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Specific Inhibition of Thrombin-Induced Cell Activation by the Neutrophil
Proteinases Elastase, Cathepsin G, and Proteinase 3: Evidence for Distinct
Cleavage Sites Within the Aminoterminal Domain of the Thrombin Receptor

By Patricia Renesto, Mustapha Si-Tahar, Marc Moniatte, Viviane Balloy, Alain Van Dorsselaer, Dominique Pidard,
and Michel Chignard

The aim of this study was to investigate the inhibitory ef-
fects of human leukocyte elastase (HLE), cathepsin G (Cat
G), and proteinase 3 (PR3) on the activation of endothelial
cells (ECs) and platelets by thrombin and to elucidate the
underlying mechanisms. Although preincubation of ECs
with HLE or Cat G prevented cytosolic calcium mobilization
and prostacyclin synthesis induced by thrombin, these cell
responses were not affected when triggered by TRAP42-55,
a synthetic peptide corresponding to the sequence of the
tethered ligand (Ser*?-Phe®®) unmasked by thrombin on
cleavage of its receptor. Using llaR-A, a monoclonal antibody
directed against the sequence encompassing this cleavage
site, flow cytometry analysis showed that the surface ex-
pression of this epitope was abolished after incubation of
ECs with HLE or Cat G. Further experiments conducted with
platelets indicated that not only HLE and Cat G but also PR3
inhibited cell activation induced by thrombin, although they

HE ENDOTHELIUM is a strategic barrier at the inter-
face between blood and underlying tissues, and modi-
fications of its functions by thrombin are of a major impor-
tance in the hemostatic response and in proliferative and
inflammatory processes. Thus, the effects of this plasma ser-
ine proteinase on endothelial cells (ECs) include prostacyclin
(prostaglandin I, [PGI;]) synthesis, secretion of plasminogen
activator inhibitor-1, and platelet-derived growth factor syn-
thesis.»? Thrombin also induces the formation of platelet-
activating factor, and the surface expression of P-selectin,
two events that favor polymorphonuclear neutrophil adhe-
siveness to ECS® and, subsequently, their degranulation.*
Among the constituents of neutrophilsthusreleased are three
serine proteinases, namely, human leukocyte elastase (HLE),
cathepsin G (Cat G), and proteinase 3 (PR3),® that, in turn,
are able to affect ECs. In vitro experiments have indeed
shown that HLE and Cat G induce detachment® or even lysis
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were again ineffective when TRAP42-55 was the agonist.
Similar to that for ECs, the epitope for llaR-A disappeared on
treatment of platelets with either proteinase. These results
suggested that the neutrophil enzymes proteolyzed the
thrombin receptor dowstream of the thrombin cleavage site
(Arg*'-Ser*?) but left intact the TRAP42-55 binding site (GIn®-
Ser®®) within the extracellular aminoterminal domain. The
capacity of these proteinases to cleave five overlapping syn-
thetic peptides mapping the portion of the receptor from
Asn® to Pro®® was then investigated. Mass spectrometry
studies showed several distinct cleavage sites, ie, two for
HLE (Val’>-Ser™ and lle’*-Asn’®), three for Cat G (Arg*'-Ser*?,
Phe®*-Trp®® and Tyr%°-Arg’®), and one for PR3 (Val’>-Ser’).
We conclude that this singular susceptibility of the thrombin
receptor to proteolysis accounts for the ability of neutrophil
proteinases to inhibit cell responses to thrombin.

© 1997 by The American Society of Hematology.

of ECs.”® However, when used at low concentrations, these
proteinases subtly modify EC functions involved in vasore-
gulation. From this point of view, Weksler et al® interestingly
showed that HLE and Cat G specifically suppressed the pro-
duction of PGI, and the increase of intracellular calcium
concentration ([Ca?*]i) induced by thrombin, an effect hy-
pothesized at that time to result from the cleavage of a puta-
tive EC receptor for this agonist. Apart from its effects on
ECs, thrombin is mostly known as a potent platelet agonist
inducing shape change, internal granule exocytosis, and ag-
gregation,’® thus playing a crucial role in the regulation of
thrombosis and hemostasis.** Among the neutrophil serine
proteinases, Cat G has al so been shown to bind™ and activate
platelets as potently as thrombin.®® Although a specific recep-
tor has not been yet identified for Cat G, it is believed to be
different from that of thrombin.**

A functional thrombin receptor expressed by both ECsand
platelets has recently been characterized.”™>*® This receptor,
which is activated by an unusual proteolytic mechanism,®
was the first of the proteinase-activated receptor family to
be identified.'"*® It is a 7-transmembrane domain receptor
that presents a large extracellular aminoterminal extension
containing a cleavage site specific for thrombin, located be-
tween residues Arg™ and Ser®’. By cleaving this peptide
bond, thrombin unmasks a new aminoterminus that functions
as a tethered peptide ligand™ that recognizes a sequence
located between amino acids GIn® and Ser®®, immediately
upstream of the first transmembrane domain,”® and a se-
guence between amino acids I1e®* and Ala®®, in the second
extracellular 1oop.?* Recently, Molino et al®* showed that
Cat G can suppress activation of ECs and platel ets by throm-
bin through the cleavage of the receptor at the peptide bond
between Phe® and Trp™.

In the present study, we reevaluated the inhibition by Cat
G of thrombin-induced cell activation, extended the investi-
gations to the inhibitory activity observed with HLE as well
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as with PR3, and finally delineated the underlying mecha
nism of these inhibitions by showing that these proteinases
cleave the thrombin receptor at distinct sites within its extra-
cellular aminoterminal domain.

MATERIALS AND METHODS

Antibodies and reagents. HLE and Cat G were purified from
human neutrophils as previously described.” When required, cata-
lytic sitesof HLE and Cat G were blocked by incubating the protein-
ases with phenylmethylsulfonyl fluoride (PMSF). PR3 was purified
from lysates of leukocyte granules obtained from patients with
chronic myeloid leukemia and was a generous gift from Dr J.L.
Humes (Merck & Co, Inc, Rahway, NJ). Human thrombin was from
Hoffmann-La Roche (Basel, Switzerland). Histamine, PMSF, PGlI,,
EGTA, and the nonimmune monoclonal mouse 1gG; MOPC21 were
purchased from Sigma Chemica Corp (St Louis, MO). Fura 2-
acetoxymethylester was from Calbiochem Corp (San Diego, CA),
and saponin was from Rhdne-Poulenc-Rorer (Vitry, France). Bovine
serum abumin (BSA) was purchased from Euromedex (Strasbourg,
France). Hanks' balanced salt solution (HBSS) and modified Puck’s
saline A were from GIBCO Life Technology, Ltd (Paisley, UK).
Recombinant eglin C was kindly provided by Dr H.P. Schnebli
(Ciba-Geigy Research, Basel, Switzerland). D-Phe-L-Pro-L-Arg-
CH,CI was from Calbiochem-Novabiochem Corp (La Jolla, CA).
[**®1]-6-keto-PGF,, and anti-6-keto-PGF,, antibodies were from
URIA, Institut Pasteur (Paris, France). The murine monoclonal anti-
body (MoAb) l1aR-A raised against the sequence Lys*-Arg* of the
thrombin receptor was purchased from Valbiotech (Paris, France).
Fluorescein isothiocyanate (FITC)-conjugated goat antibodies to
mouse |gG were from Dako A/S (Glostrup, Denmark). The human
thrombin receptor-activating peptide, TRAP42-55, was synthesized
by Neosystem Laboratoire (Strasbourg, France), as were the four
overlapping peptides (purity, =95%) corresponding to portions of
the aminoterminal domain of the thrombin receptor, ie, TR1 (Asn®-
Arg®), TR3 (Lys™-Ser®), TR4 (Glu®-Asn™), and TR5 (Arg™-Pro®).

EC cultures. Human umbilical vein ECs (HUVECS) were iso-
lated and cultured as previously described.® Monolayers from the
first or second subcultures were used in this study.

The immortalized venous human EC (IVEC) line was a gift from
Drs P. Vicart and D. Paulin (The Station Centrale de Microscopie
Electronique, Institut Pasteur). The line was obtained from HUVECs
microinjected with a recombinant DNA fragment composed of a
deletion mutant of the human vimentin regulatory region controlling
the simian virus-40 early encoding sequence.® These cells, whose
phenotypic markers are conserved when compared with those of
primary HUVECs,® were cultured as previously described.® Cells
between passages 20 to 34 were used in this study.

Preparation of human washed platelets. Platelets were purified
by four successive centrifugations of anticoagulated blood obtained
from human volunteers. The whole protocol was performed at 37°C
as described previously.?® The platelet pellet was eventualy resus-
pended in Tyrode's buffer to obtain a final platelet concentration of
2 X 10° cellg/mL.

Determination of PGI, synthesis. PGI, was measured from con-
fluent HUVECs washed twice with HBSS supplemented with BSA
(0.25%), CaCl, (1.3 mmol/L), and MgCl, (1 mmol/L) and was prein-
cubated for 30 minutes at 37°C in the same medium containing
increasing concentrations of neutrophil serine proteinases. At the
end of this preincubation, the reaction was stopped by addition of
eglin C, an inhibitor of neutrophil serine proteinases®®?; the cells
were washed, and the stimulation was initiated by addition of various
agonists. Thirty minutes later, cell supernatants were collected and
centrifuged (300g for 10 minutes), and the aliquots were stored
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a —20°C until assay. PG, synthesis was evaluated as previously
described® by measuring its stable hydrolysis product, ie, 6-keto-
PGF,.

Calcium fluxes measurement. |VECs plated in flasks without
gelatin were detached by incubation at 37°C for 30 to 60 minutes
with 1.5 mmol/L EDTA. Cells were resuspended in HBSS-BSA and
incubated with fura 2-acetoxymethylester (final concentration, 10
pmol/L for 30 minutes at 20°C). After 2 washes, fura 2-loaded
IVECs were resuspended in the same medium (10° cells/mL) and
kept at 20°C. Immediately before stimulation, IVECs were diluted by
half with HBSS-BSA supplemented with CaCl, and MgCl,. Platelets
prepared as described above were incubated with fura 2-acetoxy-
methylester (final concentration, 3 umol/L for 45 minutes at 37°C)
after the third centrifugation. [Ca?*]i measurements were performed
using a spectrofluorimeter (Jobin Yvon JY 3D, Paris, France) set at
37°C and under stirring. Calibration for the fura 2 signal was per-
formed by lysing cells with saponin (1 mg/mL) to obtain maximal
fluorescence, followed by quenching of the fura 2-associated fluo-
rescence with 30 mmol/L Tris base and 5 mmol/L EGTA to obtain
minimal fluorescence. [Ca?*]i was then calculated from the equation
given by Grynkiewicz et al,?® using a dissociation constant (kd) of
224 nmol/L.

Flow cytometry analysis. 1VECs detached from the flask in the
same way as was performed for the determination of calcium fluxes
were resuspended (5 x 10° cells/mL) in HBSS-BSA supplemented
with CaCl, and MgCl, and incubated for 5 minutes at 37°C under
stirring in the presence or absence of proteinases. Enzymatic reac-
tions were stopped by addition of eglin C (5 pgmol/L), PMSF (1
mmol/L), and ice-cold phosphate-buffered saline containing BSA
(1%) and azide (0.1%). After centrifugation (300g for 10 minutes
at 4°C), cells were resuspended at 10° cells/mL, and 100-uL diquots
were incubated (10° cells/incubate) for 30 minutes at 4°C with the
MoAb llaR-A or the control 1IgG MOPC21 (5 ug/mL). This step
was followed by 2 washes with phosphate-buffered saline-BSA-
azide and by incubation with an antimouse (30 ng/mL) FITC-conju-
gated second antibody. After 3 successive washes, cells were fixed
with formal dehyde (1% vol/vol) and were analyzed for fluorescence
with aFACScan flow cytometer (Becton Dickinson |mmunocytome-
try Systems, Mountain View, CA). Washed platelets were incubated
for 5 minutes at 37°C in the presence or absence of proteinases in
the same manner as was performed for [Ca®*]i measurements but
without stirring to avoid aggregation. Enzymatic reactions were
stopped, and the labeling of the cells with antibodies was then per-
formed as for ECs at afina platelet count of 2 x 10%incubate. The
first incubation with 1 ug/mL of the MoAb Il1aR-A or the control
1gG was followed by a second incubation with an antimouse (5 ng/
mL) FITC-conjugated antibody. Throughout the labeling procedure,
platelets were kept in the presence of 1 umol/L PGl,, here again to
prevent aggregation. Resulting histograms correspond to cell number
(y-axis) versus fluorescence intensity (x-axis) plotted on a logarith-
mic scale.

Peptide cleavage analysis. The site(s) of cleavage by the neutro-
phil proteinases was searched by Matrix-Assisted Laser Desorption/
lonization-Time Of Flight (MALDI-TOF, Bremen, Germany) mass
spectrometry on five overlapping peptides mapping the portion Asn®
to Pro® of the thrombin receptor, ie, TR1 (Asn®*-Arg*), TRAP42-
55 (Ser*2-Phe®), TR3 (Lys™-Ser®), TR4 (Glu®-Asn™), and TR5
(Arg™-Pro®). Enzymatic digestion assay was performed at 37°C with
HLE, Cat G, or PR3 at the final concentration of 400 nmol/L and
with each peptide at 525 pmol/L in 200 mmol/L Tris-acetate (pH,
7.4). After various incubation periods, a 1-uL aliquot was withdrawn
from the reaction medium and diluted in 0.1% agueous trifluoroacetic
acid, a solution that quenches the enzyme reaction by lowering the
pH to ~3. The stability of the substratesin the absence of proteinases
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was assessed under the same conditions. The diluted medium was
then submitted to MALDI-TOF measurement. Samples were pre-
pared as follows: 1 puL of a saturated 4-a-cyano-4-hydroxy-trans-
cinnamic acid solution in acetone was deposited on a stainless-steel
probe and alowed to evaporate quickly. Approximately 0.5 uL of
the diluted digest solution was then deposited on the matrix surface
and allowed to air-dry. At last, the sample was washed according
to the method of Vorm and Roepstorff? with 0.5% aqueous trifluo-
roacetic acid. Mass spectra were obtained using a Bruker Biflex
MALDI-TOF mass spectrometer. The average error on the MALDI-
TOF—derived mass is theoritically 0.1%, ie, between 1.4 and 1.8 in
our mass range. However, the difference between the experimental
mass and the calculated average isotopic mass of our peptides was
usually less than 0.5. Therefore, the sequence of the peptide(s) re-
sulting from cleavage by HLE, Cat G, or PR3 could be unambigu-
ously derived from their masses. The instrument was calibrated be-
fore each measurement with the monoprotonated molecular ions
from a standard mixture of angiotensin |1, adrenocorticotropic frag-
ment 18-39 (ACTH 18-39), and bovine insulin. The sequences of
the proteolytic fragments were predicted using the MacProMass 1.2
software (Beckman Research Institute, Duarte, CA) on the basis of
the known sequence of theinitial peptide and the determined molecu-
lar masses of the fragment(s).

Satistics. Each data point corresponds to the mean = SEM of
at least three distinct experiments performed in duplicate. Signifi-
cance was determined by unpaired Student’s t-test.

RESULTS

Activation of ECs with thrombin. Intracellular C&#* mo-
bilization and PGlI, synthesis induced by increasing concen-
trations of thrombin were determined from fura 2-loaded
IVECs in suspension and from HUVEC monolayers, respec-
tively. As shown in Fig 1A, both parameters varied in a
concentration-dependent manner and reached a plateau
above 1 nmol/L thrombin. This concentration, which raised
[Ca®*i to 371 = 24 nmol/L (n = 11) and induced synthesis
of 11.8 + 3.6 ng/mL PGI, (n = 6), was used throughout the
next experiments evaluating the inhibitory activities of HLE
and Cat G on EC functions.

Inhibition by HLE and Cat G of thrombin-induced EC
activation. Asshown in Fig 2, preincubation of IVECs for
5 minutes with HLE or Cat G resulted in a concentration-
dependent inhibition of the [Ca?*]i increase when cells were
subsequently activated with thrombin. Thus, in ECs pre-
treated with HLE or Cat G at 400 nmol/L, the responses to
1 nmol/L thrombin were inhibited by 86.9% + 5.9% (n =
4) or 83.5% *+ 12.1% (n = 3), respectively. This phenome-
non was aso dependent on the preincubation time of ECs
with the proteinases. Thus, incubation of IVECs with 400
nmol/L HLE or Cat G for 2.5 minutes resulted in a partial
inhibition of ~65%. PGI, synthesis induced by thombin in
HUVECs was also sensitive to the neutrophil proteinases.
As shown in Fig 3, preincubation of ECs for 30 minutes
with 50 nmol/L HLE or Cat G resulted in a59.7% = 3.5% (n
= 5) and 94.9% =+ 2.4% (n = 5) decreasein PGI, production,
respectively. Higher concentrations of neutrophil proteinases
were not tested to avoid cell detachment. The observed inhi-
bitions were related to the enzymatic activity of the protein-
ases, because PMSF-inactivated HLE and Cat G failed to
affect EC responses to thrombin, both in terms of [Ca?']i

RENESTO ET AL

20

sool A

400

—_———
g
T T
A 1
3
_—_0—

~ 200| 15 E
S Es
£ Y
E I~
E 100 1 1 L I 1 1 r'v‘};
&) 0 =
< o0 1 2 3 4 5 =
3 THROMBIN (nM) 7
© Z.
2 20 5
&)
2 sl B =
= :
~ =
Q - |72}
15 o
400 | &
300l 110
200 | 15
100 1 1 1 1 1 Il 0
0 5 10 15 20 25

TRAP 42-55 (uM)

Fig 1. Activation of ECs by thrombin or TRAP42-55. [Ca®*]i and
PGIl, synthesis were measured as detailed in Materials and Methods
from fura 2-loaded IVECs in suspension and from confluent HUVEC
monolayers, respectively, stimulated with increasing concentrations
of either thrombin (A) or TRAP42-55 (B). Each point is the mean +
SEM of at least three distinct experiments.

increase and PGI, synthesis (data not shown). It is of note
that, by themselves, Cat G and HLE at concentrations to 400
nmol/L did not triggered either [Ca?*]i variations or PGl,
synthesis under our different experimental conditions.
Soecificity of the inhibition induced by HLE and Cat G
on ECs. Although HLE and Cat G strongly inhibited the
activation of ECs induced by thrombin, both proteinases
failed to impair cell responses when histamine was the ago-
nist. These experiments were performed with 0.1 mmol/L
histamine, ie, a concentration that induced [Ca®*]i increase
and PGI, synthesis with the same magnitude as those ob-
tained with 1 nmol/L thrombin (data not shown). The speci-
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Fig 2. Inhibition by HLE and Cat G of Ca®>* mobilization induced
by thrombin in ECs. [Ca?*]i was measured from fura 2-loaded IVECs
preincubated for 5 minutes with increasing concentrations of HLE or
Cat G before cell stimulation with 1 nmol/L thrombin. [Ca®*li are
expressed as the percentage of values measured on nontreated cells
stimulated by thrombin. Basal [Ca?*]i was 177 = 12 nmol/L (n = 7),
and each histogram is the mean + SEM of at least three distinct
experiments.

ficity of the inhibition was further evidenced by the use of
the synthetic peptide TRAP42-55, which activated ECsin a
concentrati on-dependent manner (Fig 1B). At the concentra-
tion of 12.5 umol/L, this agonist triggered a[Ca?*]i increase
(430 = 40 nmoal/L; n = 4) and PGlI, synthesis (11.9 = 3.5
ng/mL; n = 6) that were comparable with those induced by

—O— HLE

100 —e— CatG

PROSTACYCLIN SYNTHESIS
(% of control)
& 3 £

»
S
T

0 L 1 1 1 1 1
0 10 20 30 40 50

PROTEINASE CONCENTRATIONS (nM)

Fig 3. Inhibition by HLE and Cat G of PGl, synthesis induced by
thrombin in ECs. PGl, synthesis was measured from supernatants
of confluent HUVEC monolayers preincubated for 30 minutes with
increasing concentrations of HLE or Cat G before stimulation with 1
nmol/L thrombin. Each data point is expressed as the percentage of
PGl, synthesis measured from control, nonpretreated cells activated
by thrombin and corresponds to the mean + SEM of four to five
distinct experiments.
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Fig 4. Effect of HLE and Cat G on EC activation induced by throm-
bin or TRAP42-55. (A) [Ca®*]i was determined in fura 2-loaded IVECs
in suspension preincubated for 5 minutes with 600 nmol/L Cat G or
HLE before stimulation with 1 nmol/L thrombin (H) or 12.5 umol/L
TRAP42-55 (&). (B) PGI, synthesis was measured from supernatants
of confluent HUVEC monolayers preincubated for 30 minutes with
50 nmol/L HLE or Cat G before stimulation with a similar concentra-
tion of the same agonists. Data are expressed as the percentage of
the control values (no preincubation with HLE or Cat G). Each histo-
gram is the mean + SEM of three to four distinct experiments.

1 nmol/L thrombin. However, preincubation of ECs with
HLE or Cat G, under conditions for which thrombin re-
sponses were highly reduced, failed to affect [Ca*]i increase
(Fig 4A) and PGI, synthesis (Fig 4B) induced by 12.5 pmol/L
TRAP42-55.

Effect of HLE and Cat G on the expression of the thrombin
receptor at the surface of ECs.  An alteration of the throm-
bin receptor by neutrophil serine proteinases suggested by
the above data was shown by flow cytometry analysis cou-
pled with the use of an MoADb, Il1aR-A, directed at the se-
quence Lys*-Arg*® encompassing the thrombin cleavage
site.® It was first verified that, when compared with anonim-
mune control 1gG;, I1aR-A specifically labeled the thrombin
receptor. Indeed, the mean values of median fluorescence
intensity (MFI) were 22.2 + 2.7 for l11aR-A versus 10.7 +
1.1 for the control 1gG (P < .05; n = 3). As shown in Fig
5A, exposure of ECs for 5 minutes to 0.1 nmol/L thrombin,
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Fig 5. Effect of thrombin, HLE, and Cat G on the expression of the
thrombin receptor at the surface of ECs. IVECs in suspension were
incubated for 5 minutes with thrombin (A and B), HLE (C), or Cat G
(D) at the indicated concentrations and were then reacted with the
murine antithrombin receptor MoAb llaR-A, followed by FITC-conju-
gated antimouse IgG, as detailed in Materials and Methods. For each
experimental condition, the observed tracing (in black) is shown for
comparison with a typical tracing (superimposed) representative of
the control condition (ie, without pretreatment with any of the pro-
teinases). The MFI value for the control irrelevant monoclonal IgG
was 10.7 = 1.1 (n = 3). Tracings are representative of four distinct
experiments.

a concentration inducing no significant cell activation (see
Fig 1A), only produced a slight left shift of the fluorescence
intensity (MFI, 17.5 = 2.5; n = 3). By contrast, when ECs
were exposed to an optimal thrombin concentration (ie, 1
nmol/L), the fluorescence signal given by IlaR-A was re-
duced to that measured with the control antibody (MFI, 7.3
+ 0.3; n = 3; see Fig 5B). Similarly, when ECs were incu-
bated for 5 minutes with either 300 nmol/L HLE or Cat G
(Fig 5C and 5D), the expression of the epitope encompassing
the cleavage site for thrombin was no more detectable (MFI,
7.2 = 0.5and 7.9 = 0.6, respectively; n = 3).

Effect of HLE, Cat G, and PR3 on platelet activation
induced by thrombin or TRAP42-55. The above observa-
tions were extended to another cell expressing the same
functional 7-transmembrane domain thrombin receptor.
Thus, experiments were conducted with human platelets, a
typical cell type activated by thrombin (see Fig 6A).° The
[Ca?*]i increase induced by an optimal concentration of this
agonist (5 nmol/L) was measured after preincubation of
platelets for 5 minutes with 600 nmol/L HLE or Cat G or
with the same concentration of PR3 (the latter neutrophil
proteinase was tested on platelets rather than on ECs because
of its scarcity). As shown in Fig 6B, the [Ca®"]i increase
triggered by thrombin was completely suppressed after pre-
incubation with HLE. However, a subsequent addition of
6.25 pmol/L TRAP42-55 resulted in a strong intracellular

RENESTO ET AL

Ca** mobilization. Because Cat G triggers a Ca®* flux by
itself (Fig 6C), thus preventing a further challenge of plate-
lets by thrombin within 5 minutes, the latter was added when
the [Ca?*]i had returned to near its basal value. Under these
conditions, thrombin was unable to mobilize cytosolic Ca?*
while TRAP42-55 was till effective. Finally, preincubation
of platelets with PR3 resulted in an inhibition, although in-
complete, of the response to thrombin (Fig 6D). Here again,
subsequent addition of TRAP42-55 induced a signal compa-
rable with that observed after preincubation with Cat G. Of
note is that TRAP42-55—induced [Ca?*]i increases were less
marked in platelets preincubated with Cat G or PR3, most
likely because of the first Ca?* mobilization initiated by Cat
G or thrombin, respectively (Fig 6C and 6D). Under these
conditions, Ca?* stores are possibly partially desensitized
and/or incompletely replenished at the time of TRAP42-55
addition. Experiments were also conducted with compound
U-46619, a prostaglandin endoperoxide analog that is an-
other platelet agonist signaling through a 7-transmembrane
domain receptor.*® As opposed to thrombin, compound U-
46619, at the suboptimal concentration of 0.1 pmol/L (a
concentration less effective than 5 nmol/L thrombin in terms
of calcium mobilization), triggered comparable [Ca*]i in-
creases whether or not platelets were preincubated with HLE
(data not shown).

Effect of HLE, Cat G, and PR3 on the expression of the
thrombin receptor on the surface of platelets. Theintegrity
of the extracellular aminoterminal domain of the thrombin
receptor on the surface of platelets was examined by flow

5 min.
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Fig 6. Effect of HLE, Cat G, and PR3 on platelet activation induced
by thrombin or TRAP42-55. Stirred fura 2-loaded platelets were prein-
cubated with buffer (A) or 600 nmol/L of each of the neutrophil pro-
teinases (B to D). The preincubation time was 5 minutes except for
Cat G (C), for which a longer period was required to allow the Ca**
mobilization induced by this proteinase to return to the basal value.
After stimulation of platelets with 5 nmol/L thrombin, platelets were
further challenged with 6.25 umol/L TRAP42-55. Changes in fluores-
cence intensity reflect changes in [Ca®?*li and are representative of
three distinct experiments.
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Fig 7. Effects of thrombin, HLE, Cat G, and PR3 on the expression
of the thrombin receptor at the surface of platelets. Unstirred plate-
lets were incubated for 5 minutes with thrombin (A) or the neutrophil
proteinases (B to D) as described in the legend to Fig 6. Binding of
the llaR-A antibody was measured by flow cytometry as detailed in
the legend to Fig 5. For each experimental condition, the observed
tracing (in black) is shown for comparison with a typical tracing (su-
perimposed) representative of the control condition (ie, without pre-
treatment with any of the proteinases). The MFI value for the control
irrelevant monoclonal IgG was 15.2 + 2.1 (n = 10). Tracings are repre-
sentative of at least three distinct experiments.

cytometry analysis under the conditions described for ECs.
Untreated platelets showed a strong labeling with the 11aR-
A antibody, as judged from an MFI value of 144.1 + 37.5
(n = 10) for the I1aR-A antibody as compared with that of
15.2 = 2.1 (n = 10) for the control MoAb. As shown in Fig
7, platelets exposed for 5 minutes to 600 nmol/L HLE (Fig
7B) or Cat G (Fig 7C) no longer showed expression of the
targeted epitope (MFI, 19.8 = 3.9 and 19.6 + 3.8, respec-
tively; n = 3). For comparison, platelets were also treated
with 5 nmol/L thrombin (Fig 7A), and, as expected, the
expression of the epitope recognized by IlaR-A was also
suppressed (MFI, 22.1 = 4.8; n = 6). When platelets were
treated with PR3 under the same experimental conditions
(Fig 7D), a partial inhibition (=55%) of the binding of the
antibody was shown, with an MFI of 73.4 = 23.9 (n = 3).

Identification of cleavage sites for HLE, Cat G, and PR3
on the aminoterminal extracellular domain of the thrombin
receptor. Based on the findings obtained with thrombin
and TRAP42-55 in functional studies compared with those
obtained with flow cytometry analysis using the I1aR-A anti-
body, it can be assumed that the neutrophil proteinases
cleave the thrombin receptor within its extracellular amino-
terminal domain in a region located downstream of Ser*
and upstream of GIn®. To identify potential cleavage sites
within this stretch of amino acids, each of the proteinases
were incubated with each of five overlapping peptides en-
compassing this domain of the thrombin receptor, ie, TR1
(Asn®™-Arg*), TRAP42-55 (Ser*2-Phe™), TR3 (Lys™-Ser®),
TR4 (Glu*-Asn™), and TR5 (Arg”-Pro®). The reaction mix-
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tures were subjected at different time intervals to MALDI-
TOF mass spectrometry to identify the generated peptides.
For example, Fig 8 shows the reaction of TR4 for 10 minutes
with HLE, Cat G, or PR3. In the presence of Cat G, the
TR4 peptide with a molecular mass of 1853.1 (Fig 8, lower
tracing) produced two peptides with molecular masses of
1170.9 and 702.1. This result allowed us to deduce that Cat
G cleaves between Tyr® and Arg™, acleavage not previously
described. When HLE or PR3 were incubated with the same
peptide, a common cleavage site was detected at Val">-Ser™
(Fig 8, the two upper tracings). Under these experimental
conditions, the resulting Glu®®-Val " peptide could be shown,
but the complementary tripeptide Ser*-Asn™ could not. Of
noteisthat al these cleavages were actually observed within
1 minute of reaction. When incubations were conducted for
longer periods of time, up to 30 minutes, no other proteolytic
sites were observed on TR4. A second cleavage site was
detected for HLE at 1le-Asn”, but only on TR5 and for
incubations above 30 minutes. To summarize the data, treat-
ments of the five peptides with the three proteinases for
different times of incubation allowed for the determination
of distinct specific cleavage points, ie, Val™-Ser™ and I1e™-
Asn” for HLE, Va™-Ser™ for PR3, and the two sites Arg*-
Ser*? and Phe®-Trp® previously reported for Cat G, to-
gether with an as yet unidentified one between Tyr®® and
Arg™. These different sites are shown on a schematic repre-
sentation of the aminoterminal domain of the thrombin re-
ceptor (Fig 9), with arrows drawn according to the kinetics
of each enzymatic reaction (ie, large arrows for cleavages
rapidly observed, and a small arrow for the cleavage ob-
served beyond 30 minutes). It is noteworthy that thrombin
cleaved TR1 at Arg*™-Ser*? and cleaved only this peptide.

DISCUSSION

This study was conducted to assess by which mecha
nism(s) secretable serine proteinases stored in the azurophilic
granules of neutrophils inhibit thrombin-induced cell activa-
tion, a phenomenon initially reported by Wekder et al® for
HLE- or Cat G-treated ECs. We now bring new evidence that
the 7-transmembrane domain thrombin receptor expressed at
the surface of ECs and platelets is specifically proteolyzed
by these neutrophil proteinases, including the more recently
characterized PR3.

After the determination of the concentration of thrombin
necessary to trigger an optimal activation of ECs, as mea-
sured by the [Ca?*"]i increase in IVECs or PGI, synthesis in
HUVECs, we evaluated the effects of the neutrophil protein-
ases on this activation. The initial data obtained with HLE
were consistent with those previously reported,® in that 400
nmol/L inhibited by 85% the [CaZ*]i increase induced by 1
nmol/L thrombin. The inhibitory effect was dependent not
only on the proteinase concentration, but aso on the preincu-
bation time of ECs with HLE. Similar data were obtained
with Cat G. Because the neutrophil proteinases were neutral-
ized by addition of eglin C and removed by washings before
stimulation with thrombin, a proteolytic alteration of the
latter, which can be exerted by HLE® or Cat G,* could not
be responsible for the inhibitory phenomenon. Nonetheless,
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Fig 8. Analysis by MALDI-
TOF mass spectrometry of the
cleavage of the TR4 peptide by
HLE, Cat G, and PR3. The lower
tracing (Control) is the mass
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Fig 9. Schematic representation of the extracellular aminotermi-
nal domain of the thrombin receptor with the potential cleavage sites
generated by HLE, Cat G, and PR3. The sequence of the thrombin
receptor located between Asn®** and Pro® is represented using the
single-letter code for amino acids.” Synthetic peptides used in this
study and mapping over this domain are located by thin lines. Bold
lines represent the putative sequences GIn®-Ser®® and lle?**-Ala®®®
involved in the binding of the tethered ligand.'®?' Large arrowheads
indicate cleavage sites observed as soon as 1 minute of proteolysis
in MALDI-TOF mass spectrometry studies, whereas the small arrow-
head shows a cleavage detected after 30 minutes (Cat G, A; HLE,
A; PR3, ). The white arrowhead (/) indicates the cleavage site
determined for thrombin.™

a proteolytic mechanism was actually involved in the inhibi-
tion of EC activation, because HLE and Cat G failed to
modify the cell responses to thrombin when their catalytic
sites were blocked. Our data bear some anal ogies with those
reported by Hartman et al* concerning the specific inhibitory
effect of tryptase, a serine proteinase close to HLE and Cat
G, on vascular smooth muscle cells stimulated with throm-
bin.

That neutrophil serine proteinases altered a thrombin-spe-
cific, cell surface-restricted process was evidenced by two
sets of data. First, when ECswere preincubated with concen-
trations of HLE or Cat G inhibiting the thrombin response,
the cell reactivity to histamine was not modified. Second,
EC activation triggered by the synthetic peptide TRAP42-55,
which mimics the effects of the thrombin receptor tethered
ligand, was not modified by HLE or Cat G. These results
clearly show that the intracellular signaling pathway in-
volved in thrombin-induced activation is not directly affected
by the neutrophil proteinases and favor a proteolytic mecha-
nism directed at the 7-transmembrane domain thrombin re-
ceptor. Nonetheless, this inference could have been inappro-
priate because the synthetic peptide is likely to activate the
so-called proteinase-activated receptor-2,* another 7-trans-
membrane domain receptor related to the thrombin receptor
and known to be expressed at the surface of ECs.*® With the
aim to reinforce our assumption, we considered another cell
type, ie, platelets, known to bear on their surface the very
same thrombin receptor® and not proteinase-activated recep-
tor-2.3* A similar pattern of data was obtained when measur-
ing [Ca®*]i increases. Thus, preincubation of platelets with
HLE or Cat G fully inhibited their response to thrombin,
while they remained responsive to TRAP42-55. The third
proteinase stored in the azurophilic granules of the neutro-
phils was also tested under similar conditions. Although less
potent than HLE and Cat G, PR3 also was able to reduce
the activation of platelets induced by thrombin while not
affecting the response to TRAPA42-55.
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At this stage, we could conclude that the neutrophil en-
zymes effectively interfered with the thrombin receptor.
However, there are emerging data suggesting the presence
of asecond mechanism for thrombin-induced platelet activa-
tion.*” Nonetheless, if the presence of a second putative re-
ceptor is quite obvious for murine platelets, this appears not
the case for human platelets.® Indeed, an antibody raised
against the whole aminoterminal extracellular domain of the
cloned receptor severely inhibited activation of human plate-
lets by thrombin.®® A further series of experiments allowed
us to definitely show that the mechanism responsible for the
inhibition of thrombin-induced cell activation pertains to a
structural modification of the characterized thrombin recep-
tor itself. This conclusion was established from flow cytome-
try experiments using the MoAb I1aR-A, which recognizes
the sequence Lys*-Arg* of the receptor encompassing the
thrombin cleavage site Arg*™-Ser*2.*® Our results indicated
that the binding of this antibody decreased when ECs or
platelets were preincubated with one of the three neutrophil
proteinases. This effect, which is consistent with recent data
obtained with HLE on platelets,® might result from either
the cleavage or the internalization of the receptor, two events
likely to occur after its interaction with thrombin.** In fact,
because in our study the pretreatment of ECs and platelets
with HLE, Cat G, or PR3 failed to prevent their reactivity
to TRAP42-55, which activates cells by notably recognizing
a sequence located between GIn® and Ser®,* an internaliza-
tion and/or a desensitization of the receptor induced by these
proteinases could be reasonably ruled out. Moreover, as far
as platelets are concerned, Norton et a* have previously
shown the absence of internalization of the receptor after its
cleavage by thrombin. Data obtained with TRAP42-55 and
the antibody Il1aR-A, together with the need for neutrophil
proteinases to be enzymatically active, led us to search for
cleavages within the aminoterminal extension of the receptor
located between Ser*? and GIn®. Such cleavages would thus
explain both the inhibition of cell responses to thrombin and
the unaffected responses to TRAP42-55. To pinpoint which
peptide bonds are cleaved by the different proteinases within
this extracellular domain, five different overlapping peptides
encompassing the stretch of amino acids between Asn® and
Pro® were synthesized and reacted with each neutrophil pro-
teinase. Sites of cleavage were then |ocated by mass spectro-
metric analysis of the generated fragments. The rationale for
the overlaps and the extension beyond the critical ends (Ser*
and GIn®) was that, for a proteinase such as HLE, the sub-
strate binding site extends from 4 amino acids toward the
aminoterminus (P1 to P4) to 3 amino acids toward the car-
boxyterminus (P'1 to P'3).* This was verified with HLE
for the cleavage of the peptide bond 11e™-Asn™, which was
apparent with the TR5 peptide (Arg™-Pro®), but not with
the TR4 peptide (Glu®-Asn™). From these experiments, we
describe for thefirst time two cleavage sitesfor HLE, avery
late one (11e”-Asn™) and another shared with PR3, ie, Val™-
Ser”. This latter cleavage can alone account for the ability
of HLE to inhibit cell responses to thrombin, considering
that it appears as early as 1 minute. Similarly, this cleavage
can also explain the inhibitory effect of PR3, although, when
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tested on cells bearing the thrombin receptor, this proteinase
is less potent than HLE in terms of disappearance of the
thrombin cleavage site and of inhibition of thrombin-induced
[Ca*]i increase. At present, we do not have an explanation
for this discrepancy. As for Cat G, we confirm previous
findings identifying two proteolytic sites after Arg* and
Phe®.?2 Moreover, we also report on an as yet undescribed
third cleavage site for Cat G at Tyr®*-Arg™. This|atter cleav-
age and that after Phe®® would both participate in the inhibi-
tion of thrombin-induced cell activation. Further experiments
will be needed to evaluate the occurrence of these cleavages
in the thrombin receptor in situ and that of those reported
for HLE and PR3. Actually, we attempted to characterize
the membrane-bound fragments of the thrombin receptor
generated on the surface of platelets exposed to thrombin
or each of the three neutrophil proteinases. For this, we
immunoblotted proteins from platel et lysates with a series of
MoAbs or polyclonal antibodies directed at various epitopes
within the extracellular aminoterminal domain of the recep-
tor. Unfortunately, none of these antibodies alowed for a
reproducible and unambiguous detection of the intact recep-
tor, and no fragment could be visualized through this proce-
dure (data not shown). Regardless, it must be noticed that
the observed proteolysis after Val by HLE and PR3, on the
one hand, and after Phe or Trp by Cat G, on the other
hand, are in agreement with their primary amino acid residue
specificity.”*? Finally, the high susceptibility of the throm-
bin receptor to proteolysis by the neutrophil enzymes appears
to be unique. Hence, two other unrelated 7-transmembrane
domain receptors, one for histamine on ECs* and one for
prostaglandin endoperoxides on platelets,® were not affected
by these proteinases.

In conclusion, the ability of HLE, Cat G, and PR3 to
downregulate the activity of the thrombin receptor on ECs
and platelets provides a new pathway by which leukocytes
can modulate the hemostatic balance and the inflammatory
process. This may even be extended to tissue remodeling
and wound repair, because thrombin is known as a mitogenic
factor inducing proliferation of ECs, vascular smooth muscle
cells, and fibroblasts.** In support of this proposal, it has
been shown recently that (1) serine proteinases are readily
expressed at the surface of neutrophils on their activation
by inflammatory mediators such as interleukin-8 and tumor
necrosis factor-a and, more importantly, (2) these bound
proteinases are active and are hardly inhibited by the specific
natural antiproteinase screen afforded by plasma*=*
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