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Human atherosclerotic plaques express the metallopro-
tease tumor necrosis factor (TNF)-� converting enzyme
(TACE/ADAM-17), which cleaves several transmem-
brane proteins including TNF and its receptors (TNFR-1
and TNFR-2). Plaques also harbor submicron vesicles
(microparticles, MPs) released from plasma mem-
branes after cell activation or apoptosis. We sought to
examine whether TACE/ADAM17 is present on human
plaque MPs and whether these MPs would affect TNF
and TNFR-1 cellular shedding. Flow cytometry analysis
detected 12,867 � 2007 TACE/ADAM17� MPs/mg of
plaques isolated from 25 patients undergoing endarter-
ectomy but none in healthy human internal mam-
mary arteries. Plaque MPs harbored mainly mature
active TACE/ADAM17 and dose dependently cleaved a
pro-TNF mimetic peptide, whereas a preferential
TACE/ADAM17 inhibitor (TMI-2) and recombinant
TIMP-3 prevented this cleavage. Plaque MPs increased
TNF shedding from the human cell line ECV-304 over-
expressing TNF (ECV-304TNF), as well as TNFR-1 shed-
ding from activated human umbilical vein endothelial
cells or ECV-304TNF cells, without affecting TNF or
TNFR-1 synthesis. MPs also activated the shedding of
the endothelial protein C receptor from human um-
bilical vein endothelial cells. All these effects were
inhibited by TMI-2. The present study shows that hu-
man plaque MPs carry catalytically active TACE/
ADAM17 and significantly enhance the cell surface
processing of the TACE/ADAM17 substrates TNF,
TNFR-1, and endothelial protein C receptor, suggest-

ing that TACE/ADAM17� MPs could regulate the in-
flammatory balance in the culprit lesion. (Am J Pathol
2007, 171:1713–1723; DOI: 10.2353/ajpath.2007.070021)

Atherosclerosis is a chronic inflammatory disease of the
vessel wall resulting from the interactions between modified
lipoproteins, monocytes/macrophages, lymphocytes, and
vascular cells.1 The development and the progression of
atherosclerotic plaques are associated with apoptotic cell
death and accumulation of microparticles (MPs) within the
lesion.1–3 MPs are submicron plasma membrane vesicles
released during cell activation or apoptosis and harbor at
their surface transmembrane proteins initially present at the
parent cell surface, conferring to MPs a dynamic storage
pool of bioactive molecules.4–6 MPs have been isolated
from human atherosclerotic plaque but are absent in
healthy blood vessels.7 Human plaque MPs originate
mainly from leukocytes, red blood cells, endothelial cells,
and smooth muscle cells.7 They also express a procoagu-
lant activity associated with the presence of phosphatidyl-
serine and tissue factor at their surface, which could lead to
thrombus formation at the time of plaque rupture.7–9

Inflammatory processes are regulated by the balance
between pro- and anti-inflammatory mediators or cyto-
kines. Sheddases also modulate this equilibrium by
cleaving transmembrane proteins (cytokines, receptors,
adhesion molecules, and so forth) at the cell surface,
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releasing soluble ectodomains with altered function.10

The typical example is the tumor necrosis factor (TNF)-�
converting enzyme (TACE). Initially discovered as the
protease that cleaves the 26-kDa proform of TNF (pro-
TNF) to yield the TNF soluble form (sTNF),11,12 TACE also
cleaves ectodomains of several other transmembrane
proteins13 such as TNFR-1 and TNFR-2.14,15 TACE be-
longs to the ADAM family (ADAM17) and is synthesized
as an inactive proform that is further cleaved into an
active form by proprotein convertases, such as furin.16,17

We recently reported that TACE/ADAM17 is expressed
in both cellular and acellular areas of lesions from
apoE�/� mice and in human atherosclerotic plaques.18

We therefore hypothesized that MPs present in the
plaque are potential carriers of TACE/ADAM17. MPs
were isolated from human atherosclerotic plaques and
analyzed for their content in TACE/ADAM17 protein and
activity. Results showed that MPs carry TACE/ADAM17,
mainly in its mature active form, catalyze in vitro hydroly-
sis of a mimetic peptide containing the cleavage site of
pro-TNF, and activate the shedding of TACE/ADAM17
substrates such as TNF, TNFR-1, and endothelial protein
C receptor (EPCR).

Materials and Methods

Isolation of MPs from Human Atherosclerotic
Plaque and Human Umbilical Vein
Endothelial Cells

MPs were isolated from human atherosclerotic plaques
removed from 25 patients undergoing carotid endarter-
ectomy (73 � 2 years of age; 79% male), as recently
reported.7 Plaques were obtained either from symptom-
atic patients (70% with ischemic attacks and 30% with
stroke, n � 10) or from asymptomatic patients (n � 15)
with critical asymptomatic stenosis of the carotid artery
(�75% narrowing). As control experiments, healthy hu-
man internal mammary arteries (n � 3, obtained as sur-
gical waste) were submitted to the same isolation proto-
col. All patients gave their informed consent to the study,
which was approved by our local ethical committee. Sur-
gical samples obtained within 90 minutes after excision
were rapidly rinsed in ice-cold sterile phosphate-buffered
saline (PBS) solution supplemented with streptomycin
and penicillin (100 U/ml each). Atherosclerotic lesions
were then mechanically separated from the apparently
healthy vessel wall. Plaques were thoroughly minced for
15 minutes into 1-mm3 tissue fragments using fine scis-
sors in a volume of Dulbecco’s modified Eagle’s medium
(supplemented with 10 �g/ml polymyxin B, streptomycin,
and penicillin, and filtered through a 0.22-�m membrane)
corresponding to the respective weight of each lesion.
The resulting preparations were centrifuged first at 400 � g
(15 minutes) and then at 12,500 � g (5 minutes) to
remove cells and cell debris. The resulting supernatants
referred to as plaque homogenates were subsequently
used for flow cytometry analysis of plaque microparticle
cellular origins.7 The remaining plaque homogenate was
further centrifuged at 20,500 � g for 150 minutes at 4°C

to pellet MPs. The supernatant was discarded, and MP
pellets were gently suspended in fresh Dulbecco’s mod-
ified Eagle’s medium (1/10 of volume corresponding to
the respective weight of each lesion) and were used for in
vitro purposes (activity and cell stimulation). Endothelial
MPs were obtained from human umbilical vein endothe-
lial cells (HUVECs) (fourth passage) maintained in serum-
deprived medium for 72 hours. The medium was first
centrifuged at 300 � g for 10 minutes to eliminate cell
debris and then at 20,500 � g for 150 minutes at 4°C to
pellet MPs that were subsequently resuspended in fresh
Dulbecco’s modified Eagle’s medium.

Flow Cytometry Analysis of MPs

All analyses were performed on homogenates prepared
from atherosclerotic plaques or normal arteries and were
performed on a Coulter EPICS XL flow cytometer (Beck-
man Coulter, Villepinte, France) as recently reported.7

MP gate was defined as events with a 0.1- to 1-�m
diameter and then plotted on a FL/FSC fluorescence dot
plot to determinate positively labeled MPs by specific
antibodies. MP concentration was assessed by compar-
ison to Flowcount calibrator beads. MPs bearing phos-
phatidylserine were labeled using fluorescein isothiocya-
nate (FITC)-conjugated Annexin V (Roche Diagnostics,
Meylan, France) in the presence or in the absence of
CaCl2 (5 mmol/L). The cellular origin of human plaque
MPs was determined as follows. We incubated 10 �l of
plaque homogenates with different fluorochrome-labeled
antibodies or their corresponding isotype-matched IgG
controls at room temperature for 30 minutes. Anti-CD4-
phycoerythrin (PE) was provided by BD Biosciences
Pharmingen (Le Pont-de-Claise, France); anti-CD41-PE-
cyanin5 (PC5), anti-CD66b-FITC, anti-CD144-PE, and an-
ti-CD235a-FITC were obtained from Beckman Coulter;
anti-CD14-PE was from Caltag Laboratories (Burlin-
game, CA). MPs derived from endothelial cells, mono-
cytes/macrophages, lymphocytes, erythrocytes, and
granulocytes were identified as CD144�, CD14�, CD4�,
CD235a�, and CD66b�, respectively. The presence of
intracellular smooth muscle cell actin was assayed after
MP fixation in paraformaldehyde (2%) and permeabiliza-
tion by saponin (0.1%). Anti-smooth muscle cell actin
antibodies (rabbit IgG, dilution 1:2; LabVision, Runcorn,
UK), or rabbit IgG (as a negative control), were incubated
for 1 hour at room temperature. MP samples were
washed once in PBS, and Alexa Fluor 555 donkey anti-
rabbit IgGs (Invitrogen, Cergy-Pontaise, France) were
then added for 30 minutes at room temperature. To in-
vestigate the presence of TACE/ADAM17 at the surface
of plaque MPs, we incubated 10 �l of homogenate with 5
�l of monoclonal anti-human TACE/ADAM17-PE (clone
no. 111633) or its corresponding isotype-matched IgG
control (R&D Systems, Lille, France) at room temperature
for 20 minutes in the dark. The same anti-TACE-PE anti-
body (5 �l) was used in co-labeling with the anti-CD66b-
FITC (20 �l) and the anti-235a-FITC (20 �l). For the
co-labeling experiments with PE-conjugated antibodies
(20 �l each of anti-CD4, -CD14, and -CD144), we used
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the monoclonal antibody anti-human TACE/ADAM17
conjugated to fluorescein (clone no. 111633) (5 �l). All
subsequent in vitro experiments were performed using
the 20,500 � g-pelleted plaque MPs. In these assays,
plaque MPs reached a final concentration of 14,250 �
4990 Annexin V� MPs/�l, which corresponded to 11% of
the average MP concentration in the plaque.

Fluorogenic Assays of Protease Activity of MPs

Plaque MPs (n � 4) were incubated with the classical
pro-TNF mimetic fluorogenic peptide (peptide III; R&D
Systems) harboring the consensus sequence A-V
(Mca-PLAQA2V-Dpa-RSSSR-NH2) cleaved by TACE/
ADAM17.19 MPs (10 �l) were suspended in 100 �l of the
final activity buffer (25 mmol/L Tris/HCl, pH 8.0, contain-
ing 2.5 �mol/L ZnCl2). Fluorogenic peptide I (substrate of
MMP-1, -2, -7, -8, -9, -12, -13, -14, -15, and -16), peptide
II (substrate of MMP-3 and -10) (R&D Systems), and
peptide III were diluted in the activity buffer at the final
concentration of 10 �mol/L. Recombinant ectodomain of
human TACE/ADAM17 (R&D Systems), used as the pos-
itive control, or MPs were extemporaneously mixed with
the substrate in a final volume of 100 �l at room temper-
ature to initiate the reaction. TACE/ADAM17 inhibitor was
premixed with MPs or recombinant TACE/ADAM17 at 4°C
for 15 minutes. Mixtures were immediately delivered in a
96-well black plate and read in a microplate fluorescence
reader (Chameleon; Hidex, Turku, Finland). For all sub-
strates, fluorescence-related enzymatic cleavage was
monitored at 320-nm excitation and 405-nm emission
wavelength for 2 to 3 hours. Blank (buffer and MPs and
substrate, separately) was subtracted from sample mea-
surements for calculations.

Cell Culture

HUVECs were isolated and cultured as previously de-
scribed.20 They were used at the third passage for MP stimu-
lation experiments. The human endothelial cell line ECV-304
and ECV-304 cells stably overexpressing TNF (ECV-304TNF)
were cultured as described.21 Monocytic mouse cell line ho-
mozygous for TACE/ADAM17 mutation, which deletes the
Zn2� binding domain (TACE/ADAM17�Zn/�Zn cells), and
monocytic mouse TACE/ADAM17 cells expressing active
TACE/ADAM17 were kindly provided by Dr. J. Peschon
(Amgen Inc., Thousand Oaks, CA).11

Incubation of Cells with MPs

In HUVECs, the constitutive release of TNF or TNFR-1
was less than the detection limit in the present experi-
mental conditions. Thus, HUVECs were first exposed to
phorbol ester (PMA; 20 nmol/L, 4 hours), washed with
serum-free medium (Dulbecco’s modified Eagle’s me-
dium, 0.2% bovine serum albumin, 0.1 �mol ZnCl2, 1%
penicillin/streptomycin, and L-Glu) and incubated for 2
hours in this medium with plaque MPs with or without
TMI-2 (1.0 �mol/L) (VF 0.4 ml). ECV-304TNF cells were
exposed for 2 hours to plaque-pelleted MPs in the presence

or the absence of TMI-2 (1.0 �mol/L) in the above serum-
free medium (VF 0.4 ml). Conditioned medium was col-
lected and centrifuged at 20,500 � g to remove the MPs.
Cells were lysed with a lysis buffer (PBS, 0.2% Triton X-100,
and 1 �g/ml Pefabloc) for subsequent cellular protein assay
(enzyme-linked immunosorbent assay and total proteins). In
some cases, the 20,500 � g supernatant cleared of the MPs
was divided in two parts: one was stored at 4°C, and the
other one was centrifuged at 170,000 � g for 16 hours at
4°C (Beckman Optima TLX ultracentrifuge, TLA-100.2 rotor)
to sediment exosome-like particles that could be potentially
released by cells.22 TNF or TNFR-1 shedding was ex-
pressed as the ratio of TNF or TNFR-1 in the culture medium
over cellular TNF or TNFR-1, respectively, to take into ac-
count variations in cellular protein level.

Western Blotting

MP pellets were lysed with the above lysis buffer contain-
ing TMI-2 to prevent the autocleavage of TACE/ADAM17.
MP proteins were first submitted to concanavalin A col-
umn separation and then submitted to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (12% acryl-
amide or NuPAGE 10% acrylamide; Invitrogen) followed
by immunoblotting as previously described.21 TACE/
ADAM17 and ADAM10 were revealed with the rabbit poly-
clonal anti-human TACE/ADAM17 (R&D Systems) and the
rabbit polyclonal anti-human ADAM10 (eBioscience, Mon-
trouge, France), respectively. The potential presence of
exosomes in MP preparations was analyzed using the anti-
TSG-101 antibody (Sigma, L’Isles d’Abeau Chesnes,
France) and the anti-lactadherin antibody.23 The MW was
estimated with the BenchMark ladder (Invitrogen).

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

Total RNA from HUVECs was extracted with the RNeasy
mini kit from Qiagen (Courtaboeuf, France). Primer pairs for
human TNFR-1 and eEF1� and RT-PCR conditions were
described previously.24

Protein Assay

Total protein content of cell lysates was assayed using the
bicinchoninic acid protein assay kit from Sigma-Aldrich.
Levels of human sTNF, sTNFR-1, sICAM-1, and MCP-1, and
murine sTNFR-1 were determined by enzyme-linked immu-
nosorbent assay according to the specifications of the sup-
plier (R&D Systems). Soluble endothelial protein C receptor
(sEPCR) was assayed by enzyme-linked immunosorbent
assay using the specification of the Asserachrom sEPCR kit
(Diagnostica Stago, Asnières, France).

Reagents

Culture media and reagents were from Gibco BRL (Invitro-
gen). Bovine serum albumin and Pefabloc were from Sigma.
TACE/ADAM17 inhibitor TMI-2 was kindly donated by Dr. J.
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Levin (Wyeth Research, Cambridge, MA). Recombinant active
human TACE/ADAM17 was from R&D Systems.

Statistics

Results were expressed as mean � SD or SEM where
indicated. Differences of the means between two groups
were evaluated by the Mann-Whitney U-test, with P �
0.05 considered as significant.

Results

Presence of the Mature Form of TACE/ADAM17
on MPs Isolated from Human Atherosclerotic
Plaques

Flow cytometry analysis of plaque homogenates (Figure
1A) detected the presence of 119,639 � 26,325 Annexin
V� MPs, and 12,867 � 2007 TACE/ADAM17� MPs per
mg of plaque (Figure 1B) (mean � SEM, n � 25). In
contrast, isolation of MPs from healthy human internal

mammary arteries did not yield detectable levels of
TACE/ADAM17� MPs (n � 3) (Figure 1B). TACE� MP
abundance was not different between asymptomatic and
symptomatic plaques (13,487 � 2529 versus 11,975 �
3397 TACE� MPs/mg plaque, respectively; P � 0.48).

The cellular origin of TACE/ADAM17� MPs was deter-
mined by positive co-labeling of TACE/ADAM17 and cel-
lular markers (n � 12, Figure 1C). TACE/ADAM17� MPs
mostly originated from leukocytes (lymphocytes, granu-
locytes, and monocytes/macrophages) and also from
erythrocytes and endothelial cells. None seems to be of
smooth muscle cell origin because TACE/ADAM17� MPs
did not co-label with the smooth muscle cell actin anti-
body. There was no difference in the cellular origin of
TACE/ADAM17� MPs between symptomatic and asymp-
tomatic plaques (data not shown).

Co-pelleting of plaque MPs with exosomes that sediment
at much higher centrifugation speeds than MPs was ex-
cluded in the 20,500 � g pellet because there was no
significant labeling for the exosomal markers TSG-10125,26

(Figure 1D) or lactadherin (data not shown).22,27,28 In
plaque MP pellets, the mature form of TACE/ADAM17 was
primarily predominant over the proform. Only a minor band
of the proform was detected when a preparation exception-
ally rich in MPs was examined (Figure 1E).

The Mature Form of TACE/ADAM17 Present on
Plaque MPs Is Active in Vitro

The presence of the mature form of TACE/ADAM17 on
MPs prompted us to investigate whether MPs could be
catalytically active in vitro. The human recombinant
TACE/ADAM17 ectodomain (10 ng/assay), which con-
tains the active catalytic site, time dependently cleaved
the pro-TNF mimetic peptide (peptide III). TMI-2, a pref-
erential inhibitor of TACE/ADAM17,29 inhibited this cleav-
age by 87 and 100% at 5 and 50 nmol/L, respectively
(Figure 2A). The natural endogenous TACE/ADAM17 in-
hibitor TIMP-330 (100 nmol/L) inhibited by 85% the TACE/
ADAM17-dependent cleavage of the peptide.

Plaque MPs pelleted from homogenates cleaved the
fluorogenic peptide in a time-dependent manner (Figure
2B). The MP-induced increase in fluorescence was
strongly reduced by TMI-2, in a concentration-dependent
manner. Inhibition by TMI-2 averaged 63% at 5 nmol/L
and was optimal (87%) at 500 nmol/L, after 120 minutes
of incubation (Figure 2B). TIMP-3 (100 nmol/L) inhibited
the MP-induced increase in fluorescence to the same
extent as TMI-2 (5 nmol/L) did. The TACE/ADAM17-de-
pendent hydrolysis of the peptide augmented with the
increasing concentrations of MPs (Figure 2C). No TACE/
ADAM17 activity could be detected in the supernatant
resulting from MP pelleting (45 minutes; 20,500 � g),
indicating that the activity is carried by MPs and not by
smaller vesicular structures.

We also investigated whether plaque MPs hydrolyze two
other fluorogenic peptides that are substrates of several
MMPs. Peptide I is cleaved by a large panel of MMPs
(MMP-1, -2, -7, -8, -9, -12, -13, -14, -15, and -16), whereas
peptide II is preferentially cleaved by MMP-3 and MMP-10.

Figure 1. MPs isolated from atherosclerotic human plaque, which contain
the mature form of TACE/ADAM17, are of diverse cellular origin and do not
contain exosomes: Analysis of TACE/ADAM17 on MPs isolated from human
atherosclerotic plaque and human internal mammary arteries. A: Expression
of TACE/ADAM17 on MPs from plaque homogenates. This graph is repre-
sentative of the different plaque preparations. The shaded peak corresponds
to negative isotype control. B: Levels of TACE/ADAM17� MPs in human
internal mammary arteries (M.Art., n � 3) and atherosclerotic plaque
(plaque, n � 25); values are mean � SEM. C: Co-labeling of TACE/ADAM17�

MPs with various cellular markers (from left to right: lymphocytes, mono-
cytes, granulocytes, endothelial cells, and erythrocytes) (n � 12). Results are
expressed as percentage of total TACE/ADAM17� MPs (mean � SEM). D:
Immunoblotting of the exosomal marker TSG-101 in the post 20,500 � g
pellet (left) and corresponding supernatant further centrifuged at 170,000 � g
(right). Because protein profiles were different in both fractions (see Pon-
ceau red staining), two times more MP materials (20 �g) than exosomal-like
material were loaded. Representative of three different samples analyzed. E:
Immunoblotting of TACE/ADAM17 from two different MP preparations con-
taining 2.8 � 106 and 0.1 � 106 Annexin V� MPs/�l on the middle and right
lanes, respectively. The TACE/ADAM17 of MPs in the middle lane is to
illustrate that only a highly MP-enriched plaque allows the detection of TACE
proform. The right lane is representative of the five MP preparations tested.
mTACE and pTACE indicate the positions of the mature and proform of
TACE/ADAM17, respectively, validated by the migration of these forms
present in COS-7 cells.
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Peptides I and II were not hydrolyzed by recombinant
TACE/ADAM17 because the increase in fluorescence after
120 minutes resulting from their cleavage was less than
10% of the initial fluorescence value (data not shown). How-
ever, peptides I and II were cleaved by plaque MPs (Figure
2D), but TMI-2 (1 �mol/L) inhibited their cleavage by only 28
and 20%, respectively, indicating that plaque MPs carry
other active protease(s)31 in addition to TACE/ADAM17.

We observed that plaque MPs also contain ADAM10
(Supplemental Figure 1, see http://ajp.amjpathol.org), a
protease able to cleave in vitro pro-TNF,32 although its
physiological relevance as a TNF convertase is consid-
ered to be of minor importance.33,34 When testing the
cleavage of the pro-TNF mimetic peptide, we observed
that the increase in fluorescence induced by recombi-
nant ADAM10 (100 ng) was only 5% of that recorded for

recombinant TACE/ADAM17 (100 ng), indicating that, in
TACE/ADAM17 assay conditions, ADAM10 activity on
pro-TNF was minimal. Furthermore, ADAM10 activity was
inhibited by 10 and 40% in the presence of TMI-2 con-
centrations (5 and 50 nmol/L, respectively) that inhibited
TACE/ADAM17 activity by 87 and 100%. We then inves-
tigated if plaque MPs were able to stimulate the cleavage
of TACE/ADAM17 substrates present on the cell surface.

Effects of TMI-2 on the Release of
TACE/ADAM17 Substrates in Cell-Based
Conditions

We first examined TMI-2 inhibitory activity on TNF cleavage,
the prototypical substrate of TACE/ADAM17, in ECV-304TNF

Figure 2. MPs isolated from human atherosclerotic plaque are active on fluorogenic peptides that are substrates of TACE/ADAM17 or MMPs. Proteolytic activity
of recombinant human TACE/ADAM17 and MPs were measured on various fluorogenic substrates. Details of assay conditions are indicated in Materials and
Methods. A: Time-dependent cleavage by recombinant TACE/ADAM17 of the fluorogenic peptide III, mimetic of the cleavage zone of pro-TNF (10 ng) in the
presence or not of TMI-2 at 5 and 50 nmol/L or TIMP-3 (100 nmol/L), mean � SD of two separate measurements. B: Time-dependent cleavage by MPs (10 �l)
of the fluorogenic peptide III in the presence of various concentrations of TMI-2, and TIMP-3. For the sake of clarity, data are presented only as the dose of 100
nmol/L TIMP-3 because 200 nmol/L gave similar inhibition, and SEM in place of SD to avoid overlapping of error bars. n � 4. C: Dose-dependent effect of MPs
[expressed as fold of the maximal amount used (10 �l)] on the cleavage of the fluorogenic peptide III. For clarity of the graph, only two time points are presented.
Values are mean � SD of two separate MP preparations. D: Time-dependent cleavage by MPs of fluorogenic peptide I and peptide II in the presence or not of
TMI-2 (1 �mol/L). Values are mean � SD of four separate MP preparations identical to those used in B.
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cells that constitutively express TACE/ADAM17 and pro-
duce and release TNF.21 ECV-304TNF cells were stimulated
for 1 hour by PMA (200 nmol/L), which preferentially acti-
vates TACE/ADAM17 over ADAM10.35,36 As shown in
Figure 3A, significant inhibition of TNF release occurred
for concentrations of TMI-2 at 0.5 �mol/L and reached a
plateau at 1.0 �mol/L (63% inhibition). We investigated
the effect of TMI-2 also in a murine monocytic cell line deficient
in TACE/ADAM17 activity (TACE/ADAM17�Zn/�Zn).11 After
PMA stimulation, TACE/ADAM17�Zn/�Zn cells did not signifi-
cantly release TNF as expected, but presented a residual
significant release of TNFR-1 (Figure 3B), which was much
lower than that released by TACE/ADAM17�/� wild-type
cells, as previously described.37 TMI-2 (0.1 to 1.0 �mol/L)
dose dependently decreased up to 50% the TNFR-1 re-
lease from wild-type cells, without affecting the residual
release in TACE/ADAM17�Zn/�Zn cells. These data indicate
that in these monocytic cells, the TACE/ADAM17-indepen-
dent TNFR-1 shedding is insensitive to TMI-2, even at 1.0

�mol/L. A concentration of 1.0 �mol/L TMI-2 was selected
for further studies.

MPs Isolated from Human Atherosclerotic
Plaques Stimulate the Release of the
TACE/ADAM17 Substrates, TNFR-1 and
EPCR, from HUVECs

HUVECs, even after PMA stimulation, did not release
detectable amounts of TNF, in agreement with previous
studies showing that HUVECs did not release TNF.38 We
therefore focused on TNFR-1, which was measurable in
the culture medium of PMA-treated HUVECs. Exposure of
PMA-treated HUVECs to plaque MPs significantly aug-
mented by 76% the amount of TNFR-1 in the culture
medium, without affecting TNFR-1 mRNA expression
(Figure 4A). The increased TNFR-1 levels in the culture
medium probably did not result from MPs themselves
because TNFR-1 was undetectable in plaque MPs. TMI-2
(1.0 �mol/L) significantly reduced by 83 and 70% the
amount of TNFR-1 released from unstimulated and MP-
stimulated HUVECs, respectively.

We also investigated MP effects on the release of
ICAM-1 and EPCR and on the secretion of MCP-1. MPs
significantly increased the amount of ICAM-1 by twofold
in the culture medium (Figure 4B), but both basal and
MP-induced release of ICAM-1 were unaffected by
TMI-2. Plaque MPs significantly augmented the release of
EPCR by 62% (Figure 4C). Both basal and MP-stimulated
releases of EPCR were inhibited by TMI-2 by 82 and 85%,
respectively. MCP-1 secretion was analyzed as a marker
of cell activation. Exposure of HUVECs to plaque MPs did
not affect the secretion of MCP-1 (control, 43 � 3; with
MPs, 41 � 7 pg/�g cell proteins; mean � SD, n � 6; P �
0.7), and this secretion was unaffected by TMI-2 (1.0
�mol/L), both in control and MP-treated cells. These re-
sults suggest that MPs did not alter the cell secretory
activity within the 2 hours of incubation. Exposure of
PMA-treated HUVECs to the recombinant active soluble
ectodomain of TACE/ADAM/17 for 2 hours did not alter
the amount of TNFR-1 in the culture medium (data not
shown).

MPs Isolated from Human Atherosclerotic
Plaques Stimulate the Release of the
TACE/ADAM17 Substrates, TNF and TNFR-1,
from ECV-304TNF Cells

ECV-304 cells did not release significant measurable
amounts of TNF, either under basal conditions or in the
presence of plaque MPs (data not shown). However, in
ECV-304TNF cells,21 plaque MPs significantly increased
the release of TNF by 47% (Figure 5A). TMI-2 (1.0
�mol/L) inhibited both basal and MP-stimulated release
of TNF by 59 and 54%, respectively. Plaque MP-induced
TNF release increased with the amount of MPs (Figure
5B). In the culture medium of ECV-304TNF cells, the
amount of TNFR-1 was significantly increased by approx-

Figure 3. Effects of TMI-2 on TNF and TNFR-1 release in cell-based condi-
tions. A: ECV-304TNF cells were preincubated for 10 minutes with TMI-2 at
concentrations ranging from 0 to 2 �mol/L and then stimulated with PMA
(200 nmol/L) for 1 hour. Culture medium was collected for TNF assay. Values
are mean � SD of two separate experiments each performed in duplicate. B:
Murine TACE/ADAM17�/� and TACE/ADAM17�Zn/�Zn monocytic cells were
preincubated with TMI-2 at concentrations ranging from 0 to 1.0 �mol/L and
then stimulated with PMA (200 nmol/L) for 1 hour. Culture medium was
collected for TNFR-1 assay. Values are mean � SD of two separate experi-
ments each performed in triplicate.
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imately twofold in the presence of plaque MPs. TMI-2 (1.0
�mol/L) inhibited both basal and MP-stimulated TNFR-1
release by 66 and 70%, respectively (Figure 5C). The

Figure 4. MPs isolated from human atherosclerotic plaque activate the re-
lease of TNFR-1, ICAM-1, and EPCR from HUVECs. HUVECs were incubated
with MPs as described in Materials and Methods. Release in the culture
medium of TNFR-1 (A) (values are mean � SD, n � 12, each in duplicate),
ICAM-1 (B) (values are mean � SD, n � 3, each in duplicate), and EPCR (C)
(values are mean � SD, n � 8, each in duplicate). Significance of MP and
TMI-2 effects was calculated by t-test (Mann-Whitney U-test). Figure 5. MPs isolated from human atherosclerotic plaque activate the re-

lease of TNF and TNFR-1 from the human cell line ECV-304TNF. ECV-304TNF

cells were incubated with MPs as described in Materials and Methods. A:
Release of TNF. Values are mean � SD (n � 6, each performed in
duplicate). Significance of MP and TMI-2 effects was calculated by t-test
(Mann-Whitney U-test). B: Dose-dependent effect of MPs (expressed as
Annexin V�/�l) on TNF release. C: Release of TNFR-1 measured on the
same samples as in A.
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addition of the active soluble ectodomain of TACE/
ADAM/17 did not enhance TNF release (data not shown).

MPs Isolated from Human Atherosclerotic
Plaques Did Not Induce the Release of
Exosome-Associated Full-Length TNFR-1 and
TNF from Endothelial Cells

It has been shown that under certain conditions, full-
length TNFR-122 and full-length TNF39 can be found on
exosomes. We therefore examined if this process might
account for the increase in TNFR-1 or TNF in culture
medium of HUVECs and ECV-304TNF cells stimulated by
plaque MPs. The conditioned medium was sequentially
centrifuged to pellet exosome-like vesicles, possibly re-
leased during incubation (see Materials and Methods). In
HUVECs (Figure 6A), tiny amounts of TNFR-1 sedimented
at 170,000 � g, whereas the amounts of TNFR-1 present
in the supernatants before and after the 170,000 � g
centrifugation were not significantly changed whether
MPs were added or not. Similar results were obtained
with ECV-304TNF cells releasing TNFR-1 (data not shown)
or TNF (Figure 6B). The low amount of TNFR-1 released
by HUVECs or ECV-304TNF cells did not allow a reliable
detection of the cleaved form by immunoblotting even
with enhanced detection. However, the higher amount of
TNF released from ECV-304TNF cells exposed to plaque
MPs allowed detection of only the cleaved TNF soluble
form (Figure 6C).

MPs Devoid of TACE/ADAM17 Did Not
Enhance TNFR-1 Release from HUVECs

To examine the contribution of TACE/ADAM17 carried by
MPs in the observed effects, we took advantage of MPs
emitted by apoptotic HUVECs. These MPs did not ex-
press detectable levels of TACE/ADAM17 as judged by
Western blot and flow cytometry analyses. PMA-stimu-
lated HUVECs were exposed to apoptotic HUVEC-
derived MPs (40,260 Annexin V� MPs/�l) for 2 hours.
These MPs did not enhance significant TNFR-1 release,
whereas endothelial ICAM-1 release was concomitantly
augmented after HUVEC-derived MP exposure by a fac-
tor of 5.3 (P � 0.001) (data not shown).

Discussion

The present study demonstrates that the mature active
form of TACE/ADAM17 is present at the surface of MPs
isolated from human atherosclerotic lesions and that
plaque MPs stimulate the shedding of the TACE/ADAM17
substrates TNF, TNFR-1, and EPCR. The present data
also confirm that MPs, which have been previously iden-
tified in human plaques, can be isolated from human
carotid atherosclerotic lesions but not from healthy arter-
ies.2,7,8 The large preponderance of the mature form of
TACE/ADAM17 on MPs raises the question on how MPs
are particularly enriched with this form. We recently re-

ported that lipid rafts of THP-1 cell membranes contain
specifically the mature form of TACE/ADAM17 and that
THP-1-derived MPs are enriched in lipid rafts and mature
active form of TACE/ADAM17.40 MPs generated from hu-
man blood-derived monocytes are also enriched in lipid
rafts.41 Similarly, exosomes in which the mature form of
TACE/ADAM17 was found,28 also contain large amounts of
lipid rafts.42 Thus, the exclusive sequestration of the mature
form of TACE/ADAM17 in lipid rafts may account for the

Figure 6. Plaque MPs do not induce the release of exosome-associated
full-length TNFR-1 and TNF from endothelial cells. HUVECs (A) or ECV-
304TNF cells (B) were incubated with or without plaque MPs as indicated in
Figures 4 and 5, respectively. The culture medium was centrifuged at
20,500 � g (45 minutes at 4°C) to pellet MPs, and half of the resulting
supernatant (Sn 20,500 � g) was further centrifuged at 170,000 � g (16 hours
at 4°C) to pellet exosomes and the other half left for the same time at 4°C. The
two supernatants (Sn 20,500 � g; Sn 170,000 � g) and the 170,000 � g pellet
were assayed for TNFR-1 (expressed as total amount, pg). For both cellular
types, at least 98% of TNFR-1 or TNF was recovered in the 170,000 � g
supernatant (Sn). Values are mean � SD; n � 3. C: The culture medium of
ECV-304TNF cells exposed to plaque MPs (Sn) contain only the cleaved form
of TNF compared with 10 �g of recombinant human TNF (rTNF) on the left
lane. Representative of two different samples analyzed.
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preferential recovery of this form in lipid raft-enriched mem-
brane vesicular structures, herein plaque MPs.

The mature form of TACE/ADAM17 detected on plaque
MPs is active as judged by their ability to cleave in vitro a
mimetic peptide of the cleavage site of pro-TNF. The
pro-TNF cleavage induced by MPs was strongly inhibited
by TMI-2, an inhibitor reported to preferentially (500-fold)
inhibit TACE/ADAM17 over ADAM10,29 a property con-
firmed herein, and by TIMP-3, the unique known endog-
enous TACE/ADAM17 inhibitor.30 Human plaque MPs
mainly derive from activated leukocytes and also from
erythrocytes.7,8 Interestingly, the present study shows
that TACE/ADAM17 labeling is preferentially associated
with plaque MPs originating from leukocytes or erythro-
cytes, but also with MPs of endothelial origin, consistent
with previous findings.11,43

Our results demonstrate that plaque MPs stimulate the
release of TNF, TNFR-1, and EPCR from endothelial cells.
The contribution of the sheddase activity of TACE/
ADAM17 carried by plaque MPs to these ectodomain
cleavages is supported by several findings. First, TNFR-1
or TNF released by target cells did not pellet at
170,000 � g, excluding a possible release of the full-
length molecule associated to exosome-like vesicles.22

Second, TACE/ADAM17-negative-like MPs prepared from
apoptotic HUVECs, although not completely assimilated
to plaque MPs, did not significantly enhance the shed-
ding of TNFR-1, which supports the role of TACE/
ADAM17 carried by plaque MPs in substrate ectodomain
cleavage. Third, a global increase in protein synthesis
caused by MPs within the 2 hours of incubation might
have accounted for higher TNFR-1 or TNF secretion. This
was, however, not the case because in HUVECs MPs
altered neither TNFR-1 mRNA levels nor MCP-1 secre-
tion, and in ECV-304TNF cells TNF synthesis is under a
strong but poorly regulated viral promoter. This is consis-
tent with previous studies examining MP effects on en-
dothelial cell cytokine secretion, for which a significant
effect could not be seen before 6 or 12 hours of incuba-
tion.44,45 Finally, the contribution of TACE/ADAM17 to
MP-induced TNF and TNFR-1 shedding is supported by
the TMI-2-dependent inhibition of MP effect on TNF,
TNFR-1, and EPCR release. Although TACE/ADAM17 is
more efficient in TNF shedding when compared with
other ADAMs,33,34 we do not exclude the possibility that
these proteases, such as ADAM10, which was detected
on plaque MPs, may also contribute to TNF shedding.
However, TNFR-1 and EPCR shedding is, to the best of
our knowledge, recognized to be processed only by
TACE/ADAM17. We also observed that plaque MPs stim-
ulated the shedding of ICAM-1, but neither basal nor
MP-induced shedding of ICAM-1 was affected by TMI-2.
These findings suggest that TACE/ADAM17 was not in-
volved in ICAM-1 shedding, in agreement with previous
studies21,46 but not with another one.47

The cellular mechanisms at the basis of MP-induced
TACE/ADAM17 substrate shedding from the cell surface
remain to be clarified. These may include i) a direct
trans-cleavage, ii) a fusion of MPs with cells and delivery
of their active TACE/ADAM17 to the cell plasma mem-
brane subsequently allowing cis-cleavage, and iii) a spe-

cific activation of the endothelial sheddase at the cell
surface by the vesicle itself through an unknown mech-
anism. The third hypothesis seems unlikely because
there was no enhancement of TNFR-1 release on expo-
sure to TACE/ADAM17-negative-like MPs. Our data also
indicated that the recombinant soluble active ectodomain
of TACE/ADAM17 is unable to cleave TNFR-1 or TNF at
the cell surface. This suggests that the integration of
TACE/ADAM17 in a cell-derived structure like MPs, may
favor its subsequent delivery at the cell surface through
fusion of MPs with membrane and then allowing the cis-
cleavage of transmembrane substrates. Indeed, a mem-
brane-to-membrane protein transfer has already been
reported after MP interaction with target cells.41,48,49 This
process may also account for the drastic enhancement of
endothelial sICAM-1 release induced by MPs.

The present data also demonstrate that plaque MPs
cause the release of endothelial EPCR, a receptor in-
volved in protein C activation at the cell surface. Higher
plasma levels of sEPCR, which are associated with an
increased risk of thrombosis, are linked to EPCR gene
polymorphisms responsible for increased EPCR ectodo-
main shedding.50 This results in an elevated procoagu-
lant state at the endothelial surface when compared with
the common genotype.51 We show herein that the consti-
tutive and MP-stimulated release of EPCR from HUVECs is
strongly inhibited by TMI-2, pointing out TACE/ADAM17 as
a likely candidate on plaque MPs to cleave EPCR, consis-
tent with the recent data demonstrating that TACE/ADAM17
cleaves EPCR ectodomain.52 Thus, our data raise the pos-
sibility that an enhanced TACE/ADAM17-dependent cleav-
age of EPCR by MPs could add to their already known
prothombogenic effect in human atherosclerotic plaques.8

Taken altogether, these results warrant further study to ex-
amine the potential role of TACE/ADAM17� MPs in athero-
sclerotic plaque development and rupture.

In conclusion, the present study demonstrates that
MPs isolated from human carotid atherosclerotic plaques
harbor active TACE/ADAM17 and significantly enhance
the shedding of TACE/ADAM17 substrates such as TNF,
TNFR-1, and EPCR from endothelial cells. This process
could contribute to MP-induced alteration and propaga-
tion of inflammatory signals in human atherosclerotic
lesions.
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