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ATHEROSCLEROSIS COMPENDIUM

CD31 as a Therapeutic Target in Atherosclerosis
Giuseppina Caligiuri

ABSTRACT: The potential of CD31 as a therapeutic target in atherosclerosis has been considered ever since its cloning 
in the 1990s, but the exact role played by this molecule in the biologic events underlying atherosclerosis has remained 
controversial, resulting in the stalling of any therapeutic perspective. Due to the supposed cell adhesive properties of CD31, 
specific monoclonal antibodies and recombinant proteins were regarded as blocking agents because their use prevented 
the arrival of leukocytes at sites of acute inflammation. However, the observed effect of those compounds likely resulted 
from the engagement of the immunomodulatory function of CD31 signaling. This was acknowledged only later though, upon 
the discovery of CD31’s 2 intracytoplasmic tyrosine residues called immunoreceptor tyrosine inhibitory motifs. A growing 
body of evidence currently points at a therapeutic potential for CD31 agonists in atherothrombosis. Clinical observations 
show that CD31 expression is altered at the surface of leukocytes infiltrating unhealed atherothrombotic lesions and that 
the physiological immunomodulatory functions of CD31 are lost at the surface of blood leukocytes in patients with acute 
coronary syndromes. On the contrary, translational studies using candidate therapeutic molecules in laboratory animals have 
provided encouraging results: synthetic peptides administered to atherosclerotic mice as systemic drugs in the acute phases 
of atherosclerotic complications favor the healing of wounded arteries, whereas the immobilization of CD31 agonist peptides 
onto coronary stents implanted in farm pigs favors their peaceful integration within the coronary arterial wall.

Key Words: acute coronary syndrome ◼ atherosclerosis ◼ inflammation ◼ leukocytes ◼ peptides

CD31 provides a compelling example of the transla-
tional undertaking of a molecule first discovered in 
the fundamental research field. However, CD31’s 

translational route has been complicated since the role 
attributed to CD31 has been tremendously reconsidered 
since its discovery 30 years ago. Fundamental research 
has brought essential insight into CD31’s biological and 
physiological functions making medical progress pos-
sible. This review retraces CD31’s winding route from 
pure knowledge to clinical interventions and application 
for human health.

Importance of CD31 in the Blood-Vessel 
Interface Homeostasis
CD31, a highly glycosylated Ig-like membrane recep-
tor expressed by leukocytes, platelets, and endothelial 
cells, is the most abundant membrane glycoprotein con-
stitutively expressed on the vascular endothelium.1 The 
full-length isoform of human CD31 is a 130 kDa type I 

transmembrane glycoprotein comprising 6 Ig-like extra-
cellular domains, a short transmembrane segment, and a 
cytoplasmic tail of varying length due to alternative splic-
ing.2 Due to the specificities of its extracellular and intra-
cellular residues, CD31 is regarded as both an adhesive 
and a signaling protein. Putative adhesion functions were 
attributed to specific residues distributed on both sides 
of the β-sheet of the first Ig-like domain. These are able 
to engage in homophilic interactions as shown by site 
directed mutagenesis3,4 and crystal structure models.5 In 
arterial segments, CD31 is concentrated at the intercel-
lular endothelial borders where it coclusters with junction 
molecules. However, CD31 is not directly involved in the 
formation of either adherens or tight cell-cell endothelial 
junctions.6,7 Indeed, the association constant of CD31 
protein-protein interactions is in the order of the micro-
molar,3,4 which is too weak for stable protein-protein 
“adhesion.”8 Furthermore, the localization of CD31 mole-
cules over the cell plasma membrane is not fixed but var-
ies dynamically, linked to the rearrangements of the actin 

D
ow

nloaded from
 http://ahajournals.org by on A

pril 23, 2020

mailto:giuseppina.caligiuri@inserm.fr


Caligiuri CD31 as a Therapeutic Target in Atherosclerosis

Circulation Research. 2020;126:1178–1189. DOI: 10.1161/CIRCRESAHA.120.315935 April 24, 2020  1179

ATHEROSCLEROSIS 
COM

PENDIUM

cytoskeleton,6 and driven by the formation of membrane 
microdomains upon cell stimulation.9,10 Evenly distributed 
in resting cells, the localization of CD31 molecules varies 
with the type of prevalent mechanic stress exerted on 
the endothelial cells paving the different vascular seg-
ments.11 The engagement of CD31 at sites of active 
vascular endothelial cell stimulation is particularly impor-
tant for maintaining homeostasis in the circulation.12–14 
Thus, the transhomophilic engagement of endothelial 
CD31 at the intercellular borders in arteries, where the 
endothelial cells are maximally twisted and stressed, is 
essential for the maintenance of flow-driven physiologi-
cal adjustments.15,16

At lower density, CD31 is also constitutively expressed 
by all hematopoietic cells and remains expressed on 
blood flowing elements,1 apart from erythrocytes. Indeed, 
CD31 is expressed also by erythroid progenitors, but the 
expression cannot be sustained and stops after erythro-
blasts enucleation.17

Due to the transhomophilic nature of its recep-
tor functions, CD31 signaling is not restricted to a 
particular cell type nor a particular signaling pathway 
as it can be engaged by different stimuli on different 
CD31+ positive cells. On platelets and leukocytes, the 
function of CD31 is important for preventing inap-
propriate reactions within the circulation, by driving a 
leave me alone signal, necessary to prevent cell-cell 
aggregation,18,19 and by raising the activation threshold 
of tyrosine/inositol kinase-dependent pathways.20–22 
Interestingly, recent studies have demonstrated that 
CD31 signaling is involved in the privilege of vascular 
endothelial cells of being protected against immune 
attacks.23

Thus, in physiological conditions, CD31 is expressed 
constitutively and exclusively on cells interacting at the 
blood-vessel interface and its cross-cell transhomophilic 
function is required for maintaining homeostasis in the 
circulation (Figure 1).

CD31 Gene Expression and Regulation
The human gene encoding CD31 is located in the long 
arm of chromosome 17 (17q23.3).24 Similar to other 
constitutive proteins, the rapid rate of biosynthesis25 

and steady expression of CD31 in basal conditions is 
allowed by the presence of a promoter that appears 
as disperse, meaning that transcription can be initiated 
at several closely spaced sites, distributed over 204 
bp nearby the translational start site.26 Of all CD31+ 
cells, only lymphocytes are able to modulate the level 
of CD31 transcription. CD31 mRNA levels are reduced 
shortly after antigen-specific activation in both CD4+ 
and CD8+ cells but it significantly differs thereafter in 
the memory lymphocyte sub-populations27 possibly due 
to cell-specific epigenetic regulation28 across their long 
life. On memory CD4+ T cells, the reactivation of which 
is restricted to lymphoid organs and regulated by mul-
tiple immune check-points, it remains low29 whereas 
the effector memory CD8+ T cells,27 which can easily 
be reactivated by the presentation of the antigen in the 
major histocompatibility complex class I of any cell in 
the organism, reacquire a maximal expression of CD31. 
The reacquisition of this particular immune check point 
might be required to prevent inappropriate and poten-
tially life-threatening systemic immune responses within 
the circulation.30

In addition to transcriptional regulation, the cell-spe-
cific function of CD31 can vary in different cells at given 
time points due to the occurrence of various forms of 
alternative exon splicing, mainly involving the intracyto-
plasmic tail31 but also the extracellular domain 532 and 
the transmembrane segment encoding exon, the latter 
yielding a soluble full-length isoform detectable in the 
circulating blood.25

Finally, a number of single nucleotide variants have 
been described, the most frequent polymorphisms within 
the white population forming 4 different alleles: LSRa, 
LSRg, VNGa, and VNGg, with frequencies of 0.14, 0.28, 
0.27, and 0.31, respectively.33 The association between 
the different polymorphisms and cardiovascular risk 
clinical variables/end points is somehow conflicting, with 
both positive and negative trends described in athero-
thrombotic conditions.34–37

CD31 Signaling
To conceive the most appropriate therapeutic agents, 
it is important to determine the key elements involved 
in CD31 functions. Antibodies targeting the first Ig-
like domains of CD31 as well as soluble CD31 pro-
teins comprising its transhomophilic sequence can 
effectively engage the receptor and serve for phar-
macological studies.38 Yet, although the CD31 protein 
sequence is well conserved across species, human 
proteins are not appropriate for use in rodent preclini-
cal studies. Indeed, the different type of glycosylation 
and the difference of certain amino acids comprised in 
the transhomophilic region are sufficient to invalidate 
the binding of conformational monoclonal antibodies 
as well as the occurrence of cross-species transhomo-
philic engagement of CD31.39

Nonstandard Abbreviations and Acronyms

ICAM-1 intercellular adhesion molecule 1
ITIM immunoreceptor tyrosine inhibitory motif
MMP9 matrix metalloproteinase 9
NFκB nuclear factor κB
PECAM-1 platelet endothelial adhesion molecule 1
SH2 Src homology 2
TNF-α tumor necrosis factor α
VCAM-1 vascular cell adhesion protein 1
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The signaling properties of the CD31 cytoplasmic 
tail rely on its inducible and reversible detachment 
from the plasma membrane, allowing the sequential 
phosphorylation of its serine and tyrosine residues 
comprised in an α-helical conformed sequence.40 The 
phosphorylation of serine in position 702, in close 
contact with the plasma membrane, is required for 
tail detachment from the membrane which allows the 
phosphorylation of the membrane-interacting C-ter-
minal immunoreceptor tyrosine inhibitory motif (ITIM). 
The latter is necessary for allowing the phosphoryla-
tion of the N-terminal ITIM, which is excluded from the 
lipid-interacting segment.40 In the absence of concomi-
tant stimulation, neither antibodies nor transhomophilic 
proteins can drive the phosphorylation of CD31 S702 
and of its 2 ITIMs because CD31 is not endowed with 
autophosphorylation ability. CD31 signaling can only 
occur, and be targeted, in the lipid rafts where it can 
get phosphorylated by other signaling receptors at the 
time of cell stimulation.20

Once phosphorylated, the CD31 ITIMs recruit SH2 
(Src homology 2) tyrosine/inositol phosphatases41,42 

resulting in both inhibitory and activating signaling 
actions, depending on the net effect of these phospha-
tases in the different signaling pathways concomitantly 
engaged on CD31+ cells.

In physiological conditions, CD31 signaling is not 
engaged in resting blood leukocytes and platelets.43 
The eventual recruitment and engagement of CD31 
on these elements at sites of low shear where they 
may establish cell-cell interactions mainly results 
in a coinhibitory signal,19 because most platelet and 
leukocyte activation pathways are tyrosine/inositol 
kinase dependent.12 Instead, the arterial endothelial 
cells establish permanent CD31-CD31 interactions 
at their lateral borders and CD31 ITIM phosphoryla-
tion occurs in basal conditions, triggered by several 
mechanoreceptors sensitive to high flow speed. Here, 
the cosignaling functions of CD31 are essential for 
the survival20 and physiological response of the vas-
cular endothelium to the multiple types of mechanic, 
immune, and metabolic stresses (recently reviewed by 
Caligiuri).12

Figure 1. Distribution and function of CD31 molecules on cells at the blood-vessel interface.
CD31 molecules are evenly distributed over the plasma membrane of blood flowing leukocytes and platelets and are concentrated at the 
intercellular endothelial junctions at sites of high-shear stress. At the surface of interacting CD31+ cells, the transhomophilic engagement of 
CD31 drives a mutual detachment signal which is essential to prevent their aggregation within the vessels to maintain a fluid circulation in 
physiological conditions. In case of injury, the cytokines and chemokines released by damaged sites reach the microcirculation and induce a 
phenotypic change of the stimulated platelets, leukocytes and endothelial cells, restricted to the microvessels of the injured tissue. At these 
sites, CD31 molecules of all interacting cells redistribute away from the cell-cell contact points to allow the adherence of responsive platelets 
and leukocytes to the inflamed endothelium. Once the leukocytes have passed the intercellular endothelial junction and reached the basal 
membrane, the concentration of CD31 molecules at their rear may actively promote integrin closure and allow leukocyte uropod detachment 
from the extracellular matrix, which is necessary for the movement of leukocytes along the chemokine gradient towards the site of inflammation. 
(Illustration Credit: Ben Smith).
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CD31 as a Therapeutic Target in 
Atherosclerosis
The potential use of CD31 as a therapeutic target for ath-
erosclerosis has been considered ever since its cloning, 
but the role played by the molecule remains controversial 
and the therapeutic strategy that could apply stands elu-
sive. Because CD31-targeting antibodies block leuko-
cyte transmigration both in vitro44 and in vivo,45 one could 
envisage the use of CD31 antagonists to combat the 
inflammatory processes of atherosclerosis. Yet, mecha-
nistic studies have in fact shown that CD31 ligation by 
a specific antibody engages/sustains CD31 signaling in 
both leukocytes and endothelial cells.46 It is, therefore, 
plausible that the anti-inflammatory action observed in 
those experiments rather resulted from an agonist effect 
of the CD31-binding antibodies. Similarly, the immuno-
modulatory effect obtained using soluble CD31 proteins 
in vitro47 and in vivo48 can be explained by intracellular 
signaling engagement through a transhomophilic inter-
action with the N-terminal domain of cell-bound CD31.5 
In apolipoprotein E knockout mice, the overexpression 
of a bivalent CD31 soluble construction consistently 
resulted in a reduced immune response mirrored by an 
enriched regulatory T-cell population and a reduction in 
the extent of atherogenesis, in vivo.49 The immunoregu-
latory effect of strategies targeting the transhomophilic 
domains of CD31, by either antibody ligation or with the 
use of recombinant soluble proteins, can however work 
only for a limited time because the transhomophilic por-
tion of CD31 is lost by a proteolytic shedding invalidating 
the target50 (Figure 3).

Immune Responses in Atherosclerotic Diseases: 
Role of CD31?
Immune cells abundantly infiltrate atherosclerotic 
lesions supporting a role for immune responses in ath-
erosclerotic diseases.51–54 Upregulation of endothelial 
adhesion molecules at atherosclerotic-prone sites plays 
an important role in the sequence of events leading to 
the accumulation of blood-borne leukocytes within the 
arterial wall, a critical step in the initiation and progres-
sion of atherosclerotic plaques.55 Due to its abundant 
localization on the vascular endothelium and its struc-
tural similarity with Ig-like membrane adhesion mol-
ecules, CD31 was initially classified among adhesion 
molecules (this is why it was called PECAM-1 [platelet 
endothelial adhesion molecule 1]).56 Furthermore, the 
presence of 2 putative consensus NFκB (nuclear factor 
κ B) binding sites in its promoter57 and the concentra-
tion of CD31 clusters at sites of perturbed stress on 
arterial endothelial cells, where the NFκB pathway is 
activated58 suggested a proinflammatory mediator role 
for endothelial CD31 by favoring the extravasation of 
leukocytes at sites of perturbed shear stress. Light 
microscopy morphometric studies on cross-sections of 
selected arterial sites in CD31 knockout hyperlipidemic 

mice supported the hypothesis of a NFκB-dependent 
proatherosclerotic role for endothelial cell CD31,59 
although no data indicated that NFκB indeed regu-
lates CD31 expression. In fact, functional studies have 
shown that the transhomophilic engagement of endo-
thelial CD31 by transmigrating inflammatory cells actu-
ally drives a negative feedback on the proinflammatory 
NFκB activity in endothelial cells.60 Furthermore, an 
exhaustive evaluation of the spatially complex athero-
sclerotic plaque distributed along the arterial tree by 
micro-CT 3D imaging rather points at a protective role 
for CD31 in experimental atherosclerosis.61 Indeed, 
at variance with the expression of the adhesion mol-
ecules VCAM-1 (vascular cell adhesion protein 1) and 
ICAM-1 (intercellular adhesion molecule 1) which are 
upregulated, CD31 expression is constitutive and maxi-
mal in physiological conditions and does not increase 
at atherosclerosis-prone sites.62,63 Instead, endothelial 
cells at sites of inflammation64 including the neovessels 
in human atherosclerotic plaques,65 typically appear as 
CD31 negative suggesting that its loss, rather than its 
presence, may be involved in atherosclerosis.

CD31 Cosignaling Regulates Leukocyte Migration
CD31 might be involved in the accumulation of leuko-
cytes within atherosclerotic plaques, but the exact role of 
this molecule remains debated.

Due to the supposed cell adhesive properties of 
CD31, specific monoclonal antibodies and recombi-
nant proteins were regarded as blocking agents in the 
early 1990s because their use prevented the passage 
of leukocytes across TNF-α (tumor necrosis factor-
α) stimulated human endothelial monolayers in vitro.44 
However, it is plausible that CD31-targeting antibodies 
and proteins prevent leukocyte transmigration because 
they engage the immunomodulatory feature of CD31 
signaling. This was acknowledged only later, upon the 
discovery of its 2 intracytoplasmic ITIMs.66 Further-
more, CD31’s immunomodulatory role was supported 
by the notion that in the presence of CD31-targeting 
agents leukocytes do not progress through the inter-
cellular junction and stop their migration at the apical 
surface of endothelial cells.44 Finally, transendothelial 
migration is not hampered in CD31 knockout mice,67,68 
definitively arguing against a role for CD31 in trig-
gering leukocyte transendothelial transmigration and 
plaque initiation.

The ITIM cosignalling function of CD31 may instead 
be essential for conducting the stream of migrating 
leukocytes towards inflammatory sites by regulating 
the tyrosine kinase-dependent opening of leukocyte 
integrins69 that promotes cell adhesion. The activity of 
phosphatases recruited by CD31 ITIMs might play a 
key role in cell integrin reacquisition of a closed/bent 
conformation which is essential to allow dissociation of 
the cell membrane at the cell uropod and cell progres-
sion along the chemokine gradient.70 This hypothesis 
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is supported by experimental data showing that leuko-
cyte arrival at the inflammatory site is delayed in the 
absence of CD31. This is due to migratory machinery 
polarization defects, preventing leukocytes to follow the 
direction of the chemokine gradient.71 Moreover, this is 
combined with an increased leukocyte halt at the level 
of the perivascular membrane68 likely due to uropod 
detachment impairment.70 Ultrastructural analysis of 
reactive lymph nodes had demonstrated that CD31 
molecules are concentrated at the ending of extended 
membrane protrusions formed by extravasating leu-
kocytes at the interface with the microvascular endo-
thelium.72 Additionally, time-lapse videomicroscopy has 
shown that CD31 molecules rapidly disappear from the 
leading edge to converge with the β-integrins localized 
in a large cluster at the tip of the uropod of migrating 
leukocytes.73 Here, CD31 cosignaling may be pivotal 
for permitting β-integrins refolding in closed bent con-
formation, allowing the atraumatic detachment of the 
leukocyte uropod70 (Figure 1).

The Immunoregulatory Functions of CD31 on T 
Cells Are Impaired in Atherothrombosis
The cosignaling functions of CD31 exert a key role 
during T-cell development in the thymus74 as well as in 
the regulation of extrathymic T-cell threshold activation 
(reviewed by Marelli-Berg et al21 and Newman et al46). 
Remarkably, the T cells accumulated within human ath-
erothrombotic plaques appear to have lost the expres-
sion of CD31.75 Consistently, the frequency of such 
CD31 negative T cells in the blood is associated with 
both a hyper-reactive (easily activated) phenotype and 
the occurrence of thrombotic complications of athero-
sclerosis in both patients75 and hypercholesterolemic 
mice.76 The CD31 protein expressed by activated T cells 
can be reduced due to a transcriptional downregulation 
in memory T cells.27 However, CD31 exposure is likely 
underestimated on activated lymphocytes because the 
epitopes of the monoclonal antibodies commonly used 
for its immunodetection are comprised in the N-terminal 
Ig-Like domains which are lost due to proteolytic cleavage 

Figure 2. Putative role of CD31 in healing after acute atherosclerotic complication.
Atherosclerotic complications are linked to the occurrence of an acute wound of the intimal arterial layer covering an atherosclerotic plaque 
(plaque fissuring or erosion) which triggers a finely orchestrated and efficient cascade of biologic events conducting to healing. Similar to the 
healing cascade occurring at sites of dermal wounds, the first step is hemostasis activation by the exposure of extracellular matrix and tissue 
matter to the flowing blood, which allows the immediate closure of the wound by a platelet/fibrin scaffold. Blood leukocytes are attracted by the 
chemokine gradient and activated by locally released cytokines. The ensuing inflammation is necessary to clear the damaged tissue and plays 
a key role in wound healing. Its resolution should, however, occur as soon as possible to allow the phenotypic switch of leukocytes towards a 
reparative phenotype and avoid collateral damage while promoting the arrival of oxygen and nutrients through the neovessels. The completion 
of each step of the sequence is essential for the building of new tissue and the formation of a solid scar. The latter accounts for the formation 
of a thick fibrous cap which signs the healing of the arterial sites and stabilization of the culprit atherosclerotic plaque. Recurrent wounding and 
ineffective healing resulting in excessive activation of the hemostatic system, the lack of regulation and persistence of inflammation and the 
occurrence of intraplaque hemorrhage forming intraplaque neovessels, could underlie the occurrence of clinical complications. A poor (if any) 
healing at sites of plaque wound may indeed account for the large necrotic core (failure of dead cells and matrix debris clearance) and the thin 
cap (crumbly scar) which are characteristic of vulnerable plaques. Fortunately, most often the healing cascade is well orchestrated and effective, 
and the occurrence of clinical atherothrombotic events is relatively rare compared with the frequency of plaque fissuring and erosion. CD31 might 
play a crucial role for the efficient development of the healing cascade at sites of atherothrombosis. By regulating the activation threshold of 
platelets, it might reduce the extent of the thrombosis occurring at the site of plaque fissure or erosion. By guiding the stream of transmigrating 
leukocytes and modulating their activation, CD31 can limit the unwanted collateral inflammatory damage. By ensuring the barrier function, CD31 
can reduce the leakage and intraplaque hemorrhage from plaque neovessels. Illustration Credit: Ben Smith.
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and shedding.50 The absence of this portion of the pro-
tein invalidates the transhomophilic engagement of the 
receptor.5 The resulting loss of CD31 signaling function 
coincides with the retention of CD31shed activated CD4+ 
T cells, detectable by antibodies targeting the cytoplas-
mic tail or membrane-proximal epitopes at sites of ongo-
ing inflammation.38 Immunoregulatory functions exerted 
by CD31 have been described in CD4+,77 CD8+,78 and B 
lymphocytes,30 as well as in innate immune cells such as 
monocyte-macrophages79 and dendritic cells.80 Further 
evidence for an activation-driven cleavage of CD31 has 
been repeatedly reported in inflammatory conditions.81–83

An inappropriate or excessive shedding of CD31 may 
contribute to the dysregulations of the immune response 

associated with atherothrombosis, as suggested by the 
higher frequency of circulating CD31shed monocytes and 
CD4+ T cells in acute coronary syndromes.84,85 Interest-
ingly, the increased expression of MMP9 (matrix metal-
loproteinase 9) repeatedly observed in acute coronary 
syndromes has recently been linked to the shedding of 
CD31 documented on activated T cells in patients.84

The causal link between these 2 hallmarks of ath-
erothrombosis can go in both directions: enhanced 
MMP9 expression by cells interacting at sites of 
inflammation can contribute to CD31 shedding and, 
vice versa, CD31shed cells can more easily activate and 
produce active MMP9. Furthermore, both events are 
engendered by ongoing inflammatory processes which, 

Figure 3. Potential CD31 targets for agonist drug candidates.
An agonistic effect of CD31-targeting molecules has been described for specific antibodies, synthetic peptides, and recombinant proteins. The 
mechanism of action, and hence the clinical indication, varies according to the portion of the protein that is targeted by the therapeutic candidate. 
On quiescent CD31+ cells the CD31 molecules are dispersed, and their targeting would not be followed by a signaling effect because CD31 is 
not able to auto-phopshorylate. The clustering of CD31 molecules in lipid rafts allows their cosignaling activity via the phosphorylation of their 
intracellular ITIMs by coclustered tyrosine kinase receptors. There, the use of bivalent proteins (made by the fusion between the extracellular 
portion of CD31 and the Fc portion of IgGs), or of monoclonal antibodies targeting CD31 domain 1, can engage the transhomophilic portion of 
the native protein and sustain its physiological signaling essentially raising the cell activation threshold. These compounds are, however, useless in 
pathological situation because the membrane-distal portion of the CD31 molecule is lost due to proteolytic shedding triggered by cell activation. 
In this case, candidate agonists should be able to bypass the first, transhomophilic step of CD31 receptor engagement. Indeed, experimental work 
has shown that the lingering fragment of extracellular CD31 that remains exposed at the surface of CD31shed cells can be targeted by homotypic 
peptides or by antibodies specifically directed to the juxta-membrane sequence of the Ig-like domain 6. Preclinical studies in apolipoprotein E 
knockout mice suggest a preventive potential (chronic treatment) for gene therapy leading to the production of soluble chimeric proteins made 
of extracellular CD31 fused with the Fc portion of IgG1.49 Whereas the use of synthetic peptides homotypic of the juxta-membrane sequence is 
promising for the management of situations where endogenous CD31 may have already been cleaved, such as acute atherothrombotic events.96,97
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in turn, are part of the body response to noxious stimuli 
or tissue injury.

Role of CD31 in the Healing of Atherothrombotic 
Arteries
Immune mechanisms contribute undeniably to athero-
sclerosis initiation, progression, and complications, but 
their causal role cannot be established by studies per-
formed after the onset of clinical symptoms.86 In ath-
erothrombosis, the inflammatory components concur 
with the thrombotic process, as highlighted >150 years 
ago by Virchow.87 The activation of the hemostatic and 
immune systems occur sequentially at sites of tissue 
injury and play a critical role in initiating the process of 
wound healing. In the earliest phases, platelet thrombi 
serve to immediately close the wound and neutrophil-
mediated efferocytosis is necessary to prepare the stage 
for scar formation. The local activation of platelets and 
neutrophils must, however, be tightly regulated to avoid 
damage-aggravating activity and must resolve as soon as 
possible to allow the progression towards the subsequent 
proliferative phase which achieves the wound closure by 
the formation of a fibrotic scar (Figure 2). The activity of 
the neutrophils abundantly infiltrating the culprit lesions88 
might eventually turn deleterious if they start forming 
extracellular traps, a process executed by neutrophils 
unable to digest the noxious stimuli89 called NETosis. 
Netosis is associated with all forms of plaque compli-
cations at sites of coronary atherothrombosis90 likely 
including those triggered by intimal erosion rather than 
fissuring, as suggested by recent experimental data.91 
Interestingly, the deleterious action of neutrophils is criti-
cal also in the earliest stages of atherogenesis. There 
again, this neutrophil action occurs as a consequence 
of the arterial injury represented by intimal breaches the 
formation of which is driven by the particular hemody-
namic stress at atheroprone arterial sites.92 The activity 
of proinflammatory monocyte-derived and resident mac-
rophages is important at later stages, for clearing dead 
neutrophils and other cell and matrix debris but it must 
be constrained and short lasting to allow the progression 
towards the reparative steps. Inflammatory phase reso-
lution initiates with a switch from a proinflammatory to 
a pro-reparative phenotype of wound infiltrating macro-
phages and is essential for the formation of a solid scar 
and the outcome of tissue healing (Figure 2).

Given the nature of our highly pressurized and 
branched arterial tree, the mechanic injury is likely itera-
tive and does not necessarily result in clinically manifes-
tations as demonstrated by ex vivo analysis of coronary 
plaques93 as well as in vivo, by optical coherence tomog-
raphy.94 The outcome of the healing process triggered 
by plaque injury appears critical for the fate of athero-
thrombosis: disproportioned inflammation and its persis-
tence may lead to the thinner fibrous cap of vulnerable 

plaques, reflecting a poor scar formation, whereas, at the 
opposite, inappropriate production of growth factors may 
explain the observed accelerated post-rupture plaque 
progression, due to exaggerated stromal cell proliferation 
and production of extracellular matrix.95 Thus, suggest-
ing strategies aimed at ensuring a proper orchestra-
tion of the processes required for arterial wall healing 
at sites of atherothrombosis, rather than prevention of 
plaque fissuring, may be the target of future therapies in 
atherosclerosis.

In this setting, a defective expression of CD31 by the 
macrophages infiltrating atherothrombotic wounds is 
associated with their delayed healing96 and several lines 
of evidence point at CD31 homotypic recombinant pro-
teins or peptides as very interesting drug candidates to 
prevent and treat atherothrombotic events49,97 (Figure 3). 
The activation threshold regulation exerted by CD31 in 
platelets22 may be important to limit the hemostatic phase 
and avoid the formation of a rapid and stable occlusive 
thrombus18 following plaque fissuring/erosion.

By inhibiting the production of isoprenoid cholesterol 
intermediates, statins may limit the palmitoylation of the 
C-terminal ending of CD31’s intracellular tail hence favor-
ing CD31 signaling by granting the access of kinases 
to its phosphorylatable residues which would otherwise 
be hidden in the tail loop hooked to the plasma mem-
brane. Such an effect might explain why the observed 
potentiation of the antiplatelet function exerted by statins 
depends upon the presence of CD31.98

The immunoregulatory effects of CD31 might be ben-
eficial in acute ischemic events for guiding the infiltration 
of the culprit lesions by blood neutrophils and restricting 
their activation sequence as recently shown in experi-
mental mesenteric ischemia-reperfusion.99 Finally, CD31 
agonists may accelerate the resolution of the inflamma-
tory phase, which is critical for the outcome of wound 
healing, by favoring the phenotypic switch of infiltrated 
macrophages from proinflammatory to pro-reparative.96

Potential Benefits of a CD31 Mimicking Coating 
on Coronary Stents
The physiological functions of CD31 on the vascular 
endothelium are ensured by a very dense presence of 
this molecule at its surface. Here, it drives the cosignal-
ing necessary for the cytoprotection and barrier function 
of adjacent endothelial cells and for raising the activa-
tion threshold of blood flowing platelets and leukocytes, 
by engaging in transhomophilic interactions with their 
respective CD31 molecules.

Endovascular prostheses (stents) provide a mechani-
cal support to coronary arteries subjected to percutane-
ous angioplasty and are thus systematically implanted 
at the end of virtually all revascularization procedures. 
Their metallic nature, however, hampers the success of 
the procedure at medium-long term, because the cells 
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entering in contact with the stent struts perceive them as 
a foreign body and are hence activated locally to reject 
it. As a consequence, a chronic inflammatory process 
ensues, eventually resulting in a new, in-stent, stenosis. 
The use of immunosuppressive drugs, eluted by active 

stents, effectively reduces the inflammatory reaction but, 
in the long-term, the risk of in stent stenosis and poten-
tially catastrophic late stent thrombosis is important for 
all types of stent, despite protracted administration of 
dual antiplatelet therapy.100

Figure 4. The immobilization of a CD31 homotypic peptide on coronary stents improves the integration of the metallic device in 
the arterial wall.
Stent implantation implies the penetration of metallic stent struts into the arterial wall. A rapid endothelialization is observed over bare 
metal stents, but the phenotype of the endothelial cells covering the stent struts is altered (red arrow heads) resulting in a prothrombotic 
and proinflammatory phenotype which eventually triggers an adverse reaction of blood leukocytes and platelets against the device. The 
immunosuppressive drugs eluted by drug eluting stents can prevent the activation of leukocytes but not that of platelets and eventually affect 
also the viability of the endothelial cells covering the stent struts (violet arrow heads=dead endothelial cells), which results in an enhanced 
thrombotic risk. The use of a CD31-mimetic peptide covalently immobilized on bare metal stents can mimic the presence of an intact endothelium 
by providing a CD31 engaging signal to endothelial cells, platelets and leukocytes. Preclinical studies in pigs show that CD31-coated stents 
can combine the beneficial features of bare metal stents (complete endothelialization as assessed by electron scanning microscopy 7 d after 
implantation in pig coronary arteries) and of drug eluting stents (reduced thrombotic/inflammatory reaction) without their respective drawbacks 
(adherence and activation of platelets and leukocytes on bare metal stents; loose endothelial coverage resulting in persistence of platelet 
activation 7 d after implantation in pig coronary arteries). The use of CD31 biomimetic coating may, therefore, serve to foster a more physiological 
integration of coronary stents within the arterial wall.103
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Autopsy studies have suggested that endothelial cov-
erage completeness of the stent struts is critical for the 
positive outcome of the procedure. Coating strategies 
aimed at actively favoring the attachment of circulating 
progenitor endothelial cells onto the stent have recently 
emerged. However, considering the low frequency and 
functional defects of endothelial progenitors in athero-
sclerotic patients, it is not surprising that their perfor-
mance in clinical trials is disappointing.101 The use of 
stents coated with synthetic CD31 molecules able to 
engage in transhomophilic interaction with the endog-
enous receptor on the cells of the blood-vessel interface 
might be an interesting alternative, as suggested by in 
vitro experiments102 and preliminary preclinical studies in 
pigs103 (Figure 4).

CONCLUSIONS
CD31 has been considered as a target for athero-
sclerosis ever since its discovery. Initially regarded as 
a proinflammatory and hence proatherosclerotic mol-
ecule, blocking agents were envisaged. The concomi-
tant accumulation of evidence in favor of protective 
signaling in vascular biology has, however, clouded the 
rationale behind this perspective and delayed the devel-
opment of candidate therapeutic strategies. The most 
recent data show that the physiological, atheroprotec-
tive functions of CD31 are lost in patients. Preclinical 
studies consistently point at a therapeutic potential for 
CD31 agonists for managing individuals with athero-
sclerotic disease manifestations. The administration of 
soluble agonists may promote arterial healing and are 
an option in the management of patients early after the 
occurrence of acute atherothrombotic manifestations. 
On the contrary, CD31 signaling properties could also 
be beneficial in a medical device development perspec-
tive. The immobilization of molecules able to drive CD31 
signalization on stent surfaces may be envisaged as an 
endothelial-mimetic coating for masking the foreign-
ness of the metal struts and improving the integration 
of arterial stents.

 ARTICLE INFORMATION
Affiliations
From the Laboratory for Vascular Translational Science, Inserm U1148, Universi-
té de Paris, France; and Department of Cardiology, Assistance Publique-Hôpitaux 
de Paris, Hôpitaux Universitaires Paris Nord Val-de-Seine, Site Bichat, France.

Acknowledgments
I am indebted to Dr Melanie Gettings for critical reading and help with editing of 
the article.

Sources of Funding
This work was supported by the Institut National de la Santé et de la Recherche 
Médicale (INSERM), Université de Paris and by research grants from the French 
National Research Agency (project IMPLANTS number ANR-14-CE17-0014 
and RHU iVASC number ANR-16-RHUS-00010), the Fondation de France, the 
Fondation de l’Avenir, and the Fondation pour la Recherche Médicale.

Disclosures
Dr Caligiuri is one of the 2 scientific founders of Tridek-One Therapeutics, a spin 
off issued from her work at Inserm Unit 1148, devoted to the development of 
CD31 agonists for the treatment of autoimmune diseases.

REFERENCES
 1. Novinska MS, Rathore V, Newman DK, Newman PJ. Chapter 11 - Pecam-1. 

Platelets. 2nd ed. Academin Press; 2007:221–230.
 2. Kirschbaum NE, Gumina RJ, Newman PJ. Organization of the gene for 

human platelet/endothelial cell adhesion molecule-1 shows alternatively 
spliced isoforms and a functionally complex cytoplasmic domain. Blood. 
1994;84:4028–4037.

 3. Jiang L, Lin L, Li R, Yuan C, Xu M, Huang JH, Huang M. Dimer conforma-
tion of soluble PECAM-1, an endothelial marker. Int J Biochem Cell Biol. 
2016;77:102–108. doi: 10.1016/j.biocel.2016.06.001

 4. Newton JP, Buckley CD, Jones EY, Simmons DL. Residues on both faces 
of the first immunoglobulin fold contribute to homophilic binding sites of 
PECAM-1/CD31. J Biol Chem. 1997;272:20555–20563. doi: 10.1074/
jbc.272.33.20555

 5. Paddock C, Zhou D, Lertkiatmongkol P, Newman PJ, Zhu J. Structural 
basis for PECAM-1 homophilic binding. Blood. 2016;127:1052–1061. doi: 
10.1182/blood-2015-07-660092

 6. Cerutti C, Ridley AJ. Endothelial cell-cell adhesion and signaling. Exp Cell 
Res. 2017;358:31–38. doi: 10.1016/j.yexcr.2017.06.003

 7. Dejana E, Orsenigo F, Molendini C, Baluk P, McDonald DM. Organization 
and signaling of endothelial cell-to-cell junctions in various regions of the 
blood and lymphatic vascular trees. Cell Tissue Res. 2009;335:17–25. doi: 
10.1007/s00441-008-0694-5

 8. Schreiber G, Haran G, Zhou HX. Fundamental aspects of protein-protein 
association kinetics. Chem Rev. 2009;109:839–860. doi: 10.1021/
cr800373w

 9. Sardjono CT, Harbour SN, Yip JC, Paddock C, Tridandapani S, Newman 
PJ, Jackson DE. Palmitoylation at Cys595 is essential for PECAM-1 locali-
sation into membrane microdomains and for efficient PECAM-1-mediated 
cytoprotection. Thromb Haemost. 2006;96:756–766.

 10. Marin EP, Derakhshan B, Lam TT, Davalos A, Sessa WC. Endothelial cell 
palmitoylproteomic identifies novel lipid-modified targets and potential sub-
strates for protein acyl transferases. Circ Res. 2012;110:1336–1344. doi: 
10.1161/CIRCRESAHA.112.269514

 11. Feng D, Nagy JA, Pyne K, Dvorak HF, Dvorak AM. Ultrastructural local-
ization of platelet endothelial cell adhesion molecule (PECAM-1, CD31) 
in vascular endothelium. J Histochem Cytochem. 2004;52:87–101. doi: 
10.1177/002215540405200109

 12. Caligiuri G. Mechanotransduction, immunoregulation, and metabolic 
functions of CD31 in cardiovascular pathophysiology. Cardiovasc Res. 
2019;115:1425–1434. doi: 10.1093/cvr/cvz132

 13. Privratsky JR, Newman PJ. PECAM-1: regulator of endothelial junctional 
integrity. Cell Tissue Res. 2014;355:607–619. doi: 10.1007/s00441- 
013-1779-3

 14. Lertkiatmongkol P, Liao D, Mei H, Hu Y, Newman PJ. Endothelial functions 
of platelet/endothelial cell adhesion molecule-1 (CD31). Curr Opin Hematol. 
2016;23:253–259. doi: 10.1097/MOH.0000000000000239

 15. Bagi Z, Frangos JA, Yeh JC, White CR, Kaley G, Koller A. PECAM-1 medi-
ates NO-dependent dilation of arterioles to high temporal gradients of 
shear stress. Arterioscler Thromb Vasc Biol. 2005;25:1590–1595. doi: 
10.1161/01.ATV.0000170136.71970.5f

 16. Liu Y, Bubolz AH, Shi Y, Newman PJ, Newman DK, Gutterman DD. Per-
oxynitrite reduces the endothelium-derived hyperpolarizing factor compo-
nent of coronary flow-mediated dilation in PECAM-1-knockout mice. Am 
J Physiol Regul Integr Comp Physiol. 2006;290:R57–R65. doi: 10.1152/
ajpregu.00424.2005

 17. Baumann CI, Bailey AS, Li W, Ferkowicz MJ, Yoder MC, Fleming WH. 
PECAM-1 is expressed on hematopoietic stem cells throughout ontogeny 
and identifies a population of erythroid progenitors. Blood. 2004;104:1010–
1016. doi: 10.1182/blood-2004-03-0989

 18. Falati S, Patil S, Gross PL, Stapleton M, Merrill-Skoloff G, Barrett NE, 
Pixton KL, Weiler H, Cooley B, Newman DK, et al. Platelet PECAM-1 inhib-
its thrombus formation in vivo. Blood. 2006;107:535–541. doi: 10.1182/
blood-2005-04-1512

 19. Brown S, Heinisch I, Ross E, Shaw K, Buckley CD, Savill J. Apoptosis dis-
ables CD31-mediated cell detachment from phagocytes promoting binding 
and engulfment. Nature. 2002;418:200–203. doi: 10.1038/nature00811

D
ow

nloaded from
 http://ahajournals.org by on A

pril 23, 2020



Caligiuri CD31 as a Therapeutic Target in Atherosclerosis

Circulation Research. 2020;126:1178–1189. DOI: 10.1161/CIRCRESAHA.120.315935 April 24, 2020  1187

ATHEROSCLEROSIS 
COM

PENDIUM

 20. Gao C, Sun W, Christofidou-Solomidou M, Sawada M, Newman DK, 
Bergom C, Albelda SM, Matsuyama S, Newman PJ. PECAM-1 functions as 
a specific and potent inhibitor of mitochondrial-dependent apoptosis. Blood. 
2003;102:169–179. doi: 10.1182/blood-2003-01-0003

 21. Marelli-Berg FM, Clement M, Mauro C, Caligiuri G. An immunologist’s 
guide to CD31 function in T-cells. J Cell Sci. 2013;126:2343–2352. doi: 
10.1242/jcs.124099

 22. Jones CI, Garner SF, Moraes LA, Kaiser WJ, Rankin A, Ouwehand WH, 
Goodall AH, Gibbins JM; Bloodomics Consortium. PECAM-1 expression 
and activity negatively regulate multiple platelet signaling pathways. FEBS 
Lett. 2009;583:3618–3624. doi: 10.1016/j.febslet.2009.10.037

 23. Cheung K, Ma L, Wang G, Coe D, Ferro R, Falasca M, Buckley CD, Mauro 
C, Marelli-Berg FM. CD31 signals confer immune privilege to the vascu-
lar endothelium. Proc Natl Acad Sci U S A. 2015;112:E5815–E5824. doi: 
10.1073/pnas.1509627112

 24. Gumina RJ, Kirschbaum NE, Rao PN, vanTuinen P, Newman PJ. The 
human PECAM1 gene maps to 17q23. Genomics. 1996;34:229–232. doi: 
10.1006/geno.1996.0272

 25. Goldberger A, Middleton KA, Oliver JA, Paddock C, Yan HC, DeLisser HM, 
Albelda SM, Newman PJ. Biosynthesis and processing of the cell adhesion 
molecule PECAM-1 includes production of a soluble form. J Biol Chem. 
1994;269:17183–17191.

 26. Gumina RJ, Kirschbaum NE, Piotrowski K, Newman PJ. Characterization of 
the human platelet/endothelial cell adhesion molecule-1 promoter: identi-
fication of a GATA-2 binding element required for optimal transcriptional 
activity. Blood. 1997;89:1260–1269.

 27. Newman DK, Fu G, McOlash L, Schauder D, Newman PJ, Cui W, Rao 
S, Johnson BD, Gershan JA, Riese MJ. Frontline science: PECAM-1 
(CD31) expression in naïve and memory, but not acutely activated, 
CD8+ T cells. J Leukoc Biol. 2018;104:883–893. doi: 10.1002/
JLB.2HI0617-229RRR

 28. Caligiuri G. The comeback of immunoregulatory receptors on memory and 
aging CD8+ T cells: the wisdom of youth. J Leukoc Biol. 2018;104:879–
881. doi: 10.1002/JLB.2CE0718-263R

 29. Demeure CE, Byun DG, Yang LP, Vezzio N, Delespesse G. CD31 (PECAM-
1) is a differentiation antigen lost during human CD4 T-cell maturation into 
Th1 or Th2 effector cells. Immunology. 1996;88:110–115. doi: 10.1046/
j.1365-2567.1996.d01-652.x

 30. Wong MX, Jackson DE. Regulation of B cell activation by PECAM-1: impli-
cations for the development of autoimmune disorders. Curr Pharm Des. 
2004;10:155–161. doi: 10.2174/1381612043453504

 31. Wang Y, Su X, Sorenson CM, Sheibani N. Tissue-specific distributions of 
alternatively spliced human PECAM-1 isoforms. Am J Physiol Heart Circ 
Physiol. 2003;284:H1008–H1017. doi: 10.1152/ajpheart.00600.2002

 32. Wei H, Song J, Fang L, Li G, Chatterjee S. Identification of a novel tran-
script of human PECAM-1 and its role in the transendothelial migration 
of monocytes and Ca2+ mobilization. Biochem Biophys Res Commun. 
2004;320:1228–1235. doi: 10.1016/j.bbrc.2004.05.226

 33. Novinska MS, Pietz BC, Ellis TM, Newman DK, Newman PJ. The alleles of 
PECAM-1. Gene. 2006;376:95–101. doi: 10.1016/j.gene.2006.02.016

 34. Song Y, Li Q, Long L, Zhang N, Liu Y. Asn563Ser polymorphism of CD31/
PECAM-1 is associated with atherosclerotic cerebral infarction in a 
southern Han population. Neuropsychiatr Dis Treat. 2015;11:15–20. doi: 
10.2147/NDT.S75065

 35. Sasaoka T, Kimura A, Hohta SA, Fukuda N, Kurosawa T, Izumi T. Polymor-
phisms in the platelet-endothelial cell adhesion molecule-1 (PECAM-1) 
gene, Asn563Ser and Gly670Arg, associated with myocardial infarction in 
the Japanese. Ann N Y Acad Sci. 2001;947:259–69; discussion 269. doi: 
10.1111/j.1749-6632.2001.tb03948.x

 36. Sahebkar A, Morris DR, Biros E, Golledge J. Association of single nucleo-
tide polymorphisms in the gene encoding platelet endothelial cell adhe-
sion molecule-1 with the risk of myocardial infarction: a systematic review 
and meta-analysis. Thromb Res. 2013;132:227–233. doi: 10.1016/j.
thromres.2013.07.007

 37. Elrayess MA, Webb KE, Flavell DM, Syvänne M, Taskinen MR, Frick 
MH, Nieminen MS, Kesäniemi YA, Pasternack A, Jukema JW, et al. 
A novel functional polymorphism in the PECAM-1 gene (53G>A) 
is associated with progression of atherosclerosis in the LOCAT and 
REGRESS studies. Atherosclerosis. 2003;168:131–138. doi: 10.1016/
s0021-9150(03)00089-3

 38. Clement M, Fornasa G, Loyau S, Morvan M, Andreata F, Guedj K, 
Khallou-Laschet J, Larghi P, Le Roux D, Bismuth G, et al. Upholding 
the T cell immune-regulatory function of CD31 inhibits the formation of 
T/B immunological synapses in vitro and attenuates the development of 

experimental autoimmune arthritis in vivo. J Autoimmun. 2015;56:23–33. 
doi: 10.1016/j.jaut.2014.09.002

 39. Sun J, Williams J, Yan HC, Amin KM, Albelda SM, DeLisser HM. Platelet 
endothelial cell adhesion molecule-1 (PECAM-1) homophilic adhesion is 
mediated by immunoglobulin-like domains 1 and 2 and depends on the 
cytoplasmic domain and the level of surface expression. J Biol Chem. 
1996;271:18561–18570. doi: 10.1074/jbc.271.31.18561

 40. Paddock C, Lytle BL, Peterson FC, Holyst T, Newman PJ, Volkman 
BF, Newman DK. Residues within a lipid-associated segment of the 
PECAM-1 cytoplasmic domain are susceptible to inducible, sequen-
tial phosphorylation. Blood. 2011;117:6012–6023. doi: 10.1182/
blood-2010-11-317867

 41. Pumphrey NJ, Taylor V, Freeman S, Douglas MR, Bradfield PF, Young SP, 
Lord JM, Wakelam MJ, Bird IN, Salmon M, et al. Differential association 
of cytoplasmic signalling molecules SHP-1, SHP-2, SHIP and phospholi-
pase C-gamma1 with PECAM-1/CD31. FEBS Lett. 1999;450:77–83. doi: 
10.1016/s0014-5793(99)00446-9

 42. Machida K, Thompson CM, Dierck K, Jablonowski K, Kärkkäinen S, Liu B, 
Zhang H, Nash PD, Newman DK, Nollau P, et al. High-throughput phos-
photyrosine profiling using SH2 domains. Mol Cell. 2007;26:899–915. doi: 
10.1016/j.molcel.2007.05.031

 43. Tourdot BE, Brenner MK, Keough KC, Holyst T, Newman PJ, Newman DK. 
Immunoreceptor tyrosine-based inhibitory motif (ITIM)-mediated inhibitory 
signaling is regulated by sequential phosphorylation mediated by distinct 
nonreceptor tyrosine kinases: a case study involving PECAM-1. Biochemis-
try. 2013;52:2597–2608. doi: 10.1021/bi301461t

 44. Muller WA, Weigl SA, Deng X, Phillips DM. PECAM-1 is required for tran-
sendothelial migration of leukocytes. J Exp Med. 1993;178:449–460. doi: 
10.1084/jem.178.2.449

 45. Vaporciyan AA, DeLisser HM, Yan HC, Mendiguren II, Thom SR, Jones ML, 
Ward PA, Albelda SM. Involvement of platelet-endothelial cell adhesion mol-
ecule-1 in neutrophil recruitment in vivo. Science. 1993;262:1580–1582. 
doi: 10.1126/science.8248808

 46. Newman PJ, Newman DK. Signal transduction pathways mediated by 
PECAM-1: new roles for an old molecule in platelet and vascular cell biol-
ogy. Arterioscler Thromb Vasc Biol. 2003;23:953–964. doi: 10.1161/01.
ATV.0000071347.69358.D9

 47. Liao F, Ali J, Greene T, Muller WA. Soluble domain 1 of platelet-endothe-
lial cell adhesion molecule (PECAM) is sufficient to block transendothe-
lial migration in vitro and in vivo. J Exp Med. 1997;185:1349–1357. doi: 
10.1084/jem.185.7.1349

 48. Liao F, Schenkel AR, Muller WA. Transgenic mice expressing different levels 
of soluble platelet/endothelial cell adhesion molecule-IgG display distinct 
inflammatory phenotypes. J Immunol. 1999;163:5640–5648.

 49. Groyer E, Nicoletti A, Ait-Oufella H, Khallou-Laschet J, Varthaman A, 
Gaston AT, Thaunat O, Kaveri SV, Blatny R, Stockinger H, et al. Atheropro-
tective effect of CD31 receptor globulin through enrichment of circulating 
regulatory T-cells. J Am Coll Cardiol. 2007;50:344–350. doi: 10.1016/j.
jacc.2007.04.040

 50. Fornasa G, Groyer E, Clement M, Dimitrov J, Compain C, Gaston AT, 
Varthaman A, Khallou-Laschet J, Newman DK, Graff-Dubois S, et al. TCR 
stimulation drives cleavage and shedding of the ITIM receptor CD31. J 
Immunol. 2010;184:5485–5492. doi: 10.4049/jimmunol.0902219

 51. Hansson GK. Inflammation, atherosclerosis, and coronary artery disease. N 
Engl J Med. 2005;352:1685–1695. doi: 10.1056/NEJMra043430

 52. Libby P, Buring JE, Badimon L, Hansson GK, Deanfield J, Bittencourt MS, 
Tokgözoğlu L, Lewis EF. Atherosclerosis. Nat Rev Dis Primers. 2019;5:56. 
doi: 10.1038/s41572-019-0106-z

 53. Libby P, Lichtman AH, Hansson GK. Immune effector mechanisms impli-
cated in atherosclerosis: from mice to humans. Immunity. 2013;38:1092–
1104. doi: 10.1016/j.immuni.2013.06.009

 54. Libby P, Ridker PM, Hansson GK; Leducq Transatlantic Network on 
Atherothrombosis. Inflammation in atherosclerosis: from pathophysiol-
ogy to practice. J Am Coll Cardiol. 2009;54:2129–2138. doi: 10.1016/j.
jacc.2009.09.009

 55. Galkina E, Ley K. Vascular adhesion molecules in atherosclerosis. Arterio-
scler Thromb Vasc Biol. 2007;27:2292–2301. doi: 10.1161/ATVBAHA. 
107.149179

 56. Newman PJ, Berndt MC, Gorski J, White GC 2nd, Lyman S, Paddock C, 
Muller WA. PECAM-1 (CD31) cloning and relation to adhesion molecules 
of the immunoglobulin gene superfamily. Science. 1990;247:1219–1222. 
doi: 10.1126/science.1690453

 57. Botella LM, Puig-Kröger A, Almendro N, Sánchez-Elsner T, Muñoz E, Corbí 
A, Bernabéu C. Identification of a functional NF-kappa B site in the platelet 

D
ow

nloaded from
 http://ahajournals.org by on A

pril 23, 2020



Caligiuri CD31 as a Therapeutic Target in Atherosclerosis

1188  April 24, 2020 Circulation Research. 2020;126:1178–1189. DOI: 10.1161/CIRCRESAHA.120.315935

AT
HE

RO
SC

LE
RO

SI
S 

CO
M

PE
ND

IU
M

endothelial cell adhesion molecule-1 promoter. J Immunol. 2000;164:1372–
1378. doi: 10.4049/jimmunol.164.3.1372

 58. Tzima E, Irani-Tehrani M, Kiosses WB, Dejana E, Schultz DA, Engelhardt B, 
Cao G, DeLisser H, Schwartz MA. A mechanosensory complex that mediates 
the endothelial cell response to fluid shear stress. Nature. 2005;437:426–
431. doi: 10.1038/nature03952

 59. Harry BL, Sanders JM, Feaver RE, Lansey M, Deem TL, Zarbock A, Bruce 
AC, Pryor AW, Gelfand BD, Blackman BR, et al. Endothelial cell PECAM-1 
promotes atherosclerotic lesions in areas of disturbed flow in ApoE-
deficient mice. Arterioscler Thromb Vasc Biol. 2008;28:2003–2008. doi: 
10.1161/ATVBAHA.108.164707

 60. Cepinskas G, Savickiene J, Ionescu CV, Kvietys PR. PMN transendothelial 
migration decreases nuclear NFkappaB in IL-1beta-activated endothelial 
cells: role of PECAM-1. J Cell Biol. 2003;161:641–651. doi: 10.1083/
jcb.200212048

 61. Goel R, Schrank BR, Arora S, Boylan B, Fleming B, Miura H, Newman PJ, 
Molthen RC, Newman DK. Site-specific effects of PECAM-1 on athero-
sclerosis in LDL receptor-deficient mice. Arterioscler Thromb Vasc Biol. 
2008;28:1996–2002. doi: 10.1161/ATVBAHA.108.172270

 62. Nakashima Y, Raines EW, Plump AS, Breslow JL, Ross R. Upregulation of 
VCAM-1 and ICAM-1 at atherosclerosis-prone sites on the endothelium in 
the ApoE-deficient mouse. Arterioscler Thromb Vasc Biol. 1998;18:842–
851. doi: 10.1161/01.atv.18.5.842

 63. Davies MJ, Gordon JL, Gearing AJ, Pigott R, Woolf N, Katz D, 
Kyriakopoulos A. The expression of the adhesion molecules ICAM-1, 
VCAM-1, PECAM, and E-selectin in human atherosclerosis. J Pathol. 
1993;171:223–229. doi: 10.1002/path.1711710311

 64. Gros A, Syvannarath V, Lamrani L, Ollivier V, Loyau S, Goerge T, Nieswandt 
B, Jandrot-Perrus M, Ho-Tin-Noé B. Single platelets seal neutrophil-
induced vascular breaches via GPVI during immune-complex-mediated 
inflammation in mice. Blood. 2015;126:1017–1026. doi: 10.1182/blood- 
2014-12-617159

 65. Li C, Mollahan P, Baguneid MS, McMahon RF, Kumar P, Walker MG, 
Freemont AJ, Kumar S. A comparative study of neovascularisation in ath-
erosclerotic plaques using CD31, CD105 and TGF beta 1. Pathobiology. 
2006;73:192–197. doi: 10.1159/000096020

 66. Newman PJ. Switched at birth: a new family for PECAM-1. J Clin Invest. 
1999;103:5–9. doi: 10.1172/JCI5928

 67. Duncan GS, Andrew DP, Takimoto H, Kaufman SA, Yoshida H, Spellberg 
J, de la Pompa JL, Elia A, Wakeham A, Karan-Tamir B, et al. Genetic 
evidence for functional redundancy of platelet/endothelial cell adhe-
sion molecule-1 (PECAM-1): CD31-deficient mice reveal PECAM-
1-dependent and PECAM-1-independent functions. J Immunol. 
1999;162:3022–3030.

 68. Thompson RD, Noble KE, Larbi KY, Dewar A, Duncan GS, Mak TW, 
Nourshargh S. Platelet-endothelial cell adhesion molecule-1 (PECAM-
1)-deficient mice demonstrate a transient and cytokine-specific role for 
PECAM-1 in leukocyte migration through the perivascular basement mem-
brane. Blood. 2001;97:1854–1860. doi: 10.1182/blood.v97.6.1854

 69. Mócsai A, Abram CL, Jakus Z, Hu Y, Lanier LL, Lowell CA. Integrin signaling 
in neutrophils and macrophages uses adaptors containing immunorecep-
tor tyrosine-based activation motifs. Nat Immunol. 2006;7:1326–1333. doi: 
10.1038/ni1407

 70. Hind LE, Vincent WJ, Huttenlocher A. Leading from the back: the role of 
the uropod in neutrophil polarization and migration. Dev Cell. 2016;38:161–
169. doi: 10.1016/j.devcel.2016.06.031

 71. Wu Y, Stabach P, Michaud M, Madri JA. Neutrophils lacking platelet-endo-
thelial cell adhesion molecule-1 exhibit loss of directionality and motility 
in CXCR2-mediated chemotaxis. J Immunol. 2005;175:3484–3491. doi: 
10.4049/jimmunol.175.6.3484

 72. Bogen SA, Baldwin HS, Watkins SC, Albelda SM, Abbas AK. Association of 
murine CD31 with transmigrating lymphocytes following antigenic stimula-
tion. Am J Pathol. 1992;141:843–854.

 73. Andreata F, Ollivier V, Syvannarath V, Rasser C, Loste A, Procopio E, Nicoletti 
A, Borgne M, Caligiuri G. Engagement of the ITIM receptor CD31 regulates 
neutrophil adhesion and rolling on activated endothelial cells in vitro and in 
vivo. Eur J Immunol. 2016;46:250–250.

 74. Douaisi M, Resop RS, Nagasawa M, Craft J, Jamieson BD, Blom B, 
Uittenbogaart CH. CD31, a valuable marker to identify early and late stages 
of T cell differentiation in the human thymus. J Immunol. 2017;198:2310–
2319. doi: 10.4049/jimmunol.1500350

 75. Caligiuri G, Rossignol P, Julia P, Groyer E, Mouradian D, Urbain D, 
Misra N, Ollivier V, Sapoval M, Boutouyrie P, et al. Reduced immuno-
regulatory CD31+ T cells in patients with atherosclerotic abdominal 

aortic aneurysm. Arterioscler Thromb Vasc Biol. 2006;26:618–623. doi: 
10.1161/01.ATV.0000200380.73876.d9

 76. Caligiuri G, Groyer E, Khallou-Laschet J, Al Haj Zen A, Sainz J, Urbain D, 
Gaston AT, Lemitre M, Nicoletti A, Lafont A. Reduced immunoregulatory 
CD31+ T cells in the blood of atherosclerotic mice with plaque thrombo-
sis. Arterioscler Thromb Vasc Biol. 2005;25:1659–1664. doi: 10.1161/01.
ATV.0000172660.24580.b4

 77. Newton-Nash DK, Newman PJ. A new role for platelet-endothelial cell 
adhesion molecule-1 (CD31): inhibition of TCR-mediated signal transduc-
tion. J Immunol. 1999;163:682–688.

 78. Ma L, Mauro C, Cornish GH, Chai JG, Coe D, Fu H, Patton D, Okkenhaug 
K, Franzoso G, Dyson J, et al. Ig gene-like molecule CD31 plays a 
nonredundant role in the regulation of T-cell immunity and tolerance. 
Proc Natl Acad Sci U S A. 2010;107:19461–19466. doi: 10.1073/
pnas.1011748107

 79. Merchand-Reyes G, Robledo-Avila FH, Buteyn NJ, Gautam S, Santhanam 
R, Fatehchand K, Mo X, Partida-Sanchez S, Butchar JP, Tridandapani S. 
CD31 acts as a checkpoint molecule and is modulated by FcγR-mediated 
signaling in monocytes. J Immunol. 2019;203:3216–3224. doi: 10.4049/
jimmunol.1900059

 80. Clement M, Fornasa G, Guedj K, Ben Mkaddem S, Gaston AT, Khallou-Laschet 
J, Morvan M, Nicoletti A, Caligiuri G. CD31 is a key coinhibitory receptor in 
the development of immunogenic dendritic cells. Proc Natl Acad Sci U S A. 
2014;111:E1101–E1110. doi: 10.1073/pnas.1314505111

 81. Eugenin EA, Gamss R, Buckner C, Buono D, Klein RS, Schoenbaum EE, 
Calderon TM, Berman JW. Shedding of PECAM-1 during HIV infection: a 
potential role for soluble PECAM-1 in the pathogenesis of neuroAIDS. J 
Leukoc Biol. 2006;79:444–452. doi: 10.1189/jlb.0405215

 82. Nguyen VA, Ebner S, Fürhapter C, Romani N, Kölle D, Fritsch P, Sepp N. 
Adhesion of dendritic cells derived from CD34+ progenitors to resting human 
dermal microvascular endothelial cells is down-regulated upon maturation and 
partially depends on CD11a-CD18, CD11b-CD18 and CD36. Eur J Immunol. 
2002;32:3638–3650. doi: 10.1002/1521-4141(200212)32:12<3638:: 
AID-IMMU3638>3.0.CO;2-C

 83. Wang SZ, Smith PK, Lovejoy M, Bowden JJ, Alpers JH, Forsyth KD. Shed-
ding of L-selectin and PECAM-1 and upregulation of Mac-1 and ICAM-1 on 
neutrophils in RSV bronchiolitis. Am J Physiol. 1998;275:L983–L989. doi: 
10.1152/ajplung.1998.275.5.L983

 84. Angelini G, Flego D, Vinci R, Pedicino D, Trotta F, Ruggio A, Piemontese 
GP, Galante D, Ponzo M, Biasucci LM, et al. Matrix metalloproteinase-9 
might affect adaptive immunity in non-ST segment elevation acute coronary 
syndromes by increasing CD31 cleavage on CD4+ T-cells. Eur Heart J. 
2018;39:1089–1097. doi: 10.1093/eurheartj/ehx684

 85. Flego D, Severino A, Trotta F, Previtero M, Ucci S, Zara C, Pedicino D, 
Massaro G, Biasucci LM, Liuzzo G, et al. Altered CD31 expression and activ-
ity in helper T cells of acute coronary syndrome patients. Basic Res Cardiol. 
2014;109:448. doi: 10.1007/s00395-014-0448-3

 86. Libby P, Hansson GK. Adaptive immunity in acute coronary syndromes: 
chicken or egg? Eur Heart J. 2018;39:1098–1099. doi: 10.1093/
eurheartj/ehx743

 87. Virchow R. Phlogose und thrombose im gefäßsystem. In: Meininger v, 
ed. Gesammelte Abhandlungen Zur Wissenschaftlichen Medicin. Berlin: 
1856:458–635.

 88. Naruko T, Ueda M, Haze K, van der Wal AC, van der Loos CM, Itoh A, 
Komatsu R, Ikura Y, Ogami M, Shimada Y, et al. Neutrophil infiltration of 
culprit lesions in acute coronary syndromes. Circulation. 2002;106:2894–
2900. doi: 10.1161/01.cir.0000042674.89762.20

 89. Manfredi AA, Ramirez GA, Rovere-Querini P, Maugeri N. The neutrophil’s 
choice: phagocytose vs make neutrophil extracellular traps. Front Immunol. 
2018;9:288. doi: 10.3389/fimmu.2018.00288

 90. Pertiwi KR, van der Wal AC, Pabittei DR, Mackaaij C, van Leeuwen MB, 
Li X, de Boer OJ. Neutrophil extracellular traps participate in all differ-
ent types of thrombotic and haemorrhagic complications of coronary 
atherosclerosis. Thromb Haemost. 2018;118:1078–1087. doi: 10.1055/s- 
0038-1641749

 91. Franck G, Mawson TL, Folco EJ, Molinaro R, Ruvkun V, Engelbertsen D, 
Liu X, Tesmenitsky Y, Shvartz E, Sukhova GK, et al. Roles of PAD4 and 
NETosis in experimental atherosclerosis and arterial injury: implica-
tions for superficial erosion. Circ Res. 2018;123:33–42. doi: 10.1161/
CIRCRESAHA.117.312494

 92. Franck G, Even G, Gautier A, Salinas M, Loste A, Procopio E, Gaston AT, 
Morvan M, Dupont S, Deschildre C, et al. Haemodynamic stress-induced 
breaches of the arterial intima trigger inflammation and drive atherogenesis. 
Eur Heart J. 2019;40:928–937. doi: 10.1093/eurheartj/ehy822

D
ow

nloaded from
 http://ahajournals.org by on A

pril 23, 2020



Caligiuri CD31 as a Therapeutic Target in Atherosclerosis

Circulation Research. 2020;126:1178–1189. DOI: 10.1161/CIRCRESAHA.120.315935 April 24, 2020  1189

ATHEROSCLEROSIS 
COM

PENDIUM

 93. Arbustini E, De Servi S, Bramucci E, Porcu E, Costante AM, Grasso M, 
Diegoli M, Fasani R, Morbini P, Angoli L, et al. Comparison of coronary 
lesions obtained by directional coronary atherectomy in unstable angina, 
stable angina, and restenosis after either atherectomy or angioplasty. Am J 
Cardiol. 1995;75:675–682. doi: 10.1016/s0002-9149(99)80652-3

 94. Di Vito L, Prati F, Arbustini E, Crea F, Maseri A. A “stable” coronary plaque 
rupture documented by repeated OCT studies. JACC Cardiovasc Imaging. 
2013;6:835–836. doi: 10.1016/j.jcmg.2012.12.012

 95. Burke AP, Kolodgie FD, Farb A, Weber DK, Malcom GT, Smialek J, Virmani 
R. Healed plaque ruptures and sudden coronary death: evidence that sub-
clinical rupture has a role in plaque progression. Circulation. 2001;103:934–
940. doi: 10.1161/01.cir.103.7.934

 96. Andreata F, Syvannarath V, Clement M, Delbosc S, Guedj K, Fornasa G, 
Khallou-Laschet J, Morvan M, Even G, Procopio E, et al. Macrophage CD31 
signaling in dissecting aortic aneurysm. J Am Coll Cardiol. 2018;72:45–57. 
doi: 10.1016/j.jacc.2018.04.047

 97. Fornasa G, Clement M, Groyer E, Gaston AT, Khallou-Laschet J, Morvan 
M, Guedj K, Kaveri SV, Tedgui A, Michel JB, et al. A CD31-derived peptide 
prevents angiotensin II-induced atherosclerosis progression and aneurysm 
formation. Cardiovasc Res. 2012;94:30–37. doi: 10.1093/cvr/cvs076

 98. Moraes LA, Vaiyapuri S, Sasikumar P, Ali MS, Kriek N, Sage T, Gibbins 
JM. Antithrombotic actions of statins involve PECAM-1 signaling. Blood. 
2013;122:3188–3196. doi: 10.1182/blood-2013-04-491845

 99. Hoang QT, Nuzzo A, Louedec L, Delbosc S, Andreata F, Khallou-Laschet 
J, Assadi M, Montravers P, Longrois D, Corcos O, et al. Peptide binding 
to cleaved CD31 dampens ischemia/reperfusion-induced intestinal injury. 
Intensive Care Med Exp. 2018;6:27. doi: 10.1186/s40635-018-0192-3

 100. Iglesias JF, Muller O, Heg D, Roffi M, Kurz DJ, Moarof I, Weilenmann D, 
Kaiser C, Tapponnier M, Stortecky S, et al. Biodegradable polymer sirolimus-
eluting stents versus durable polymer everolimus-eluting stents in patients 
with ST-segment elevation myocardial infarction (BIOSTEMI): a single-
blind, prospective, randomised superiority trial. Lancet. 2019;394:1243–
1253. doi: 10.1016/S0140-6736(19)31877-X

 101. Yamaji K, Kimura T. COMBO dual-therapy stent: non-inferior to drug-eluting 
stents or stepping back to bare metal stents? Eur Heart J. 2018;39:2469–
2471. doi: 10.1093/eurheartj/ehy351

 102. Diaz-Rodriguez S, Loy C, Chevallier P, Noël C, Caligiuri G, Houssiau L, 
Mantovani D. Comparison of the linking arm effect on the biological per-
formance of a CD31 agonist directly grafted on L605 CoCr alloy by a 
plasma-based multistep strategy. Biointerphases. 2019;14:051009. doi: 
10.1116/1.5120902

 103. Mesnier J, Sayah N, Rasser C, Choqueux C, Even G, Feldman LJ, Nicoletti 
A, Gallet R, Galeh B, Caligiuri G. Stent coating with a CD31-mimetic 
peptide allows effective endothelialization while reducing local throm-
bosis and inflammation in pig coronary arteries in vivo. Eur Heart J. 
2018;39:P4593.

D
ow

nloaded from
 http://ahajournals.org by on A

pril 23, 2020




