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Abstract

A majority of tissue factor (TF) on cell surfaces exists in an encrypted state with minimal to no
procoagulant activity. At present, it is unclear whether limited availability of phosphatidylserine
(PS) and/or a specific membrane lipid in the outer leaflet of the plasma membrane contributes to
TF encryption. Sphingomyelin (SM) is a major phospholipid in the outer leaflet, and SM
metabolism is shown to be altered in many disease settings that cause thrombotic disorders. The
present study is carried out to investigate the effect of SM metabolism on TF activity and TF*
microvesicles (MVs) release. In vitro studies using TF reconstituted into liposomes containing
varying molar ratios of SM showed that a high molar ratio of SM in the proteoliposomes inhibits
TF coagulant activity. Treatment of macrophages with sphingomyelinase (SMase) that hydrolyzes
SM in the outer leaflet results in increased TF activity at the cell surface and TF* MVs release
without increasing PS externalization. Adenosine triphosphate (ATP) stimulation of macrophages
that activates TF and induces MV shedding also leads to translocation of acid-sphingomyelinase
(A-SMase) to the plasma membrane. ATP stimulation increases the hydrolysis of SM in the outer
leaflet. Inhibition of A-SMase expression or activity not only attenuates ATP-induced SM
hydrolysis, but also inhibits ATP-induced TF decryption and TF* MVs release. Overall, our novel
findings show that SM plays a role in maintaining TF in an encrypted state in resting cells and
hydrolysis of SM following cell injury removes the inhibitory effect of SM on TF activity, thus
leading to TF decryption.

Introduction

Although tissue factor (TF)-mediated coagulation is essential for maintaining hemostasis,
the aberrant activation of TF-mediated blood coagulation is a major determinant of
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thrombotic occlusions, the precipitating event in acute myocardial infarction, unstable
angina, and ischemic stroke.1> Typically, TF is sequestered from the blood®7 and exists in a
noncoagulant (encrypted) state on hematopoietic cells and other cell types.8-10 A consensus
now held in the field is that most of the TF expressed on cell surfaces is maintained in a
cryptic, coagulantly inactive state and that an activation step (decryption) is essential for the
transformation of cryptic TF to procoagulant active TF.911:12 However, molecular
differences between cryptic and procoagulant TF and the mechanisms that are responsible
for the conversion from one to the other form are poorly understood and often
controversial.11:13 Nonetheless, most of the evidence in the literature suggests that
externalization of phosphatidylserine (PS) to the outer leaflet of the plasma membrane plays
a critical role in regulating TF procoagulant activity at the cell surface.® However, other
pathways, such as the thioredoxin system or thiol-disulfide exchange pathways involving
protein-disulfide isomerase (PDI), may also contribute to TF activation by altering TF
structurel4-16 or through the modulation of PS exposure.1”

Although the importance of PS and phosphatidylethanolamine in augmenting TF coagulant
activity is well known based on extensive studies performed in reconstituted liposome
systems,18-20 it is not entirely clear which and how phospholipids on the plasma membrane
influence TF coagulant activity at the cell surface. Plasma membrane phospholipids are
organized with mostly phosphatidylcholine (PC) and sphingomyelin (SM) at the outer
leaflet, and the aminophospholipids (PS and phosphatidylethanolamine) mostly in the inner
leaflet in quiescent cells.2! It is unknown at present whether TF on cell surfaces of native
cells exists primarily in the cryptic state because of the limited availability of anionic
phospholipids at the outer leaflet of plasma membrane or the existing phospholipids present
in the outer leaflet play a critical role in maintaining TF in the cryptic state. In the outer
leaflet of mammalian plasma membrane, SM contributes up to 50% of the total
phospholipids present on the cell surface.2223 An experiment comparing the effect of
various membrane lipids on TF activity in phospholipid vesicles reconstituted with TF
lacking the C-terminal cytoplasmic domain showed slightly lower TF coagulant activity
when TF was reconstituted in phospholipid vesicles containing SM compared with vesicles
lacking SM.18 This observation was not further pursued. It is possible that a high SM
content in the outer leaflet is responsible for keeping TF in its cryptic state at the cell surface
in resting cells. Although the importance of SM metabolism is well noted in the generation
of bioactive lipids, cholesterol homeostasis, and many biological functions,242> knowledge
of its effect on coagulation is very limited. SM metabolism is altered in many disease
settings, including atherosclerosis, diabetes, sepsis, and cancer,26-34 the same disease
settings that also induce aberrant activation of TF.4:35.36 This correlation implicates a
possibility that SM metabolism may play a key role in TF encryption and decryption
processes. Oxidative stress, chemotherapeutic agents, adenosine triphosphate (ATP), and
proinflammatory cyto-kines are known to activate sphingomyelinases (SMases), which play
a central role in SM metabolism in different cell types.31:37-39 Recent studies show that ATP
stimulation of the P2x7 receptor decrypts TF and releases TF-bearing microvesicles
(MVs).40 Interestingly, Bianco et al37 showed that ATP activation of the P2x7 receptor in
glial cells results in rapid activation of acid-sphingomyelinase (A-SMase), translocating A-
SMase from intracellular compartments to the outer leaflet of the plasma membrane. It is
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possible that ATP could activate TF in macrophages through the activation of A-SMase,
which hydrolyzes SM in the outer leaflet of the plasma membrane. The present study was
conducted to investigate the previous possibility.

Data presented herein show that incorporation of SM into TF proteoliposomes inhibits TF
coagulant activity without affecting TF and factor Vlla (FVIIa) interaction or TF-FVlla
active site function. Hydrolysis of SM in the outer leaflet of macrophages by treating them
with exogenous SMase enhances cell surface TF coagulant activity and MV shedding. ATP
stimulation of macrophages is shown to induce the translocation of A-SMase from
cytoplasm to the plasma membrane and the hydrolysis of SM. Inhibition of A-SMase
activity by selective inhibitors or short interfering RNA (siRNA) knockdown attenuated the
ATP-induced SM hydrolysis, TF decryption, and TF* MVs shedding. Overall, data
presented in the manuscript present a novel mechanism of TF encryption and identify a new
mechanism by which ATP signaling activates TF at the cell surface and induces MV
shedding. This mechanism could play a major role in intravascular thrombosis in disease
settings.

Materials and methods

See supplemental Data for full description of materials and methods.

Human monocyte-derived macrophages (MDMs)

Human peripheral blood mononuclear cells isolated by a density gradient centrifugation
were plated into 24-well plates and allowed to adhere for 2 hours in RPMI 1640 medium
containing 10% fetal bovine serum. After 2 hours, nonadherent cells were removed, and the
adherent monocytes were allowed to mature into MDMs by culturing them in RPMI
medium containing serum and supplemented with macrophage colony-stimulating factor (5
ng/mL) for 6 days.

Preparation of TF proteoliposomes

Full-length recombinant human TF was reconstituted into liposomes using PC alone or PC
with varying molar ratios of SM or other defined phospholipid compositions as described
earlier*! using octyl glucopyranoside as the detergent. The molar ratio of TF:phospholipid in
the reconstituted liposomes was 1:10 000.

Isolation of TFt MVs

Cell supernatants were centrifuged first at 400g for 5 minutes to remove cell debris.
Supernatants were transferred into fresh tubes and subjected to centrifugation at 21 000g for
60 minutes at 4°C to sediment MVs. MVs were resuspended in buffer B to the original
volume.

Inhibition of A-SMase or PDI by siRNA

MDMs were transfected with a control transfection reagent (mock transfection), scramble
SiRNA (scRNA) as a control, or siRNA specific for A-SMase or PDI using Lipofectamine
RNAiMax transfection reagent (ThermoFisher, Waltham, MA).
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Measurement of TF and prothrombinase activities

Cell surface TF and prothrombinase activities were measured as described earlier.42:43
Similar assay protocols were used for measuring TF and prothrombinase activities in
liposomes and MVs.

Measurement of SM hydrolysis by [methyl-14C]-choline chloride hydrolysis

To evaluate the hydrolysis of SM in the outer leaflet, the cells were metabolically labeled
with [methyl-14C]-choline chloride (0.2 pCi/mL for 48 hours). After removing the
unincorporated label and washing cells, the cells were subjected to experimental treatments.
The release of the 14C-phosphorylcholine group into the supernatant medium (devoid of
MVs) was measured.

Lysenin binding and immunostaining

MDMs were fixed with 4% paraformaldehyde for 1 hour at room temperature. To label SM
with lysenin, nonpermeabilized cells were incubated with 0.5 ug/mL lysenin (Peptide
Institute Inc., Osaka, Japan) in 2% bovine serum albumin/phosphate-buffered saline for 60
minutes. After removing the unbound lysenin and washing cells, the cells were incubated
with rabbit polyclonal anti-lysenin antiserum (Peptide Institute Inc.; 200 x dilution) for 60
minutes. For staining A-SMase, permeabilized MDMs were incubated with rabbit anti-
human A-SMase immunoglobulin G (1gG; 0.5 pg/mL) overnight.

After removing the unbound primary antibodies and washing the cells, the cells were
incubated with 4”,6-diamidino-2-phenylindole (5 pg/mL; to stain nucleus) and AF546
donkey anti-rabbit 19gG (2 pg/mL) for 90 minutes before washing and mounting them on a
glass slide. A similar protocol was used for TF immunostaining using goat anti-human TF
1gG (10 pg/mL) as the primary antibody. To label PS, the fixed cells were incubated with
AF488-annexin V for 60 minutes.

Immunofluorescence microscopy and image acquisition

Results

The confocal images were obtained using an LSM 510 Meta confocal system (Carl Zeiss)
equipped with an inverted microscope (Axio Observer Z1; Carl Zeiss). Immunostained cells
were viewed using Plan-APOCHROMAT 63x/1.4 NA oil objective lens. Zen 2009 software
(Carl Zeiss) was used for the image acquisition, quantification of fluorescence signals, and
determining colocalization.4

SM inhibits TF coagulant activity in liposomes and on cell surfaces

To investigate the potential effect of SM on TF activity, full-length TF was relipidated into
phospholipid vesicles composed of varying molar concentrations of SM with the remainder
of the vesicle consisting of PC. As shown in Figure 1A, the presence of 35 mol % SM in TF
proteoliposome significantly inhibited TF-FVIla activation of FX in comparison with TF
relipidated in 100% PC. Increasing the SM ratio to 50 mol % in the liposome reduced TF
activity markedly. Ceramide, having the similar sphingosine backbone as SM but lacking the
phosphorylcholine head group, did not inhibit TF-FVIla activation of FX (Figure 1B),
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indicating that the inhibitory effect of SM requires the phosphorylcholine head group. The
inhibitory effect of SM on TF-FVIla activation of FX is not because of impaired FVlla
binding to TF in SM-containing vesicles because increasing FVIla concentration did not
overcome the inhibitory effect of SM (Figure 1C). Furthermore, measurement of TF-FVlla
amidolytic activity showed that SM does not inhibit the amidolytic activity of TF-FVIIa,
indicating that SM does not affect FVIla binding to TF or TF-FVIla-catalyzed small
substrate cleavage (Figure 1D-E). These data also indicate similar levels of TF were
incorporated in PC vesicles and vesicles containing SM. SM also significantly inhibited TF
coagulant activity of TF reconstituted in PC/PS vesicles, but the inhibition was less
pronounced compared with TF relipidated in PC alone (Figure 1F).

Next, to evaluate whether SM in the outer leaflet of the plasma membrane plays a role in
regulating TF coagulant function at the cell surface, human MDMs were treated with
exogenous bacterial sphingomyelinase (b-SMase) to hydrolyze SM. The hydrolysis of SM in
the outer leaflet was evaluated by monitoring the release of [14C] phosphorylcholine head
group from MDMs metabolically labeled with [methyl-14C]-choline chloride. b-SMase
treatment increased the hydrolysis of SM in a dose-dependent manner (Figure 2A). Binding
of lysenin, a protein that specifically binds SM,*® confirmed that b-SMase treatment
markedly reduced SM content on the cell surface (Figure 2B). b-SMase treatment of MDMs
increased cell surface TF activity of MDMs in a dose-dependent manner (Figure 2C). A
fivefold increase in TF activity was observed in MDMs treated with 1 U/mL b-SMase.
Analysis of TF levels on the cell surface by fluorescence-activated cell sorter (FACS)
analysis using nonpermeabilized MDMs treated with a control vehicle or b-SMase (1 U/mL
for 1 hour) showed no increase in TF levels on the cell surface following b-SMase treatment
(Figure 2D). Quantification of TF levels on the cell surface by measuring the fluorescence
intensity in the cell membrane of TF immunostained cells by confocal microscopy
confirmed that b-SMase treatment did not alter TF levels on the cell surface (control, 72 + 7;
b-SMase-treated, 65 + 10 arbitrary units, n = 30 to 60 cells). These data rule out the
possibility that increase in cell surface TF activity observed in MDMs treated with b-SMase
comes from a potential increase in TF levels on the cell surface. SMase treatment of MDMs
also enhanced the release of TF-bearing MVs (Figure 2E). SMase treatment had no
significant effect on prothrombinase activity at the cell surface and of MVs (Figure 2F-G),
suggesting that SMase treatment did not increase PS availability at the cell surface.
Consistent with this observation, we found no detectable increase in the binding of AF488-
annexin V to b-SMase-treated macrophages compared with MDMs treated with a control
vehicle (Figure 2H). Furthermore, annexin V pretreatment failed to attenuate the b-SMase—
induced increased cell surface TF activity (Figure 21). A small decrease in TF activity
observed in b-SMase-treated MDMs following annexin V treatment could reflect annexin V
inhibition of the basal TF activity. The same concentration of annexin V that had a minimal
effect on b-SMase—induced TF activity effectively inhibited most of the cell surface
prothrombinase activity in both control and b-SMase- treated cells (Figure 2J). Overall, the
previous data indicate that the increased cell surface TF activity following b-SMase
treatment comes primarily from decreased SM levels in the outer leaflet of the plasma
membrane and not because of a potential increase in PS exposure at the cell surface.
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ATP induces TF decryption and activates A-SMase in macrophages

Recent studies showed that ATP stimulation of P2x7 receptor results in TF decryption and
release of TF-bearing MVs in bone derived-mouse macrophages.4%46 Bianco et al3’ showed
that ATP activation of the P2x7 receptor in glial cells resulted in rapid activation of A-
SMase, which moves to the outer leaflet of the plasma membrane. Here, we investigated the
possibility of ATP activation of P2x7 receptor decrypting cell surface TF and releasing TF*
MVs through the activation of A-SMase and hydrolysis of SM in the outer leaflet of the
plasma membrane. To test this hypothesis, first, we investigated the effect of ATP
stimulation of MDM s on cell surface TF activity and the release of TF* MVs in our human
macrophage model system. As shown in Figure 3A, ATP (200 pM) treatment increased cell
surface TF activity of MDMs by approximately threefold to fivefold. The increase in cell
surface-associated TF activity appeared to peak at 10 minutes of ATP treatment, and the
increased cell surface TF activity was persistent for the entire duration of the experimental
period (60 minutes). Immunofluorescence staining of TF and the subsequent quantification
of TF levels by measuring fluorescence intensity signals on the cell surface showed no
significant differences in TF protein levels in control and cells treated with ATP (200 uM for
15 minutes). The values are as follows: control, 71.6 + 7.3; ATP stimulated, 78.7 + 7.1
arbitrary units (n = 30 to 60 cells). Analysis of cell surface TF expression levels by FACS
using nonpermeabilized MDMs further confirmed this finding (Figure 3B). ATP treatment
also increased the release of TF* MVs in a time-dependent fashion, progressively increasing
TF activity from fivefold at 5 minutes to 20-fold at 60 minutes (Figure 3C). Measurement of
cell surface prothrombinase activity showed that ATP stimulation also increased the
prothrombinase activity, but the increase in prothrombinase activity is modest, 1.5-fold or
less compared with control treatment (Figure 3D). It is surprising that prothrombinase
activity did not increase more robustly over time with ATP treatment, particularly
considering increasing PS externalization over time (see Figure 3E). This could reflect
unstimulated MDMs expressing phospholipid surface cofactor activity suitable for
prothrombinase, limited FVa or FXa binding sites on MDMs, or loss of FVa/FXa binding
sites following ATP treatment. Immunofluorescence staining of MDMs with AF488—
annexin V revealed that ATP treatment progressively increased PS exposure in a time-
dependent manner (Figure 3E). It may be pertinent to note that, unlike the ATP-induced
increase in cell surface TF activity that was peaked at 10 minutes, PS levels were increased
progressively and continuously for the entire duration of the 60-minute treatment period.
Annexin V treatment decreased the ATP-induced increased cell surface TF activity only
partially (Figure 3F). In contrast, annexin V treatment completely attenuated the
prothrombinase activity in both control and ATP-stimulated MDMs (Figure 3G).

Next, we investigated whether ATP stimulation of macrophages results in the translocation
of A-SMase from lysosomal compartments to the outer leaflet of the plasma membrane.
MDMs treated with a control vehicle or ATP (200 uM) for 10 minutes were immunostained
with A-SMase antibody. As shown in Figure 4A, A-SMase staining in MDMs treated with a
control vehicle was limited primarily to the cytoplasm. Either very faint or no
immunofluorescence of A-SMase staining was observed in the plasma membrane region in
these cells. Following ATP stimulation, a clear signal for mobilization of A-SMase in the
cytoplasm and the presence of A-SMase on the cell surface membrane were noted. These

Blood Adv. Author manuscript; available in PMC 2017 July 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al. Page 7

data illustrate that ATP signaling in MDMs induces the translocation of A-SMases to the cell
surface from intracellular compartments (Figure 4A-B).

ATP-induced A-SMase translocation increases SM hydrolysis and reduces SM content in
the plasma membrane

Next, we investigated whether ATP-induced translocation of A-SMase results in increased
hydrolysis of SM on the outer leaflet. To examine this, MDMs were metabolically labeled
with [methyl-14C]-choline chloride, and then the labeled cells were treated with ATP for
varying times. The hydrolysis of SM was evaluated by monitoring the release of [14C]-
labeled phosphorylcholine head group into the supernatant medium. As shown in Figure 5A,
ATP stimulation increased the hydrolysis of SM in a time-dependent manner. ATP treatment
markedly reduced the binding of lysenin, a protein that specifically binds to SM, to intact
macrophages (Figure 5B-C). These data indicate that ATP treatment reduces the SM content
in the cell membrane. Inhibition of A-SMase by inhibitors desipramine and imipramine
(Figure 5D) or silencing A-SMase expression by selective siRNA (Figure 5E) significantly
reduced ATP-induced SM hydrolysis. These results indicate that ATP-induced SM
hydrolysis is specific to A-SMase that was translocated to the outer leaflet following ATP
stimulation.

Involvement of A-SMase in ATP-induced TF decryption

To determine the role of A-SMase function in TF decryption and generation of TF* MVs,
MDMs were first treated with inhibitors of A-SMase, desipramine and imipramine, and then
stimulated with ATP. As shown in Figure 6A, both desipramine and imipramine inhibited
ATP-induced increased TF activity at the cell surface significantly. A-SMase inhibitors also
inhibited ATP-induced TF™ MVs release (Figure 6B). To further strengthen the data on the
involvement of A-SMase in ATP-induced TF decryption, A-SMase expression in MDMs
was selectively inhibited by A-SMase (SMPD1) siRNA (Figure 6C) before their stimulation
with ATP. No detectable increase in membrane translocation of A-SMase was found in
MDMs transfected with A-SMase siRNA following ATP stimulation (Figure 6D-E). As
shown in Figure 6F, the knockdown of A-SMase expression by siRNA significantly reduced
the ATP-induced TF activity increase on the cell surface. A-SMase silencing also
significantly impaired the ATP-induced TF* MVs release (Figure 6G). These data provide
strong evidence for the hypothesis that ATP-induced activation of A-SMase plays a critical
role in TF decryption and the release of TF* MVs. In additional studies, we investigated the
effect of inhibition of A-SMase function on ATP-induced PS exposure. MDMs pretreated
with specific inhibitors of A-SMase or transfected with A-SMase siRNA were stimulated
with ATP, and PS exposure was evaluated by the binding of AF488-annexin V. As shown in
Figure 6H, inhibition of A-SMase had no significant effect on ATP-induced PS exposure.
Overall the data presented herein illustrate that ATP-induced A-SMase activation, which
subsequently hydrolyzes SM and decreases the SM content in the outer leaflet, releases TF
from its encryption controlled by SM. A-SMase-mediated TF activation is independent of
ATP-induced PS externalization.
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Role of PDI in b-SMase- and ATP-induced TF decryption and TF™ MVs release

Earlier studies suggest that PDI plays a role in ATP-induced TF decryption and TF* MVs
release in murine macrophages.# To investigate the role of PDI in b-SMase—induced and
ATP-induced TF decryption and TF* MVs release, PDI activity was inhibited by inhibiting
the expression of PDI by siRNA (Figure 7A) or using a specific inhibitor of PDI (PACMA
31). PDI silencing partly attenuated ATP-induced TF activity increase on the cell surface
(Figure 7B) and TF* MVs release (Figure 7C). In contrast to these results, PDI silencing had
no significant effect on b-SMase—mediated TF decryption (Figure 7D) or TF* MVs release
(Figure 7E). Inhibition of PDI activity with PACMA 31 yielded similar results (Figure 7F-
G). Analysis of SM hydrolysis showed that PDI silencing (Figure 7H) or PDI inhibitor
PACMAZ3L1 (data not shown) had no effect on ATP-induced SM hydrolysis. Overall, our data
indicate that ATP-induced activation of A-SMase and the resultant SM hydrolysis, TF
decryption, and TF* MVs release were independent of PDI. The observation that PDI
inhibition had no effect on b-SMase-induced TF decryption and release of TF* MVs
supports the previous conclusion. However, our data also suggest that a PDI-mediated
pathway may also play a role in ATP-induced TF decryption and TF* MVs release,
independent of A-SMase-mediated TF decryption and TF* MVs release.

Discussion

Encryption/decryption appears to be a universal mechanism that regulates TF activity on cell
surfaces.4” At present, it is not entirely clear about the relative contribution of encryption
and decryption in regulating TF activity and molecular mechanisms that regulate these
processes, which may vary among cell types.91148 A key question that has not been
addressed so far is whether TF stays in a cryptic state on resting cells solely because of the
limited availability of PS in the outer leaflet or specific membrane phospholipids that are
present predominantly in the outer leaflet play an active role in maintaining TF in the cryptic
state. Our present data show that SM, the predominant phospholipid present in the outer
leaflet of the plasma membrane, is responsible for maintaining TF in the cryptic state on
resting cells, and the hydrolysis of SM, without increasing PS exposure in the outer leaflet,
enhances TF activity at the cell surface and releases procoagulant TF* MVs. The present
data connect ATP-induced activation of the P2x7 receptor that leads to TF activation and
TF* MVs release to SM metabolism triggered by ATP-induced translocation of A-SMase.

Studies performed with reconstituted TF established that the composition of lipid bilayer
plays an important role in the activity of the TF-FVIla complex, and maximal TF-FVIla
coagulant activity requires 30% or more of PS.20 However, other lipids not containing the
bulky choline head group of PC or SM appear to “synergize” with PS and decrease % PS
required for maximal TF-FVIla coagulant activity.2? Our present data show that high
concentrations of SM in the lipid bilayer suppress TF coagulant activity, which is consistent
with an earlier preliminary observation.1® Because SM neither affects FVIla binding to TF
nor TF-FVIla amidolytic activity, the SM effect appears to be specific for suppressing TF-
FVIla coagulant activity, which is akin to TF encryption. The choline head group of SM
appears to be critical for the inhibitory effect because ceramide, which lacks the
phosphorylcholine head group but contains the same backbone as SM, failed to inhibit TF
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activity. At present, it is unknown how SM inhibits TF activity. Apart from sharing the same
hydrophilic phosphorylcholine head group, PC and SM are structurally quite different. SM
has only 1 fatty acid in an amide linkage while the second hydrophobic chain is part of the
sphingosine base structure.*® The interfacial part of SM contains a hydroxyl group at C-3
and a trans double bond between C-4 and C-5 (supplemental Figure 1). The interfacial
hydroxyl and amide residues of the SM molecule are capable of donating and accepting
hydrogen bonds.59 The strong hydrogen bonding properties characteristic of SM were
shown to induce structural changes in the polar head group and interface regions.>! The
sphingosine moiety and related hydrogen bonds along acyl composition of SM could
influence phospholipid and protein packing and dynamic properties of the bilayer, which
could affect protein function. Recent molecular modeling studies suggest that the TF
ectodomain may directly interact with PS and thus modulate the TF-FVIla conformation to
be more favorable to FX activation.>2 One could speculate that a direct interaction between
TF and SM may keep the TF-FVIla conformation unfavorable to FX activation.

In the mammalian plasma membrane, SM constitutes up to 50% of the total phospholipids
present in the outer leaflet.22:23 The present study indicates that SM in the outer leaflet is
responsible for maintaining TF in a noncoagulant/cryptic state because the hydrolysis of SM
by exogenous SMase, which results in the removal of a choline group from SM, results in
increased TF activity on the cell surface. The increased TF activity following SM hydrolysis
appears to be unique as it is independent of PS. One of the vexing problems in elucidating
the importance of various proposed mechanisms of TF decryption is that most of the
activating stimuli that decrypt TF also increase PS externalization. Because PS exposure in
itself leads to TF activation, it is difficult to distinguish the importance of other putative
mechanisms of TF activation from that of the PS-dependent mechanism.11:53 The absence of
any detectable increase in PS exposure in the outer leaflet of cells following b-SMase
treatment in MDM s in the present study allows us to conclude convincingly that hydrolysis
of SM in the outer leaflet leads to TF decryption, independent of PS. At present, it is
unknown how SM hydrolysis or reducing SM content in the plasma membrane increases TF
activity. In addition to potential mechanisms discussed previously in regard to SM’s
inhibitory effect on TF coagulant activity in the reconstituted system, SM levels in the
biological membrane could modulate TF activity by other modes. The plasma membrane not
only has an asymmetric lipid distribution,>4 but also exhibits heterogeneity in the lateral
distribution of lipids. These lateral heterogeneities in the cell membranes envisaged as rafts
are enriched with SM, other (glyco)sphingolipids, cholesterol, and specific membrane
proteins.>5-57 The tight interaction between SM and cholesterol through hydrogen bonding
serves as the basis for raft formation.58 These membrane rafts are known to play a critical
role in facilitating protein-protein and protein-lipid interactions and influence many cellular
functions.>® Ultra-structural localization of TF in a variety of cell types showed that a
fraction of TF in these cells is associated with lipid rafts/ caveolae.59-63 It has been
suggested that lipid raft/caveolae-associated TF represents the encrypted form, which can be
activated rapidly by disruption of these structures.60.64.65 |t is possible that TF decryption
induced by SM hydrolysis may involve disruption of lipid rafts.

Recent studies showed that ATP stimulation of the P2x7 receptor induces TF decryption and
shedding of procoagulant TF* MVs in murine macrophages.#0:66.67 TF activation and the
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release of MVs in murine macrophages appear to involve the production of reactive oxygen
species and PDI-dependent extracellular thiol-disulfide exchange pathways.4° Bianco et al3”
showed that ATP-induced MVs release from glial cells is associated with activation of A-
SMase, which moves from intracellular compartments to the outer leaflet of the plasma
membrane. Activation of A-SMase was found to be necessary and sufficient for MVs
shedding in glial cells.3” Here, we provide convincing evidence that ATP-induced activation
of TF and TF* MVs release involve the activation of A-SMase. ATP stimulation is shown to
translocate A-SMase to the outer leaflet, increase the hydrolysis of SM, and reduce SM
content in the plasma membrane of macrophages. These data suggest that the A-SMase that
is translocated to the outer leaflet upon ATP stimulation is capable of hydrolyzing SM in the
plasma membrane. Inhibition of A-SMase expression by siRNA or inhibition of A-SMase
activity with specific inhibitors attenuated not only ATP-induced SM hydrolysis but also
inhibited ATP-induced TF activation and the release of TF* MVs. These treatments had no
effect on the known externalization of PS by ATP,40:68 indicating that ATP-induced A-
SMase—-mediated TF activation is independent of PS externalization. The present results are
the first to demonstrate that SM metabolism in the plasma membrane controls TF encryption
and decryption processes. Our studies identify a novel mechanism by which ATP activation
of P2x7 leads to TF activation and release of TF* MVs. However, our present study also
suggests that ATP-induced PS externalization may partly contribute to TF decryption as
annexin V partly inhibited ATP-induced TF activity increase on the cell surface.

Data from earlier studies, which used murine macrophages and mouse model systems,
suggested that thioredoxin/thioredoxin reductase system and PDI-mediated thiol pathways
play a role in ATP-induced P2x7 receptor—-dependent TF activation and TF* MVs
release.#0:66 Data reported in the present study support a role for PDI in ATP-induced TF
decryption and TF* MVs release. However, ATP-induced A-SMase activation, SM
hydrolysis, and the subsequent TF activation and TF* MVs release appear to be independent
of PDI as PDI inhibition had no effect on ATP-induced SM hydrolysis and only partly
inhibited TF activity increase on the cell surface and TF* MVs release. The observation that
PDI inhibition had no significant effect on b-SMase-induced TF decryption and TF* MVs
release is consistent with the previous concept. It is likely that ATP-induced signaling could
promote TF decryption and TF* MVs release by 2 independent mechanisms.

SM metabolism is altered in many thrombotic disease settings, including atherosclerosis,
diabetes, sepsis, and cancer,26-34 raising a possibility that SM metabolism may play a key
role in TF activation (see Visual Abstract). In the physiological setting, a high molar
concentration of SM in the outer leaflet maintains TF in the cryptic state on resting cells by
exerting its inhibitory effect. Pathophysiological stimuli, such as ATP secretion, cytokines
induced by inflammation, or reactive oxygen/nitrogen species generated in oxidative stress,
could activate secretory A-SMase that translocates to the outer leaflet.5% In bacterial
infection, secretion or presence of SMase on the surface of certain bacteria’%-"2 may result
in b-SMase coming in contact with the extracellular leaflet before inflammatory signals
activate endogenous A-SMase in host cells. SMase contacting the outer leaflet of the plasma
membrane hydrolyzes SM in the outer leaflet to ceramide and PC, releasing TF from SM’s
inhibitory effect. It is also possible that SMase-produced ceramide could bind cholesterol
and form ceramide-rich platforms that alter the membrane curvature and integrity.”3:74 These
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changes in the membrane could also contribute to TF activation and MVs shedding.
Clustering of ceramide into the inner leaflet following SM hydrolysis and the subsequent
redistribution of ceramide within the lipid bilayer may facilitate the formation of plasma
membrane protrusions’® that lead to MVs shedding. Our present observation that SMase is a
key molecular effector in TF activation and prothrombotic TF* MVs shedding constitutes as
a novel finding and opens new strategies for the treatment of thrombotic diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

SM in the outer leaflet of the plasma membrane is responsible for TF
encryption.

ATP-induced activation of A-SMase leads to hydrolysis of SM in the outer
leaflet, which consequently activates TF and releases TF* MVs.
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Figure 1. Inhibitory effect of SM on TF coagulant activity
(A) Full-length recombinant human TF was reconstituted in liposomes with PC alone or PC

with varying % molar concentrations of SM. TF coagulant activity was measured by its
ability to support FVIla activation of FX using 10 pM of relipidated TF, 1 nM FVlla, and
175 nM of FX. FXa generation was measured in a chromogenic assay. (B) TF (1.3 nM)
relipidated in PC, PC:SM (60:40 mol %), or PC:ceramide (60:40 mol %) was incubated with
FVIla (10 pM) and FX (175 nM), and the activation of FX was measured in a chromogenic
assay. (C) TF (10 pM) relipidated in PC (O) or PC: SM (60:40 mol %) (@) was incubated
with varying concentrations of FVIla (1 to 100 pM FVIIa), and TF-FVlla activation of FX
was measured. (D) TF (10 nM) reconstituted in PC or PC with varying % molar
concentrations of SM was incubated with FVIla (100 nM), and TF-FVI1la amidolytic activity
was measured using tissue plasminogen activator chromogenic substrate (Chromozym-tPA).
(E) TF (10 nM) relipidated in PC (O) or PC: SM (60:40 mol %) (@) was incubated with
varying concentrations of FVIla (1 to 100 nM), and TF-FVIla amidolytic activity was
measured in a chromogenic assay. FVIla amidolytic activity in the absence of TF was also
measured (O). (F) TF (0.5 nM) relipidated in PC alone, PC:SM (60:40 mol %), PC:PS (94:6
mol %), or PC: PS:SM (54:6:40 mol %) was incubated with FVIla (10 pM) and FX (175
nM), and TF-FVIla activation of FX was measured. *P < .05; ** P< .01; ns, no statistical
significance.
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Figure 2. SM hydrolysis in the outer leaflet of plasma membrane increases cell surface TF
activity and releases TF* MVs in macrophages

(A) Human MDMs were metabolically labeled with [methyl-14C]-choline chloride (0.2
uCi/mL) for 48 hours. The labeled cells were treated with a control vehicle or varying
concentrations of b-SMase for 60 minutes, and supernatants were collected. The cell
supernatants were subjected to centrifugation at 400¢g for 5 minutes and then 21 000g for 60
minutes to remove cell debris and pellet MVs, respectively. The supernatants devoid of cell
debris and MVs were counted for the radioactivity to determine the release of [14C]-
phosphorylcholine. (B) MDMs treated with a control vehicle or b-SMase (1 U/mL) for 60
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minutes were fixed and incubated with lysenin (0.5 pg/mL), a specific binding protein to
SM, for 1 hour. The bound lysenin was detected by using anti-lysenin antiserum followed by
secondary antibodies conjugated with AF567 fluorophore. (C) MDMs were treated with
varying concentrations of b-SMase for 1 hour. At the end of the treatment, cell supernatants
were removed, cells were washed, and cell surface TF activity was measured by adding 10
nM FVlla and 175 nM FX and determining the rate of FXa generation in a chromogenic
assay. (D) MDMs were treated with a control vehicle or b-SMase (1 U/mL) for 1 hour.
Intact, nonpermeabilized cells were labeled with control IgG (“C™) or rabbit anti-human TF
IgG, followed by fluorophore-conjugated secondary antibodies. The immunostained cells
were subjected to FACS analysis. As a positive control, MDMSs were stimulated with 1
ug/mL lipopolysaccharides from Escherichia coli 0111:B4 (LPS) for 4 hours to enhance TF
antigen levels on the cell surface by inducing de novo synthesis of TF. (E) MDMs were
treated with varying concentrations of b-SMase for 1 hour. At the end of the treatment, cell
supernatants were removed, and MVs were isolated as described in “Materials and
methods.” TF activity in MVs was measured as the rate of FXa generated by adding 10 nM
FVllaand 175 nM FX. (F) Cell surface prothrombinase activity of MDMs treated with a
control vehicle or varying concentrations of b-SMase for 1 hour was determined by
incubating MDMs with FVa (10 nM), FXa (1 nM), and prothrombin (1. 4 uM) and
measuring the amount of thrombin generated in a chromogenic assay. (G) Prothrombinase
activity in MVs harvested from MDM treated with varying concentrations of b-SMase for 1
hour. The reagent concentrations used for the assay were same as in panel F. (H) AF488-
annexin V labeling of MDMs treated with a control vehicle or b-SMase (1 U/mL) for 1 hour.
As a positive control, MDMs were treated with calcium ionophore (10 uM) for 10 minutes.
Effect of annexin V on cell surface TF (I) and prothrombinase (J) activities. MDMs were
pretreated with annexin V (400 nM) for 30 minutes and then treated with a control vehicle or
b-SMase (1 U/mL) for 1 hour. *P< .05; **A< .01; ***P< .001 compared with the values
obtained in the absence of b-SMase treatment.
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Figure 3. ATP stimulation enhances cell surface TF activity of macrophages and TF* MVs
release

(A) MDMs were treated with benzoyl-ATP (BzATP) (200 uM) for varying time periods,
supernatants were removed, and cells were washed once. Cell surface TF activity was
measured by adding FVlla (10 nM) and FX (175 nM) and determining the rate of FXa
generation in achromogenic assay. (B) MDMs were treated with control vehicle or BzZATP
(200 pM, 15 minutes). MDMs were labeled with control 1gG (“C”) or rabbit anti-human TF
IgG and subjected to FACS analysis. As a positive control, MDMs were stimulated with LPS
for 4 hours. (C) MDMs were treated with BzATP as described in panel A, and the cell
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supernatants were collected. MVs were isolated, and TF activity in MVs was measured in
FX activation as described in panel A. (D) MDMs were treated with BzATP as described in
panel A, and prothrombinase activity on the cell surface was measured by adding FVa (10
nM), FXa (1 nM), and prothrombin (1.4 uM). (E) MDM s treated with BzZATP (200 pM) for
varying times were stained with AF488-annexin V and subjected to fluorescence
microscopy. In control, MDMs were incubated with a control vehicle for 60 minutes, and
this panel was labeled as “0” ATP. (F-G) MDMs were pretreated with annexin V (400 nM)
for 30 minutes and then stimulated with a control vehicle or BzATP (200 uM) for 10
minutes. Cell surface TF (F) and prothrombinase (G) activities were measured as described
previously. * /A< .05; ** A< .01; ***P< 001 compared with the values obtained in MDMs
treated with a control vehicle or as specified by bars in the figures.
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Figure 4. ATP induces translocation of A-SMase to the plasma membrane in macrophages
(A) MDMs were treated with a control vehicle or BzZATP (200 uM) for 10 minutes. The cells

were fixed, permeabilized, and stained for A-SMase using A-SMase—specific antibodies
followed by secondary antibodies conjugated with AF567 fluorescent dye. During the
secondary antibody labeling, the cells were also labeled with a general cell membrane
marker PHK67 green fluorescent cell linker. The immunofluorescence staining was analyzed
by confocal microscopy. Arrowheads in the middle panel indicate immunostaining of A-
SMase in the plasma membrane following ATP treatment. Yellow color in the right panel
indicates colocalization of A-SMase with the membrane marker, illustrating mobilization of
A-SMase from intracellular compartments to vesicular membranes for translocation to the
other leaflet. (B) Quantification of A-SMase translocation to the plasma membrane. The A-
SMase fluorescence intensity on the plasma membrane (30 cells or more) was measured
using F1JI software (ImageJ2, Wayne Rasband, National Institute of Mental Health). Mann-
Whitney U'test was used to determine the significance between control and BzATP
treatments. **P < .01.
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Figure 5. ATP-induced activation of A-SMase results in increased hydrolysis of SM on the cell
surface

(A) MDMs were metabolically labeled with [methyl-14C]-choline chloride (0.2 uCi/mL) for
48 hours. The labeled cells were treated with a control vehicle (60 minutes) or BzATP (200
uM) for varying times and supernatants were collected. The cell supernatants were subjected
to centrifugation at 400¢g for 5 minutes and then 21 000g for 60 minutes to remove cell
debris and pellet MVs, respectively. The supernatants devoid of cell debris and MVs were
counted for the radioactivity to determine the release of [14C]-phosphorylcholine. (B)
MDMs treated with a control vehicle or BzZATP (200 uM) for 10 minutes were analyzed for
their ability to bind lysenin, a protein that specifically binds SM, as described in the legend
to Figure 2. (C) The quantification of lysenin binding to cells. The fluorescence intensity of
cells (30 cells or more) was measured using ImageJ2 software. (D) MDMs metabolically
labeled with [methyl-14C]-choline chloride as described previously were treated with A-
SMase inhibitors desipramine or imipramine for 1 hour and then stimulated with BzATP
(200 uM) for 1 hour. The released radioactivity ([1*C]-phosphorylcholine) was measured to
monitor the hydrolysis of SM in the outer leaflet. (E) MDMs transfected with mock, SCRNA,
or siRNA specific for A-SMase were metabolically labeled with [methyl-14C]-choline
chloride (0.2 uCi/mL) for 48 hours. The cells were then stimulated with a control vehicle or
ATP for 60 minutes, and the release of radioactivity ([1#C]-phosphorylcholine) was
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measured. Mann-Whitney U'test was used to determine statistical significance between 2
groups. *P< .05; **P< .01; *** P< .001.
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Figure 6. Inhibition of A-SMase attenuates ATP-induced TF decryption and TF™ MVs release in
macrophages
(A-B) MDMs were treated with A-SMase inhibitors desipramine (Des) and imipramine

(Imi) in SF-RPMI medium for 1 hour at 37°C. After that, MDMSs were exposed to 200 uM
BzATP in SF-RPMI at 37°C for 15 minutes, and cell surface TF activity (A), and MVs TF
activity (B) were measured in FX activation assay using 10 nM FVIla and 175 nM FX. (C)
MDMs were subjected to mock transfection (transfection reagent alone) or transfected with
SsCRNA or siRNA for A-SMase for 48 hours. Cell lysates were probed for A-SMase levels by
immunoblot analysis. The same blot was also probed for -actin as a loading control. (D)

Blood Adv. Author manuscript; available in PMC 2017 July 27.




1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 25

MDM cells transfected with a control SCRNA or A-SMase siRNA were treated with a
control vehicle or BzATP (200 uM) for 15 minutes. The cells were immunostained for A-
SMase. (E) MDMs transfected with a mock transfection reagent, SCRNA, and A-SMase
SiRNA were treated with a control vehicle or 200 uM BzATP for 15 minutes and
immunostained for A-SMase. The fluorescence intensity of staining of A-SMase at the cell
surface was quantified as described in the legend to Figure 4E. MDMs transfected with
SsCRNA or siRNA for A-SMase were treated with a control vehicle or BzATP (200 uM) for
15 minutes, and TF activity at the cell surface (F) and MVs (G) were measured in FX
activation assay. Mann-Whitney Utest was used to determine the significance between
control and experimental groups. ***£< .001. (H) MDMs pretreated with A-SMase
inhibitors Des (10 pM) and Imi (5 uM) for 1 hour or transfected with sScRNA or siRNA for
A-SMase were treated with a control vehicle (~ATP) or BzATP (+ATP) for 15 minutes. The
cells were stained with AF488-annexin V to evaluate PS exposure.
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Figure 7. Effect of PDI inhibition on ATP- and b-SMase-induced TF decryption, TF* MVs

release, and SM hydrolysis

(A) Cell lysates of MDM s transfected with mock, SCRNA, or siRNA specific for PDI were
probed for PDI expression levels by western blot analysis. (B—C) MDMs transfected with
mock, sScCRNA, or PDI siRNA were treated with a control vehicle or BzATP (200 uM) for 15
minutes. TF activity on the cell surface (B) or MVs (C) was measured in FX activation
assay. (D-E) MDMs transfected with mock, scRNA, or PDI siRNA were treated with a
control vehicle or b-SMase (1 U/mL) for 1 hour. Following the treatment, cell surface TF
activity (D) or TF activity in MVs (E) was measured in FX activation assay. (F-G) MDMs
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were first treated with a control vehicle or PDI inhibitor PACMA31 (10 uM) for 1 hour, and
then treated with control vehicle, BzZATP (200 uM, 15 minutes), or b-SMase (1 U/mL, 1
hour). Cell surface TF activity (F) or MVs TF activity (G) was measured in FX activation
assay. (H) MDMs transfected with mock, scRNA, or PDI siRNA were metabolically labeled
with [methyl-14C]-choline chloride (0.2 pCi/mL) for 48 hours. Labeled MDMs were treated
with a control vehicle, BzZATP (200 puM, for 15 minutes), or b-SMase (1 U/mL, for 1 hour).
Cell supernatants were collected and centrifuged to remove cell debris and MVs before they
were counted for the radioactivity to determine the release of [14C]-phosphorylcholine as an
index for SM hydrolysis.
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