was prepared by
centrifugation at 2,000 X g for 30 min. In some experiments,
commercial FXII-depleted plasma and normal plasma were
used to examine the role of FXII in apoptotic cell-mediated
clotting and thrombin generation. After viable or apoptotic
cells were mixed with plasma and incubated at 37°C for 180 s,
50 pL of warmed 20 mM CaCl, was added to start the reaction,
and clotting time was immediately recorded with an Amelung
KC4A coagulometer (18).

Thrombin Generation Assay

Thrombin generation in plasma was measured over time with
a coagulation analyzer Ceveron® alpha (Technoclone, Vienna,
Austria), which employs a fluorogenic thrombin substrate
(Z-Gly-Gly-Arg-AMC) to continuously monitor thrombin activ-
ity in plasma. Measurements were conducted in a total volume
of 150 pL, including 40 L of normal plasma or FXII-deficient
plasma. Apoptotic cells were pretreated with 5 pg/mL BSA,
annexin V, mouse IgG, and anti-TF antibody (4501) as indicated.
The plasma was treated with mouse IgG and anti-FXII antibody
(C6B7) when there was a need to block FXII. Then, an 80-uL
aliquot of cells (1 X 10°) was added to a 40-uL plasma sample.
After incubation at 37°C for 15 min, 30 pL of fluorogenic buffer
(2.5 mM fluorogenic substrate and 87 mM CaCl,) was added to
start the thrombin generation assay.

SDS-PAGE and Western Blotting

Cleavage of FXII into FXIIa was detected by SDS-PAGE (12%)
under reducing conditions and immunoblotting. After incubation
with apoptotic or viable cells as described above, the cells were
pelleted by centrifugation, and samples containing FXII were col-
lected (14). These samples and samples from a cell-free system were
mixed with SDS-PAGE loading buffer and heated at 95°C. After
the samples were separated by electrophoresis and transferred to
a polyvinylidene difluoride membrane (Millipore), the membrane
was blocked with 5% non-fat dry milk in blocking buffer. After
extensive washing, the immunoblots were incubated for 2 h with
the primary antibodies, including monoclonal anti-FXII (B7C9),
polyclonal anti-HK heavy chain, and polyclonal anti-pKal antibod-
ies. Antibody binding was detected by IRDye 800-conjugated goat
anti-mouse IgG (LI-COR Bioscience) or IRDye 680-conjugated
goat anti-rabbit IgG (LI-COR Bioscience) and visualized with the
ODYSSEY infrared imaging system (LI-COR).

Identification of TF Antigen
by Flow Cytometry

Cells (1 x 10°/mL) were incubated with PE-conjugated monoclo-
nal TF (CD142) antibody or isotype control IgG1 for 30 min at
4°C in the dark. Cells were resuspended in 400 L of PBS before
analysis. The mean fluorescence intensity of 10,000 events was
determined for each sample.

Statistical Analysis

The results are expressed as the mean + SEM of at least three
experiments. One-way analysis of variance followed by Tukey’s
test (for multiple groups) or Student’s t-test (for comparisons
between two groups) was used, and a p value less than 0.05 was
considered statistically significant. Unless stated otherwise, the
data shown are from a single experiment that is representative of
at least three separate experiments.

RESULTS

FXII Binds to Apoptotic Cells

via Phosphatidylserine (PS)
To determine whether FXII binds to apoptotic cells, apop-
totic cells were incubated with B-FXII. As detected by flow
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cytometry, the binding of B-FXII to apoptotic cells increased as
the concentration increased (from 50 to 800 nM), and became
saturated at 400 nM (Figures 1A,B). However, B-FXII did not
bind to viable cells when added at the same concentrations
(Figure 1B), suggesting that FXII specifically binds to apoptotic
cells. PS is a phospholipid component that is usually maintained
on the inner-leaflet (the cytosolic side) of the cell membrane
by flippase (2). However, when a cell undergoes apoptosis, PS
becomes exposed on the surface of the cell (2). Annexin V (or
Annexin A5) is a member of the annexin family of intracellu-
lar proteins that binds to PS in a calcium-dependent manner.
To examine whether FXII binds to apoptotic cells through
PS, apoptotic cells were preincubated with annexin V or BSA
in the presence or absence of 2.5 mM CaCl,. As shown in
Figure 2A, preincubation with annexin V markedly inhibited
the binding of FXII to apoptotic cells in the presence of 2.5 mM
CaCl,, and its inhibitory effect was concentration dependent.
In contrast, no inhibition by annexin V was observed in the
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FIGURE 1 | FXII preferentially binds to apoptotic cells. (A) Biotin-labeled FXII
(B-FXIl) at the indicated concentrations was incubated with apoptotic CEM
cells (2 x 10°) at 4°C for 15 min. After washing, the cells were labeled with
PE-avidin and analyzed by flow cytometry. The fluorescence tracings shown
are representative data from three independent experiments. (B) Viable CEM
cells (VC, closed circles) or apoptotic CEM cells (AC, squares) were
incubated with B-FXII at the indicated concentrations at 4°C for 15 min.
After washing, the cells were labeled with PE-avidin and analyzed by flow
cytometry (n = 5). The data were analyzed by Student’s t-test, *p < 0.05;

**p < 0.01; **p < 0.001.
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FIGURE 2 | Binding of FXIl to apoptotic cells is dependent on
phosphatidylserine (PS). (A) After preincubation with or without annexin

V at the indicated concentrations in the presence of 2.5 mM CaCl, for

20 min, apoptotic CEM cells were labeled with 100 nM B-FXIl and PE-avidin
as described above. The binding of FXII was analyzed by flow cytometry and
indicated as a percentage compared to the binding in the absence of annexin
V and CaCl,, which was set to 100% (n = 4). **p < 0.001. (B) B-FXII

(100 nM) was preincubated with or without 1 mM phosphatidylcholine (PC)
or PS liposomes at 4°C for 15 min, and then apoptotic cells were added.
After incubation for 60 min, the binding of B-FXII to apoptotic cells was
analyzed by flow cytometry as described above, and shown as the mean
fluorescence intensity (MFI). **p < 0.01. (C) FXII binds to phosphatidylserine
in a surface plasmon resonance assay. Serial concentrations of FXII were
flowed over PS or PC liposomes immobilized on the Biacore sensor chip.
The response curve of PS/FXII binding was obtained by subtracting the curve
of PC from that of PS. Curves were analyzed with BlAevaluation software.
The Kp was 3.857E-9 M, and the Rmax was 787.0 Ru.
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absence of CaCl, (Figure 2A), suggesting that the inhibitory effect
of annexin V is specific. In addition, when FXII was preincubated
with PS liposomes, its binding to apoptotic cells was significantly
reduced by more than 55% (Figure 2B). However, preincubation
of FXII with PC liposomes did not affect binding to apoptotic
cells (Figure 2B). To evaluate the binding capacity of FXII to PS
liposomes, a Biacore assay was used. The sensorgrams showed an
increase in response units that was reflective of PS binding, and
the binding response was concentration dependent, with a Ky, of
3.857E-9 M (Figure 2C). These results suggest that FXII binds to
apoptotic cells through a high-affinity association with PS.

The Binding of FXII to Apoptotic Cells

Leads to Its Cleavage and Activation

We next examined whether FXII binding to apoptotic cells
induces its cleavage and activation. FXII is converted to its
active form, FXIIa, through auto-activation induced by contact
with charged surfaces. Thus, the activation of FXII is depend-
ent on its cleavage (8). As shown by western blotting using an
antibody recognizing the heavy chain of FXII (Figure 3A,
i and ii), incubation with apoptotic cells markedly induced
the cleavage of full-length FXII zymogen (80 kDa) to pro-
duce a heavy chain fragment (48 kDa). However, FXII was
not cleaved when incubated with viable cells (Figure 3A).
More strikingly, the FXII cleavage induced by contact with
apoptotic cells was significantly enhanced in the presence
of HK and PK (Figure 3A). In the absence of cells, incubation of
FXII with HK and PK induced cleavage of a small percentage
of FXII (Figure 3A), suggesting that FXII may form a complex
with HK and PK on the surface of test tubes, thus leading to
its cleavage. As shown by densitometric measurement of band
intensity, about 85% of the FXII was cleaved in the presence
of HK, PK, and apoptotic cells, which was significantly higher
than that induced in the presence of viable cells (Figure 3A, iii).
Consistent with the observations in the presence of apoptotic
cells, incubation with PS liposomes induced cleavage of >80%
of the added FXII (Figure 3B, i and ii). In contrast, <15% of the
FXII was cleaved when incubated with PC liposomes (PS lipo-
some vs. PC liposomes, p < 0.001; Figure 3B). Taken together,
PS-mediated FXII binding to apoptotic cells results in its cleav-
age. To further examine whether the cleaved FXII induced by
apoptotic cells is proteolytically active, we performed an assay
with a chromogenic substrate. As shown in Figure 3C, in the
presence of HK and PK, incubation of FXII with apoptotic cells
significantly increased FXIIa activity (p < 0.001). This increase
in activity was completely prevented by the addition of a FXII
inhibitor, corn trypsin inhibitor (CTI). This result suggests that
binding of FXII to apoptotic cells promotes its activation.

FXIl Is Required for Apoptotic
Cell-Mediated Intrinsic Tenase

Formation and Procoagulant Activity

The observation that apoptotic cells can activate FXII led us to
hypothesize that this FXII activation is involved in apoptotic
cell-mediated procoagulant activity. First, we determined
whether the extrinsic coagulation pathway is involved in

apoptotic cell-mediated procoagulant activity in our assay system.
As evaluated by FACS analysis (Figure 4A), TF antigen remained
undetectable on both viable and apoptotic CEMs. THP-1 served as a
TF-positive control. Apoptotic CEM-mediated pro-coagulation
is not dependent on the extrinsic coagulation pathway, which
allowed us to evaluate the role of FXII in this process. In the clotting
assay, the addition of apoptotic cells significantly shortened the
clotting time of PPP triggered by the addition of CaCl,, compared
with the clotting time for viable cells (151.8 + 2.1 vs. 281.9 + 2.5,
p < 0.001; Figure 4B). To evaluate the contribution of FXII, we
measured the clotting time of PPP with apoptotic cells in the
presence and absence of FXII. As shown in Figure 4C, compared
to the clotting time of normal plasma with apoptotic cells, the
clotting time of FXII-deficient plasma was significantly longer
(150.8 & 3.7 vs. 281.4 &+ 7.9 s; p < 0.001), which was reversed
by replenishment with a physiological concentration of purified
FXII protein (165.7 + 6.6 s), suggesting the requirement of FXII
for apoptotic cell-mediated pro-coagulation. We next tested the
capacity of FXII to initiate tenase formation, which contributes
to the procoagulant activity of apoptotic cells. As shown in
Figure 4D, in the presence of FXII, PK/HK, FIX, and FVIII,
apoptotic cells increased the activity of FXa as a function of time,
which was 7.3-fold higher than that with viable cells at 30 s. To
examine whether apoptotic cell-mediated FX activation was
FXII-dependent, we tested the inhibitory effect of CTTand found
that 2 uM CTT reduced apoptotic cell-mediated FXa activation
to basal levels (Figure 4D). The above results demonstrate that
FXII s critical for intrinsic tenase complex formation, contribut-
ing to the procoagulant activity of apoptotic cells.

FXIl Is Important for Apoptotic

Cell-Induced Thrombin Generation

To further determine the contribution of PS to the FXII-dependent
procoagulant activity of apoptotic cells, we employed a thrombin
generation assay. As shown in Figure 5A, apoptotic cells dynami-
cally induced thrombin generation, which was almost entirely
inhibited by annexin V (AxV). Importantly, an inhibitory anti-
FXII antibody (C6B7) greatly decreased apoptotic cell-mediated
thrombin generation, whereas an anti-TF blocking antibody
(TF Ab) did not have such an effect (Figure 5B). Consistently,
apoptotic cells failed to induce thrombin generation in FXII-
deficient plasma. However, the addition of 375 nM purified
FXII to FXII-deficient plasma increased thrombin generation
(Figure 5C). To determine the effect of PS on thrombin genera-
tion, PS or PCliposome-coated beads were used in a test of throm-
bin generation activity. As shown in Figure 5D, PS liposomes
strongly induced thrombin generation, whereas PC liposomes
had only a minor effect. Interestingly, the inhibitory anti-FXII
antibody C6B7 greatly diminished PS-induced thrombin genera-
tion (Figure 5D), suggesting that FXII contributes to apoptotic
cell-mediated thrombin generation by interacting with PS.
It is important to note that there is no clear distinction between
apoptosis and other cell types of cell death, such as necrosis,
and all dying cells exhibit increased PS exposure and enhanced
coagulation. Nucleic acids and polyphosphate that are released
from necrotic cells can be also associated with FXII activation
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B i PC PS

FIGURE 3 | Binding of FXIl to apoptotic cells mediates its cleavage and activation. (A) As indicated, 95 nM FXIl was incubated with viable cells (via) or apoptotic
cells (ap) at density of 2 x 10° in the presence or absence of 30 nM prekallikrein (PK) and 30 nM high molecular weight kininogen (HK) at 37°C for 30 min. After
centrifugation at 2,500 rpm for 5 min, the supernatant was collected and analyzed by western blot with an anti-FXII Ab (). The levels of FXII, PK, and HK before
incubation with cells are shown by western blotting (ii). In three independent experiments, the density of bands was measured by NIH Image J software, and the
cleavage of FXII was defined as the ratio of [cleaved FXII chain (48 kDa))/[uncleaved FXII (80 kDa) plus cleaved FXII chain (48 kDa)] shown as relative band density
(iii). ™o < 0.01; **p < 0.001. (B) In a cell-free system, 95 nM FXIl was mixed with 30 nM PK and 30 nM HK followed by addition of 50 nM phosphatidylserine (PS)
or phosphatidylcholine (PC) liposomes, one half of the mixture was immediately centrifuged (O min), and the other half was incubated at 37°C for 60 min (60 min).
After centrifugation at 55,000 rpm for 5 h, the supernatant was collected for analysis by western blotting using anti-FXII Ab (i, upper panel). The levels of FXII before
incubation with liposomes are shown by western blotting (i, lower panel). In three independent experiments, the density of bands was measured, and the cleavage
of FXII was calculated as described above and shown as relative band density (i). ***p < 0.001. (C) Binding of FXII to apoptotic cells mediates its activation.

As indicated, FXII (95 nM) was incubated with or without apoptotic cells (AC; 2 x 10°), PK (30 nM) plus HK (30 nM), and corn trypsin inhibitor (CTI) (2 uM) at 37°C
for 30 min. After centrifugation at 2,500 rpm for 5 min, the supernatant was collected and factor Xlla (FXlla) activity was analyzed as the hydrolysis of a chromogenic
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(19, 20). However, after pretreatment with CIAP and DNase,
which degrade polyphosphate and nucleic acids, respectively,
there was no change in the level of thrombin generation induced
by apoptotic cells (Figure 5E), indicating that polyphosphates
and nucleic acids are not involved in the observed apoptotic cell-
mediated thrombin generation.

DISCUSSION

Changes in phospholipid asymmetry, with outer surface exposure
of PS, is a fundamental feature of apoptosis. On activated plate-
lets, exposure of PS on the outer leaflet is essential for membrane
assembly of the coagulation factor complexes, including the
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tenase complex, which are necessary for thrombin generation
(21). Similarly, upon apoptotic cell death, PS is exposed on the
membrane surface; concomitantly, they become procoagulant
and activate the coagulation pathway. These enhanced procoagu-
lant activities associated with membrane PS exposure have been
widely observed in apoptotic endothelial cells, vascular smooth
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FIGURE 4 | Continued

Apoptotic cell-mediated procoagulant activity and intrinsic tenase formation
is dependent on FXIl activation. (A) Tissue factor (TF) expression as
determined by flow cytometry. CEM cells treated with (apoptotic cells)

or without (viable cells) 10 uM dexamethasone for 24 h were stained with
CD142-PE to analyze TF expression on the cell surface. THP-1 cells were
used as a positive control. The background staining with an isotype control is
shown in black. (B) After viable cells and apoptotic cells (2 x 10°) were
suspended in 150 pL of platelet-poor plasma, clotting was triggered by the
addition of 20 mM CaCl, and measured as described in the Section
“Materials and Methods” (n = 3). ***p < 0.001. (C) After apoptotic cells

(2 x 10° were suspended in normal plasma (normal), FXII-deficient plasma
[FXII(-)] and FXII-deficient plasma supplemented with 375 nM FXII

[FXII(-) + FXII], respectively, clotting was triggered by the addition of 20 mM
CaCl, and measured as described in the Section “Materials and Methods”

(n = 3). (D) Effect of apoptotic cells on intrinsic tenase complex formation.
As indicated, apoptotic or viable cells were incubated with FXII, prekallikrein,
high molecular weight kininogen, FXI, FIX, and FVIIl. Then FX was added,
and tenase complex formation was analyzed using a chromogenic substrate
(n = 3). Some samples were also treated with 2 uM corn trypsin inhibitor
(CTI). **p < 0.001.

muscle cells, lymphocytes, monocytes, and cancer cells. It has
been shown that tissue factor does not play a major role in this
process, as there is no increase in antigen levels or the functional
activity of tissue factor (3). Thus, the connection between apop-
totic cells and coagulation was largely unknown. In this study, we
showed that the FXII zymogen preferentially binds to apoptotic
cells, leading to its rapid cleavage and activation, thereby contrib-
uting to apoptotic cell procoagulant activity.

Thrombin generation is initiated by two distinct pathways,
and it can be triggered by exposure of blood to either a damaged
vessel wall (extrinsic) or blood-borne factors (intrinsic). The
intrinsic pathway of coagulation is initiated by FXII in a reaction
involving HK and PK. These factors are collectively referred to
as the contact activation system. The present findings of a cor-
relation between thrombin generation and apoptosis showed
increased intrinsic tenase activity; however, there is no available
model that outlines how thrombin formation could be initiated
by highly negatively charged cellular surfaces when functional
TF is absent. It is known that FXII is activated by a variety of
artificial or biological anionic surfaces, such as kaolin (22), ellagic
acid (23), polymers (24), nucleotides (25), sulfatides (26), gly-
cosaminoglycans (27), misfolded proteins (28), polyphosphates
(29), and collagen (30). In this study, we showed, for the first
time, that FXII zymogen directly binds to PS liposomes and PS
on apoptotic cells (Figures 1 and 2). The binding of FXII to PS
mediates its rapid cleavage and activation in the presence of HK
and PK (Figure 3). These results suggest that PS on apoptotic
cells serves as a docking site for FXII binding, which may induce
its auto-activation. The PS on apoptotic cells may also recruit
HK and PK to form a complex with FXII, thereby activating PK,
and activated PK may increase FXII activation. In three assays,
including APTT, intrinsic tenase formation, and thrombin
generation assays, we employed FXII-deficient plasma and FXII
inhibitor and provided evidence that FXII plays an important role
in apoptotic cell-mediated coagulation. We further showed that
TF is not involved in the FXII-mediated procoagulant activity of
apoptotic cells, as a TF Ab did not affect thrombin generation by
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FIGURE 5 | FXIl is important in thrombin generation induced by apoptotic cells. (A-E) Thrombin generation triggered by apoptotic cells in normal plasma was
analyzed as described in the Section “Materials and Methods.” Representative data are shown on the left, and accumulated data with statistical analysis are shown
on the right. (A) Apoptotic cells were pretreated with 5 ug/mL BSA or annexin V, and then used in a thrombin generation assay (n = 3). (B) Apoptotic cells were
pretreated with an anti-FXII antibody C6B7 or anti-tissue factor (TF) blocking antibody (4501; 5 pg/mL each), and then used in a thrombin generation assay (n = 3).
(C) The thrombin generation assay was performed in normal plasma, FXII-deficient plasma, and FXII-deficient plasma reconstituted with human FXIl (n = 3).

(D) Phosphatidylcholine (PC) or phosphatidylserine (PS) liposome-coated beads were used to stimulate thrombin generation in normal plasma. Some samples using
PS liposome-coated beads were also incubated with 5 ug/mL C6B7 (n = 3). (E) Apoptotic cells pretreated with PBS, 100 U/mL Calf intestinal alkaline phosphatase
(CIAP), or 0.01% DNase, before thrombin generation was measured. **p < 0.01; **p < 0.001.

apoptotic cells, which is consistent with the absence of TF expres-  to cleavage and the production of bradykinin in the presence of
sion on the surface of apoptotic cells (Figure 4A). In another =~ FXII and PK (31). Therefore, PS on apoptotic cells may serve as a
study, we found that HK binds to apoptotic cells via PS, leading ~ novel activator of FXII and a docking site for the assembly of the
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contact activation system, which may account for the role of FXII
in apoptotic cell-mediated procoagulant activity.

This new function of FXII in apoptotic cell-mediated coagu-
lation provides novel insight into the pathology of apoptotic
cells. In pathological settings, such as autoimmune disease,
chemotherapy, and inflammation, numerous cells frequently
undergo apoptosis. Rapid clearance of these apoptotic cells is
crucial for maintaining an anti-inflammatory and antithrom-
botic state (2). However, if these apoptotic cells are not removed
efficiently, they may become procoagulant and proinflamma-
tory. For example, in patients with acute leukemia, phagocytes
are overwhelmed by the large numbers of apoptotic cells
because of uncontrolled leukemic cell proliferation and cytotoxic
chemotherapy. In patients with leukemia, coagulation param-
eters could be upregulated by chemotherapy; however, this can-
not account for the hypercoagulable state, as the basal levels of
contact activation system components, including FXII, are fairly
high (>50 pg/mL). Patients with systemic lupus erythematosus
(SLE) often develop microvessel thrombi, concomitant with the
accumulation of apoptotic cells (5). The enhanced functional
interaction of apoptotic cells with activation of coagula-
tion system likely plays a major role. Kunzelmann et al. (32)
demonstrated that malignant hematopoietic cells (HEL cells)
trigger blood coagulation through phosphatidylserine expo-
sure (32). When apoptosis occurs in a microenvironment
in direct contact with circulating coagulation factors such as
FXII, they may contribute to the initiation and enhancement
of unique pro-coagulants on the apoptotic cell surface (33).
In view of the increasing evidence for the occurrence of vascular
cell apoptosis in the above pathological settings, it is important
to characterize the mechanism underlying FXII-driven contact
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