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TCR Stimulation Drives Cleavage and Shedding of the
ITIM Receptor CD31
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CD31 is a transmembrane molecule endowed with T cell regulatory functions owing to the presence of 2 immunotyrosine-based

inhibitory motifs. For reasons not understood, CD31 is lost by a portion of circulating T lymphocytes, which appear prone to

uncontrolled activation. In this study, we show that extracellular T cell CD31 comprising Ig-like domains 1 to 5 is cleaved and

shed from the surface of human T cells upon activation via their TCR. The shed CD31 can be specifically detected as a soluble,

truncated protein in human plasma. CD31 shedding results in the loss of its inhibitory function because the necessary cis-homo–

oligomerization of the molecule, triggered by the trans-homophilic engagement of the distal Ig-like domain 1, cannot be

established by CD31shed cells. However, we show that a juxta-membrane extracellular sequence, comprising part of the domain

6, remains expressed at the surface of CD31shed T cells. We also show that the immunosuppressive CD31 peptide aa 551–574 is

highly homophilic and possibly acts by homo-oligomerizing with the truncated CD31 remaining after its cleavage and shedding.

This peptide is able to sustain phosphorylation of the CD31 ITIM686 and of SHP2 and to inhibit TCR-induced T cell activation.

Finally, systemic administration of the peptide in BALB/c mice efficiently suppresses Ag-induced T cell-mediated immune

responses in vivo. We conclude that the loss of T cell regulation caused by CD31 shedding driven by TCR stimulation can be

rescued by molecular tools able to engage the truncated juxta-membrane extracellular molecule that remains exposed at the

surface of CD31shed cells. The Journal of Immunology, 2010, 184: 000–000.

C
D31 (PECAM-1, Fig. 1A) consists of a single-chain mol-
ecule comprising 6 Ig-like extracellular domains, a short
transmembrane segment, and a cytoplasmic tail containing

two immunotyrosine-based inhibitory motif (ITIM) units (1). The
presence of Ig-like domains and their high density at endothelial
intercellular borders has previously led to the hypothesis that CD31
functions as a cell adhesion molecule (2), and experimental studies
showed that CD31-specific mAbs or recombinant soluble proteins
block transendothelial migration of monocytes and neutrophils (3).
In contrast, in vitro (4) and in vivo (5) studies have shown that

lymphocyte CD31 expression is negatively correlated with trans-
migration. Indeed, it has been demonstrated experimentally that
trans-homophilic CD31 engagement drives lymphocyte detachment
from APCs (6) and inhibits TCR-mediated signal transduction (7),
pointing to an important immunoregulatory function for T cell CD31
surface molecules. Moreover, CD31 knockout mice are prone to
develop chronic inflammatory diseases (8–10).
Previous studies have demonstrated that a subset ofT cells in adult

human blood, mostly within the CD45RA2/CD45RO+ (memory)
subpopulation (11, 12), lack CD31. Furthermore, an effective loss
of CD31 is observed upon lymphocyte activation and differentia-
tion (13), especially in CD4+ T cells activated via TCR stimulation
(14). Nevertheless, the mechanism underlying the loss of CD31
from the T cell surface is not known. Downregulation of the CD31
transcript has been documented in lymphocytes lacking surface
CD31 (13). However, regulation of CD31 expression levels at the
transcript level does not appear to be the mechanism responsible for
downmodulation of CD31 expression in response to TCR stimu-
lation, because CD31 expression is constitutive and turnover of the
molecule takes 48 h (15), whereas the process of CD31 disap-
pearance upon T cell activation takes ,16 h (16). These findings
indicate that another mechanism is responsible for the rapid loss of
CD31 that occurs upon lymphocyte activation.
We hypothesized that CD31 could undergo proteolytic cleavage

and thus escape detection via the shedding of a cleaved extracellular
portion of the protein (17). This process is extremely rapid (18) and
is similar to the mechanism observed with other transmembrane
molecules bearing Ig-like domains (19, 20). This hypothesis is
supported by the fact that plasma CD31 exists in two distinct forms:
a transmembraneless form (120 kDa) and a truncated form (90
kDa). The transmembraneless form resembles the one produced by
alternative splicing of the transmembrane segment-encoding (exon
9) transcript documented in endothelial and myeloid cell lines (15).
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The truncated form (90 kDa) lacks the cytoplasmic tail (15) and
could originate from proteolytic cleavage at the cell surface and
shedding into the plasma of the extracellular portion of CD31. A
recent study by Eugenin et al. (21) showed that the positive staining
for extracellular CD31 in inflamed brain tissues of patients with
HIV is only minimally colocalized with the intracellular portion of
CD31. The authors therefore suggested that activated inflammatory
cells undergo an active shedding of extracellular CD31 which could
thus contribute to the rise in soluble CD31 in the circulation of
patients with inflammatory diseases (21).
In addition to the potential diagnostic value of measuring the

cleaved moiety, the loss of CD31 on peripheral T cells caused by
shedding, rather than its total absence, could also provide an im-
portant therapeutic potential. In this study, we show that the
remaining cell surface fragment can indeed be engaged in inter-
actionswith a homotypic synthetic peptide in the aimof restoring the
physiologic functions of the molecule and controlling Ag-induced
T cell responses in vivo.

Materials and Methods
Assessment of CD31+ and CD31shed peripheral blood
leukocytes

Ten-color flow cytometry was performed on peripheral blood leukocytes
obtained from five healthy individuals. The leukocytes were either main-
tained in basal conditions or stimulated overnight with soluble purified anti-
CD3 Ab (R&D Systems Europe, Lille, France) at 1 mg/ml. Cells were fixed
in PBS/formaldehyde 1%/FCS 1% for 4 min at 37˚C and subjected to
erythrocyte hypotonic lysis (10 min at 37˚C 1:10 v/v in Tris 10 mM, NH4Cl
155 mM, KHCO3 10 mM, pH 7.4), prior to processing. All experiments on
human samples were approved by the Institutional Ethical Committee
(www.clinicaltrials.gov; Identifier: NCT00430820). Pelleted cells were in-
cubated for 30 min at room temperature and protected from light, with
a mixture of fluorescent mAbs directed toward CD4 (PE-Cy7), CD8
(PerCP), HLA-DR (APC-Cy7), CD45RA (Pacific Blue), CD14 (APC),
CD10 (PE-Cy5), and CD31 (clone WM59, PE) from BD Biosciences (San
Jose, CA) and CD3 (PE-Texas Red), CD20 (AlexaFluor700), and CD31
(clone MBC 78.2, FITC) from Invitrogen (Cergy Pontoise, France). At least
50,000 events were acquired in the lymphocyte gate using a BD LSRII
equipped with three lasers (405, 488, and 633 nm) and analyzed with BD
FACSDiva 6.0 software (BD Biosciences, Le Pont de Claix, France).

Subtractive measurement of soluble CD31 (Patent No.
PCT/EP2009/058220)

To detect the soluble or solubilized CD31 forms containing the Ig-like
domain 1 and/or 2 and/or 5 and/or 6, we have customized the cytometric bead
array (CBA; BD Biosciences) technology. Functional CBA beads were
coupled with purified monoclonal anti-CD31 Abs against either the most
distal Ig-like domain 1 (clone JC70A;Dako (22) or themost proximal Ig-like
domain 6 (cloneMBC 78.2) (23), also known as PECAM-1, provided by Dr.
Peter Newman (Milwaukee Blood Center, Milwaukee, WI). The coupled
beads (Fig. 2) were incubated with the plasma of healthy subjects, culture
supernatant, and membrane lysates from stimulated Jurkat cells and serial
dilutions of the standard (recombinant, full length extracellular CD31, aa 1–
574; R&D Systems). Positive binding of circulating CD31 captured by the
anti-CD31 cytometric beads was detected by a combination of three anti-
CD31 mAbs directed against Ig-like domain 2 (clone WM-59, PE from BD
Biosciences) (22), domain 5 (clone HC1/6, FITC from Invitrogen) (22) and
domain 6 (clone MBC 78.2 coupled to Pacific Blue using the kit #P30013
from Invitrogen) (23). The median fluorescent intensity of each detecting
Ab was analyzed on$1000 acquired beads. The three standard curves were
obtained by using all detecting Abs simultaneously on the serial dilutions of
recombinant CD31 to overcome any bias caused by differences in binding
affinity of the diverse Abs. The concentration of soluble CD31 forms
comprising at least domain 1–2 (capture by JC70A, detection by WM59-
PE), domain 1–5 (capture by JC70A, detection by HC1/6-FITC) domain 1–6
(capture by JC70A, detection by MBC 78.2-Pacific Blue), domain 6 (cap-
ture by MBC 78.2, detection by MBC 78.2-Pacific Blue), domain 5–6
(capture by MBC 78.2, detection by HC1/6), or domain 2–6 (capture by
MBC 78.2, detection by WM59) of CD31 in samples was calculated using
the linear regression formula obtained with the same capture beads and
detecting Abs on the serial standard dilutions. In plasma and culture su-
pernatant, the concentration of CD31 domain 1–6 was subtracted from the

concentration of CD31 domain 1–5 to obtain the amount of truncated CD31
lacking domain 6. The latter was subtracted from the concentration of CD31
domain 1–2 to calculate the value of soluble CD31 lacking both domains 5
and 6. In membrane lysates, the concentration of CD31 domain 2–6 was
subtracted from the concentration of CD31 domain 5–6 to obtain the frac-
tion lacking at least domain 2. The concentration of CD31 Δ2 was then
subtracted from CD31 domain 6 to obtain the fraction lacking both domains
2 and 5.

Peptides

The human (NHASSVPRSKILTVRVILAPWKK, MW 2601.2) and the
mouse (SSMRTSPRSSTLAVRVFLAPWKK,MW2606.0) custom peptides
were synthetized by Genosphere (Paris, France) and by Mimotopes
(Clayton, Victoria, Australia). The 5(6)-FAM human sequence was pro-
vided by Mimotopes. Peptides were .95% pure, as assessed by analytical
reverse phase HPLC, and were checked for correct identity by amino acid
analysis and mass spectrometry. Upon receipt from the fabricant, the ly-
ophilized peptides were dissolved in sterile PBS/DMSO and the concen-
tration was determined by UV spectroscopy at 280 nm. Endotoxin levels
were consistently ,0.01 ng/mg of peptide as determined by the LAL test.
The peptide stock concentration was adjusted to 10 mg/ml with sterile PBS
(final concentration of DMSO#5%) and stock aliquots were stored at220˚C
in a manual defrost freezer.

Total internal reflection fluorescence microscopy

Freshly purified CD4+ cells from heparinized peripheral blood obtained by
positive magnetic selection (Dynabeads FlowComp Human CD4 kit; In-
vitrogen) were stimulated by CD3 crosslinking as described under TCR
stimulation in vitro in the presence of either 100 mg/ml unlabeled human
CD31 peptide, 100mg/ml 5,6 FAM human CD31 peptide or 10mg/ml CD31
domain 6 Ab (clone MBC 78.2) directly coupled to AlexaFluor546 (mAb
Labeling Kit #A-20183; Invitrogen). Unstimulated cells and cells stimu-
lated for 20 min were plunged immediately into one volume of ice-cold 2%
paraformaldehyde for 15 min. Cells were subsequently pelleted and re-
suspended in 2% paraformaldehyde for an additional 15 min on ice. Fol-
lowing fixation, the cells were rinsed three times in 13 PBS and incubated
overnight at room temperature with 10 mg/ml AlexaFluor546 CD31 do-
main 6 (clone MBC 78.2), as appropriate. After incubation, cells were
washed twice, postfixed with 1% paraformaldehyde, and transferred to
35-mm glass-bottom poly–D-lysine coated dishes (#P35GC-1.5-10-C;
MatTek, Ashland, MA) and left to adhere for 2 h in PBS. Three in-
dependent experiments gave similar results. Digital images were acquired
using the objective PLAPO 100xO TIRFM (NA 1.45) on an Olympus
IX81 (Melville, NY) inverted microscope equipped with a total internal
reflection fluorescence microscopy module (488 and 561 nm) and a cooled
monochromatic digital camera (EMCCD DU885 iXon+, Andor, South
Windsor, CT) and were subsequently analyzed using ImageJ software
(National Institutes of Health freeware, http://rsbweb.nih.gov/ij/).

Plasmon surface resonance

Homophilic peptide association and dissociation were evaluated in three
independent experiments by surface plasmon resonance (BIAcore 2000; GE
Healthcare, Saclay, France). Human and murine peptides were amine-
coupled (2000–5000 resonance units [RU]) to CM5 chips according to the
manufacturer’s instructions. For the kinetic measurements, six 2-fold con-
centrations of the same peptides (concentration range from 0.625 to 20 mg/
ml) in 10 mMHEPES pH 7.4, 140 mMNaCl, 3 mM EDTA, 0.005% Tween
20 were injected over the chip surface at a flow rate of 10 ml/min at 25˚C.
The BIAevaluation 3.0 Software (GE Healthcare) was used for evaluation
and data are expressed as ΔRU (RU on the peptide-coated channel minus RU
on the channel coated with a control, scrambled peptide). The rate equation
used for the analysis was a 1:1 binding with drifting baseline model.

TCR stimulation in vitro

For T cell activation, human PBMCs or spleen cells from CD31+/+ and
CD312/2 mice (C57BL/6 background; The Jackson Laboratory, Bar
Harbor, ME) were stimulated in vitro as previously described (24). Cells
were plated in triplicate at 0.23 106 cells/well in a U-bottom 96-well plate
in complete medium (RPMI 1640, 1% pyruvate, 1% glutamine, 1% pen-
icillin-streptomicyn-fungizone, 10% decomplemented FCS; Invitrogen)
containing 1 mg/ml anti-mouse CD3/CD28 or 5 mg/ml anti-human CD3
Abs (BD Biosciences) as appropriate. Human or mouse CD31 peptide at
25, 50, and 100 mg/ml and scrambled peptide at 100 mg/ml final con-
centration were deposited in the wells just before cell plating. For T cell
proliferation analysis, plated cells were cultured for 72 h in 5% CO2 at
37˚C. [3H]Thymidine (0.5 mCi/well) was added for the last 16 h, and
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