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Tissue factor (TF) instigates the extrinsic pathway of
blood coagulation. Plaque disruption and exposure of
circulating factor VII/VIla to subendothelial proco-
agulants such as TF leads to intravascular thrombosis,
a frequent cause of acute atherosclerotic events. Al-
though the expression of TF in the intima of human
atherosclerotic lesions is well established, little is
known about the mechanisms of TF regulation in
vascular smooth muscle cells (SMC). We demonstrate
here that TF colocalizes with the receptor CD40 on
lesional SMC within atherosclerotic lesions in situ. In
cultured vascular SMC, ligation of CD40 with native
CD40 ligand (CD40L) derived from activated T lym-
phocytes or recombinant human CD40L (rCD40L) in-
duced the transient expression of TF on the cell
surface (as determined by FACS analysis) in a concen-
tration- and time-dependent manner and enhanced
total cell-associated TF (as determined by ELISA).
CD40L-induced TF on vascular SMC is functional and
activates coagulation. In accordance with the in-
creased TF activity, stimulation of vascular SMC with
rCD40L did not affect either protein expression or
activity of tissue factor pathway inhibitors. In sum-
mary, these findings demonstrate the potential of the
CD40/CD40L signaling pathway to augment the pro-
coagulant activity in human vascular SMC. Because TF
and CD40 colocalize on lesional SMC in human ath-
eroma, CD40/CD40L signaling may contribute to the
TF expression and hence to increased thrombogenic-
ity of plaques during the inflammatory responses of
atherogenesis and arterial injury. (AmJ Pathol 2000,
156:7-14)

Thrombosis, resulting in arterial occlusion, frequently
causes myocardial infarction, unstable angina, stroke, or
sudden death.”? Furthermore, episodes of non-occlusive
mural thrombosis in arteries may not produce clinical
manifestations but may promote plaque growth and evo-
lution. Plaque disruption precipitates many episodes of
acute arterial thrombosis by allowing contact of the
bloodstream with procoagulants within atheroma.?® Tis-
sue factor (TF) is one critical initiator of blood coagula-
tion.** This membrane-bound 47-kd glycoprotein con-
sists of three domains: the short cytoplasmic domain (19
amino acids), the single transmembrane domain (23
amino acids), and the extracellular domain (219 amino
acids). Recent studies support the involvement of the
intracellular domain in apoptosis, production of growth
factors, smooth muscle cell (SMC) migration, and intra-
cellular signaling.6™® TF’'s well established biological
function, however, depends on the large extracellular
domain, which triggers the coagulation cascade. TF
binds to factors VII and X, resulting in accelerated con-
version of factors IX and X to the active factors IXa and
Xa, respectively. TF thus promotes generation of throm-
bin, which converts fibrinogen to fibrin, a major compo-
nent of the thrombus.

Many studies have explored the role of TF in the patho-
genesis of atherosclerosis, as well reviewed elsewhere. '°
Active TF localizes in early atherosclerotic lesions and
persists into the advanced stages.”'"'? In addition to
primary arteriosclerosis, acute thrombosis triggered by
procoagulant TF activity may complicate arterial interven-
tions such as balloon angioplasty, atherectomy, or coro-
nary artery stenting.’>'® Such interventions expose vas-
cular SMC to blood coagulation factors, highlighting the
potential clinical relevance of the thrombogenicity of this
cell type.’”
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Little is known, however, regarding the regulation of
this potent coagulant protein in vascular SMC. Mediators
described to induce TF expression in human vascular
SMC are restricted to soluble molecules, including proin-
flammatory cytokines, such as interleukin-1 (IL-1) and
tumor necrosis factor (TNF), or growth factors such as
platelet-derived growth factor.’” Cell contact with plate-
lets can induce TF expression on vascular SMC; how-
ever, the underlying mechanisms are unknown.'®

Recently, we localized the components of a novel sig-
naling dyad, CD40 and CD40L, within human atheroscle-
rotic lesions."® CD40, a 48-kd type | membrane protein, is
a member of the TNF receptor family that includes the
TNF receptors and Fas (CD95).2°22 These receptors
participate in the regulation of cell proliferation, differen-
tiation, or apoptosis.?®>2° CD40, originally considered re-
stricted to B lymphocytes, is expressed on vascular SMC
within the atherosclerotic lesion.'® CD40'’s activator CD40
ligand (CD40L, CD154), a 40-kd cell surface molecule,
originally considered restricted to activated CD4+ T lym-
phocytes, 25?7 is also expressed on vascular SMC'® and
belongs to the TNF family which includes TNFq, Fas
ligand, and others.?*282° Both CD40 and CD40L on
SMC function in vitro.*°

This study tested the hypothesis that CD40 engage-
ment on human vascular SMC via CD40L, expressed by
activated T lymphocytes among other cells, induces the
expression and/or activity of TF and its inhibitors by vas-
cular SMC.

Materials and Methods

Materials

Phorbol-12 myristate 13-acetate (PMA) and Polymyxin B
were purchased from Sigma (St. Louis, MO). Human
recombinant CD40L (rCD40L) was generated as de-
scribed previously.3'2? To limit possible effects of endo-
toxin in the rCD40L preparation, polymyxin B (500 ng/ml)
was added during the stimulation of the SMC. Polymyxin
B alone did not affect SMC (data not shown). Anti-human
CD40L and CD40 as well as fluorescein isothiocyanate
(FITC)-conjugated control IgG1 mAb used for immuno-
histochemistry were obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA) and PharMingen (La Jolla, CA),
respectively.

Cell Isolation and Culture

Human vascular SMC were isolated from human saphe-
nous veins by explant outgrowth and subcultured in
DMEM (BioWhittaker, Walkersville, MD) supplemented
with 1% L-glutamine (BioWhittaker), 1% penicillin/strep-
tomycin, and 10% FBS, as described previously.®® SMC
were characterized by immunostaining with anti-smooth
muscle cell a-actin antibody (Dako, Carpinteria, CA). The
cells were cultured 24 hours before the experiment in
insulin/transferrin (IT) medium, as described previous-
ly.3* For preparation of cell lysates, as used for enzyme-
linked immunosorbent assay (ELISA), SMC stimulated for

the respective times were chilled on ice (10 minutes) and
harvested via cell scraper techniques. Pelleted cells were
resuspended in sterile phosphate-buffered saline (PBS)
and lysed via three freeze/thaw cycles. Finally, total pro-
tein amount was determined.

T lymphocytes were isolated from freshly prepared
human peripheral blood mononuclear cells obtained from
leukopacs of healthy donors by CD4+ selection employ-
ing magnetic beads coated with anti-CD4 mAb (Dyna-
beads M450 CD4; Dynal Inc., Oslo, Norway) and were
kindly provided by Dr. Andrew Lichtmann (Brigham and
Women'’s Hospital, Boston, MA). The purity of the T lympho-
cyte preparations was =98%, as determined by fluores-
cence-activated cell sorter (FACS) analysis (anti-human
CD4+ mAb, FITC-conjugated; PharMingen, San Diego,
CA). The cells were cultured 12 hours in RPMI1640 (Bio-
Whittaker) in absence or presence of 50 ng/ml PMA and
CDA40L cell surface expression confirmed by FACS analysis
(anti-CD40L mADb, FITC-conjugated; Calbiochem).

For preparation of cell membranes, SMC (1 X 10°
cells/ml) or T lymphocytes (3 X 107 cells/ml) were resus-
pended in 50 mmol/L Tris-HCI, pH 7.4, 250 mmol/L NaCl,
500 mmol/L MgCl,, 0.1 mmol/L EDTA (final concentra-
tions) and sonicated (Heat Systems Ultrasonics Inc., Pla-
inview, NY). Cell membranes were separated from whole
lysates using two-layer (0.32/2.14 mmol/L) sucrose gra-
dient centrifugation (25,000 X g, 90 minutes, 4°C). The
interface band was harvested, washed twice in 0.32
mmol/L sucrose, 100 mmol/L HEPES, 0.5 mmol/L EDTA
(1,500g, 15 minutes, 4°C), and loaded again on a two-
layer (0.32/1.96 mmol/L) sucrose-gradient-centrifugation
(40,000 X g, 60 minutes, 4°C). Finally, the interphase
band was harvested, centrifuged (10,000 X g, 15 min-
utes, 4°C) and the membrane preparation resuspended
in phosphate buffered saline. Cultures of human vascular
SMC were incubated with CD4+ T lymphocyte mem-
brane preparations equivalent to a ratio of 1 SMC:10 T
cells.

Immunohistochemistry

Surgical specimens of human carotid atheroma and aorta
were obtained by protocols approved by the Human
Investigation Review Committee at Brigham and Wom-
en’s Hospital. Serial cryostat sections (5 um) were cut,
air-dried onto microscope slides (Fisher Scientific, Pitts-
burgh, PA), and fixed in acetone at —20°C for 5 minutes.
Sections were pre-incubated with PBS containing 0.3%
hydrogen peroxide to inhibit endogenous peroxidase ac-
tivity. The sections were then incubated (90 minutes) with
primary or control (mouse myeloma protein MOPC-21,
Sigma, St. Louis, MO) antibody diluted in PBS supple-
mented with 5% appropriate serum. After washing three
times in PBS, sections were incubated with the respective
biotinylated secondary antibody (45 minutes, Vector,
Burlingame, CA) followed by avidin-biotin-peroxidase
complex (Vectastain ABC kit, Vector), and antibody bind-
ing was visualized with 3-amino-9-ethyl carbazole (Vec-
tor) according to the recommendations provided by the
supplier. Colocalization of TF with CD40 or the respective



cell type used double-immunofluorescence staining. The
mouse anti-human TF antibody (1:200; no. 4901, Ameri-
can Diagnostica, Greenwich, CT) was applied for 60
minutes followed by biotinylated anti-mouse secondary
antibody for 45 minutes and Texas red-conjugated
streptavidin (Amersham, Arlington Heights, IL). Subse-
quent to application of the avidin/biotin blocking kit (Vec-
tor), rabbit-anti-human CD40 antibody (1:250, Santa Cruz
Biotechnology) or anti-smooth muscle actin mAb for SMC
(Enzo Diagnostics, New York, NY) was added and sec-
tions incubated overnight at 4°C. Subsequently, the ap-
propriate secondary antibodies were applied for 30 min-
utes followed by streptavidin-FITC (Amersham).

Flow Cytometry

Human vascular SMC were washed with ice-cold PBS
(Ca?*/Mg?* free), harvested by scraping and subse-
quently washed once with PBS/1% FBS before being
incubated with the FITC-conjugated TF antibody (30 min-
utes, 4°C). After immunofluorescence labeling, cells were
washed twice with PBS/1% FBS and analyzed in a Becton
Dickinson FACScan flow cytometer. Data were analyzed
using CellQuest software (Becton Dickinson). At least
20,000 viable cells per condition were analyzed for the
determination of percentage of positive cells.

Analysis of TF and TF Pathway Inhibitor (TFPI)
Protein and Activity

Detection of TF and TFPI protein used the Immunobind
TF and total TFPI sandwich ELISA kit provided by Amer-
ican Diagnostica, respectively. The anti-TFPI antibodies
recognized full length as well as truncated forms of
TFPI-1. The subsequent binding of the streptavidin-con-
jugated horseradish peroxidase is visualized by addition
of TMB substrate as blue color, and TF/TFPI levels deter-
mined by measuring absorbance at 405 nm.

Detection of TF and TFPI activity used the Actichrome
TF and TFPI Activity Assay provided by American Diag-
nostica. TF activity was determined as the peptidyl activ-
ity for complex formation with recombinant Factor VII and
the conversion of a chromogenic substrate. Absorbance
read at 405 nm was compared to those values obtained
with recombinant TF standard. TFPI activity was deter-
mined as the ability to inhibit the catalytic activity of the
TF/Vlla to convert recombinant factor X to Xa. Remaining
TF/Vlla activity was quantitated by cleavage of a chro-
mogenic factor Xa substrate. Absorbance read at 405 nm
was compared to those values obtained with recombi-
nant TFPI standard.

Results

Vascular SMC Coexpress TF and CD40 within
Human Atherosclerotic Lesions

In accordance with previous studies,'"'23%36 human ca-
rotid atherosclerotic lesions (n = 6) consistently showed
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strong immunoreactivity for TF (Figure 1). Because we re-
cently localized the CD40/CD40L receptor/ligand pair in
human atherosclerotic plagues and demonstrated that
CD40 ligation induces atheroma-associated functions in
human vascular SMC, 9237 we investigated the possi-
ble colocalization of TF with CD40. Indeed, cells express-
ing TF also bear CD40 (Figure 1). Cell morphology as well
as the colocalization of immunofluorescence double-la-
beling of CD40 and TF with «-actin-positive cells on
adjacent sections, supported the localization of TF on
CD40-positive vascular SMC within atherosclerotic le-
sions. No immunoreactivity was observed in tissues
stained with the respective control 1gG.

Ligation of CD40 on Human Vascular SMC
Induces the Transient Surface Expression of TF
in Vitro

The regulation of TF in vascular SMC by CD40 ligation
was further studied in vitro. Ligation of CD40 on human
vascular SMC induced the transient cell surface expres-
sion of TF in vitro, whereas unstimulated cells did not
express this procoagulant molecule, as demonstrated by
FACS analysis (Figure 2A). Smooth muscle cells exposed
to either CD40L-positive cell membrane preparations of
PMA-activated (50 ng/ml, 12 hours) T lymphocytes or
recombinant human CD40L (rCD40L) showed the time-
dependent induction of cell surface TF. Tissue factor
expression peaked after 6 to 12 hours of coculture with
the respective CD40L source, and decreased during
more prolonged incubation. Addition of an anti-CD40L
mAb blocked induction of TF in response to CD40 liga-
tion. Maximal production of TF protein required the co-
culture of SMC with T cell membrane preparations at an
equivalent of 10 T cells:1 SMC or with 10 ng/ml rCD40L
(Figure 2).

Ligation of CD40 on Human Vascular SMC
Induces the Transient Expression of TF Protein
and Activity

The induction of TF protein by CD40 engagement was
further evaluated in lysates of cultured vascular SMC. In
accordance with the findings of the FACS analysis, stim-
ulation of vascular SMC with rCD40L induced the cell-
associated expression of TF as determined by ELISA in a
concentration-dependent manner. Lysates of unstimu-
lated, quiescent SMC contained little or no detectable TF.
Human rCD40L, however, induced the expression of TF
protein in a concentration-dependent manner, requiring
at least 1 to 3 pg/ml and achieving an 11.2 = 1.1-fold
increase employing 10 ug/ml rCD40L (Figure 2B, upper
panel). Also in accordance with the FACS analysis, max-
imal induction of TF occurred after approximately 6 to 12
hours of stimulation with CD40L and prolonged incuba-
tion decreased TF protein (data not shown). Presence of
the anti-CD40L antibody markedly reduced this induction



10 Schénbeck et al
AJP January 2000, Vol. 156, No. 1

TF

CD40, control

TF, control

Figure 1. Tissue factor colocalizes with CD40-positive smooth muscle cells in human atherosclerotic lesions. Frozen sections of human carotid lesions were
analyzed for a-actin (top panels: left, X100; right, X400), CD40 (left middle panel, green, X400) and TF (lower left panel, red, X400) staining within human
atherosclerotic lesions, employing immunhistochemistry (for SMC) and immunofluorescence double labeling (for CD40 and TF). The lumen of the artery is at the
top of each photomicrograph. Staining employing control IgG is shown for CD40 (right middle panel, X400) and TF (right lower panel, X400). Analysis of

atheroma from six different donors showed similar results.

of TF, indicating the specificity of the CD40L-mediated
mechanism (Figure 2B, upper panel). Furthermore, addi-
tion of a TF blocking antibody during the ELISA abolished
the detection of TF, demonstrating the specificity of the
assay used.

Because the presence of TF protein does not neces-
sarily establish its biological function, we further deter-
mined the procoagulant activity of SMC. In accordance
with the findings at the protein level, CD40L induced the
expression of TF activity in a similar concentration- and

time-dependent manner. Because the use of total cell
lysates yielded high background signals in the activity
assay, membrane preparations of human vascular SMC
were used. Maximal activity levels were obtained after 6
to 12 hours of stimulation with the ligand (data not
shown). Membrane preparations of human vascular SMC
stimulated with 10 wg/ml rCD40L contained 4.8 = 1.2-
fold more TF activity than unstimulated cells, as deter-
mined by comparison with recombinant TF (Figure 2B,
lower panel).
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Ligation of CD40 on Human Vascular SMC
Does Not Affect the Expression of TFP/

Because the activity of TF in vivo depends on its balance
with endogenous inhibitors, we further analyzed whether
CD40 engagement alters the expression of TFPI. Stimu-
lation of human vascular SMC with rCD40L did not affect
the constitutive expression of TFPI-1, independent of the
concentrations (0.01 to 10 wg/ml rCD40L; Figure 3A) or
time of application (0.5 to 48 hours, data not shown) of
CDA40L. In accordance with the findings on protein ex-
pression, ligation of CD40L did not affect TFPI activity in
lysates (data not shown) or membrane preparations of
human vascular smooth muscle cells (Figure 3B).

Discussion

The present study demonstrates the novel finding that the
CD40/CD40L-signaling pathway regulates TF protein and
activity in human vascular SMC. Ligation of the receptor
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Figure 2. CD40L induces tissue factor in human vascular smooth muscle cells
in vitro. A: FACS analysis for human TF on vascular SMC, cultured 24 hours
before the experiment in IT medium and subsequently for the indicated times
with cell-membrane preparations of PMA-activated (50 ng/ml, 12 hours) T
lymphocytes (left panels) or recombinant CD40L (10 ug/ml rCD40L; right
panels) in the absence or presence of the a-CD40L mAb (a-CD40L, 10
pg/ml). Staining performed with control IgG is shown as lines. B: Lysates of
human vascular SMC, previously cultured 24 hours in IT medium, then
incubated for 24 hours with the respective concentrations of recombinant
human CD40 ligand (rCD40L) in the absence or presence of the a-CD40L
mAD (a-CD40L, 10 pg/ml), were analyzed for TF protein expression by ELISA
(upper panel). TF activity was analyzed in membrane-preparations of hu-
man vascular SMC (lower panel), as described in Materials and Methods.
Data shown are representative of three experiments performed with cells of
different origins.

CD40 by native as well as recombinant human CD40
ligand augments the expression of TF protein and activ-
ity, whereas engagement of CD40 did not affect the
constitutive expression of TFPI.

Triggering blood coagulation precipitates the major
acute manifestations of the chronic inflammatory disease
atherosclerosis. Thrombotic complications of atheroma
involve various cellular components. Indeed, SMC and
macrophages furnish the major source of the potent pro-
coagulant TF."10:11:8538 Several studies demonstrated
that nearly every atherosclerotic lesion analyzed ex-
pressed TF mRNA, protein, and activity.’® Although
much information exists regarding regulation of TF pro-
duced by macrophages, the regulation of TF expression
in human vascular SMC remains poorly understood. Pre-
vious reports focused on soluble mediators including
proinflammatory cytokines and growth factors.'”° How-
ever, these molecules do not explain TF induction ob-
served after cell contact,'® for example with platelets,
recently found to express functional CD40L.*° We and
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Figure 3. CD40L does not affect expression of TFPI in human vascular SMC.
Human vascular SMC, cultured 24 hours before the experiment in IT me-
dium, were incubated for 24 hours with the respective concentrations of
rCD40L in the absence or presence of the anti-CD40L mAb (a-CD40L, 10
ng/mb and analyzed for TFPI expression by ELISA (A) as well as TFPI-
activity assay (B). Recombinant TFPI-1 was applied for control purposes.
Data shown are representative of three and seven experiments, respectively,
performed with cells of different origins.

others have recently presented evidence implicating the
CD40 signaling pathway in atherogenesis, because it
mediates functions such as cytokine, adhesion molecule,
and matrix metalloproteinase expression on atheroma-
associated cells in vitro,'989:3337.47747 and  affects
atherogenesis in vivo.*® The present study demonstrates
that CD40L can indeed mediate the expression of TF
protein and activity in human vascular SMC, providing a
potential mediator of cell contact-dependent induction of
this procoagulant activity. The time-dependent induction
of TF via CD40 signaling resembles that found previously
with soluble mediators.’”

CD40 ligand may arise from multiple sources within
atheromatous tissue. We and others recently demon-
strated that CD40L is expressed on endothelial cells and
SMC as well as macrophages.'?49-%° Furthermore, T lym-
phocytes, cells found early in atherogenesis, also bear
CD40L."° Finally, recent studies by others demonstrated
that platelets can also mediate functions via CD40 li-
gand.*° Indeed, platelets can induce TF expression on
SMC as well as on endothelial cells and macrophages, as
demonstrated by several groups. @554

In addition to its cellular location, TF also occurs in the
extracellular pool of the lipid core within the atheroscle-
rotic lesion.'® SMC constitute a large portion of the cells
in many progressing atheroma. These cells may undergo
apoptosis during the evolution toward more vulnerable
lesions.®® SMC-derived TF thus might contribute to the

acellular pool of plaques as a deposit by activated and/or
dying SMC within the lipid core. On the other hand, TF
can also promote cell proliferation by augmenting growth
factor expression.® Thus, SMC-derived TF may partici-
pate in both the proliferative phase of atherogenesis as
well as the later stage of lesion destabilization, associ-
ated with SMC drop-out.

Within the core of atheroma only a subpopulation of
macrophages expresses TF." In contrast, the present
results show a homogenous expression of tissue factor
by SMC in vitro and in situ. These results may have im-
portant implications for thrombosis caused by superficial
erosion of atheroma during which blood may contact
intimal SMC but not the central core of the lesion, as in
rupture of the plaque’s fibrous cap.®®°”

TF-associated procoagulant activity depends on the
expression of TFPI. TFPI-1 interacts, probably via its
Kunitz domain 2, with the ternary procoagulant complex
of TF, factor Vlla, and factor X, forming an inactive qua-
ternary complex. Originally, TFPI-1 was described in
plasma as a complex with lipoproteins. Recent®® as well
as our own unpublished studies, however, revealed its
presence within human atherosclerotic lesions. Thus, im-
balance of procoagulant and inhibitory activity might de-
termine the thrombogenicity of lesions.

The present study demonstrates increased TF protein
and activity combined with unaltered TFPI protein and
activity, indicating that the balance of TF and TFPI in
human vascular SMC is shifted toward increased proco-
agulant activity after CD40 activation.

The findings of the current study, combined with the
observation that CD40 ligation also induces TF on mac-
rophages and endothelial cells,?”>'~53 demonstrates the
capability of this cell-associated activator to regulate the
thrombotic potential of human atherosclerotic lesion.
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