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Abstract
During thrombus formation, activated platelets come into close and increasingly stable contact
with each other. This produces a microenvironment in which soluble agonists can accumulate and
proteins on the surface of adjacent platelets can directly interact with each other, potentially
modulating subsequent thrombus growth and stability. In important respects, this
microenvironment resembles the synapses that support signal propagation between neurons and
the exchange of information between T-cells, B-cells and dendritic cells. Drawing on this analogy,
this brief review discusses the role in platelets of Semaphorins and their receptors, two protein
families that have previously been defined by their role at cell:cell contacts, in both the developing
nervous system and adaptive immunity.

Introduction
Platelets circulate throughout the vasculature ready to respond instantly to damage to the
vessel wall. Signaling downstream of collagen receptors, as well as receptors for the
secondary mediators ADP and thromboxane A2, activate integrin αIIbβ3 to provide a strong
cohesive force between platelets. In addition, αIIbβ3- dependent interactions bring platelets
in close proximity to each other, creating a microenvironment in which proteins on the
surface of adjacent platelets can directly interact with each other. Adhesion molecules and
receptor-ligand pairs have been identified on the platelet surface that can interact in trans
across the platelet “synapse”, potentially modulating thrombus growth and stability [1]. As
an example, our laboratory has previously characterized contact-dependent signaling in
platelets between Eph receptor tyrosine kinases and their ephrin ligands, proteins that are
principally known for their involvement in axonal guidance in the developing nervous
system [2]. Given the potential similarities between how neurons and platelets communicate
across a small space, perhaps it is not surprising that other neuronal proteins may also
regulate platelet responses. Along these lines, two members of the large Semaphorin family,
Sema4D [3, 4] and Sema7A [5], have recently been identified on platelets. Both of these
proteins have previously been shown to participate in information exchange between
adjacent neurons and between immune cells by binding to cell surface receptors[6, 7].
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Semaphorins and Plexins
Semaphorins were initially identified by their ability to induce growth cone collapse in
developing neurons [8] and are defined by a 500 amino acid sema domain [9]. To date, over
25 Semaphorin family members have been described and classified into 8 families.
Semaphorins can either be secreted (class 2, 3 and 8) or bound to the cell membrane through
a transmembrane domain (class 1, 4, 5 and 6) or a GPI anchor (class 7) [6]. Outside of the
nervous system, Semaphorins have been detected in a wide variety of tissues and have been
implicated in many biological processes including organogenesis, angiogenesis and immune
cell regulation [10].

Many of the biological responses elicited by Semaphorins have been shown to be mediated
by members of the Plexin family of cell surface proteins [6, 11]. Plexins, of which 9
vertebrate members in 4 classes are known (denoted A-D), also contain an extracellular
sema domain. Several recent structural studies confirm that each sema domain of a
Semaphorin homodimer binds to a Plexin sema domain to force Plexin dimerization [12–
14].

Semaphorin receptor signaling
Plexins are capable of intracellular signaling via their cytoplasmic domain but may also
associate with additional proteins, most often receptor tyrosine kinases, to modulate
signaling [15]. Class 3 Semaphorins, with the exception of Sema3E, bind directly to
Neuropilins [16, 17] but require Plexin A family members to transduce downstream
signaling. All Plexin family members have a large, highly conserved cytoplasmic domain
that contains two amino acid stretches that are similar to GTPase-activating proteins
(GAPs). The Rho GTPase family member, Rnd1, has been shown to bind to the Plexin
cytoplasmic domain and downregulate R-Ras activity [18] leading to an inhibition of β1
integrin-dependent cell migration [19]. Plexins regulate actin dynamics through direct
binding to Rac1, thus inhibiting activation of the Rac effector, p21-activated kinase (PAK)
[20]. Additionally, Plexin signaling can have opposing effects on Rho activation by binding
either RhoGEFs or Rho-GTPases depending on the cellular context and co-receptor
association [21]. In the immune system, Semaphorins have also been shown to bind
receptors other than Plexins and Neuropilins, including CD72 (Sema4D), TIM-2 (Sema4A)
and α1β1 integrin (Sema7A) [7].

Semaphorins and Plexins in platelets
Our laboratory has previously reported that platelets express Sema4D [3]. Studies using
Sema4D(−/−) mice have shown a positive role for Sema4D in thrombus formation in vivo
following FeCl3-induced injury to the carotid as well as injury to cremaster arterioles
induced by either rose Bengal or a laser. In vitro, Sema4D(−/−) platelets exhibit decreased
aggregation in response to collagen as well as reduced phosphorylation of the tyrosine
kinase, Syk, leading to diminished phosphorylation of PLCγ2 and intracellular Ca2+ release
[3, 4]. Interestingly, defects in Sema4D(−/−) platelets are only observed when contacts
between platelets are encouraged or allowed to occur, suggesting that Sema4D functions in a
contact-dependent manner in platelets. Furthermore, we have found that maximal Syk
activation requires the formation of platelet:platelet contacts in wild-type platelets and thus
propose that Sema4D is an important regulator in the contact-dependent reinforcement of
Syk activation. Sema4D-mediated Syk activation requires αIIbβ3 engagement but is distinct
from outside-in signaling [4]. We have also reported that platelets express the Sema4D
receptors, Plexin-B1 and CD72 [3]. However, it is unclear at this time which, if either, of
these proteins act as a receptor for Sema4D in platelets as platelets from single knockout
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mice do not exhibit any detectable platelet phenotype and functional correlates from human
platelets are lacking.

Neuropilin-1 and Plexin A family members (A1–A3) have also been detected in platelets at
the protein and mRNA level, respectively [22]. However, Plexin A1–A3 should be
confirmed at the protein level. Neuropilin-1 and Plexin A members can form functional
receptors for Sema3A, a disulfide-linked homodimer secreted from endothelial cells. The
addition of recombinant Sema3A to platelets was shown to inhibit αIIbβ3 activation in
response to ADP, U46619, TRAP and convulxin [22]. TRAP-induced platelet spreading on
fibrinogen was also inhibited in the presence of Sema3A. Furthermore, Sema3A treatment
blunted TRAP-induced Rac1 activation, cofilin phosphorylation and F-actin generation
indicating Sema3A-mediated effects on the cytoskeleton [22]. In contrast to these findings,
Rac1 activation and cofilin phosphorylation are both increased in neurons following
Sema3A binding to Neuropilin-1 [6]. Nevertheless, Kashiwagi et al., has proposed that
Sema3A secreted by the endothelium serves to maintain circulating plateletsin a quiescent
state or to limit thrombus growth following injury [22]. How such a mechanism would be
shut down in response to injury in the context of thrombosis remains to be seen and
underscores the need for further study in this area.

Several Plexin and Semaphorin family members have also been identified using proteomics.
Lewandrowski et al., have detected Plexin family members A3, A4, B2, B3 and C1 in
addition to Neuropilin-2 [23]. Studies from our laboratory also detected Sema4B and
Sema7A [5]. The presence of Sema7A was confirmed by immunoblot analysis and flow
cytometry and our current studies are focused on elucidating a role for Sema7A in platelets.
In the immune system, Sema7A expressed on the surface of activated T-cells has been
shown to increase IL-6 production in monocytes through α1β1 integrin [24]. It is therefore
tempting to speculate that Sema7A on the surface of platelets may provide a link between
injury and inflammation.

Semaphorins shed from the platelet surfacemay serve as bioactive
molecules

While Sema4D is bound to the plasma membrane via a transmembrane domain, it has been
shown to be proteolytically cleaved from the surface of activated T-cells, both in vitro and in
vivo [25]. Moreover, cleaved Sema4D positively influenced antibody production against a
subset of antigens [25]. Sema4D can also be shed from the surface of activated platelets and
cleavage has been shown to require the metalloproteinase, ADAM17 [3]. Given previous
reports showing that soluble Sema4D can induce endothelial cell migration and angiogenesis
[26], it is possible that platelet-derived soluble Sema4D generated at sites of vascular injury
serves as a regulator of wound healing. Sema7A is also shed from the activated platelet
surface, although the biological relevance of this event is still unclear [5].

Semaphorins and Atherosclerosis
In addition to their primary role in hemostasis, platelets are also intimately involved in the
progression and consequences of atherosclerosis. In dyslipidemic states, platelets become
hyper-reactive to agonists [27]. As Sema4D has been found to be a positive regulator of
platelet function [3], we examined the contributions of Sema4D toward platelet hyper-
reactivity in settings of dyslipidemia and observed that genetic deletion of Sema4D
significantly reduces platelet hyper-reactivity otherwise found in dyslipidemia. In addition,
the absence of Sema4D was found to confer protection against the development of
atherosclerosis [28]. However, it should be noted that the latter finding may, in part, reflect
the deletion of Sema4D on cells other than platelets as Sema4D and its receptors are
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expressed on T-cells, B-cells, monocytes and endothelial cells, all of which affect the
development of atherosclerosis. A recent report suggests that proteolytically cleaved
Sema4D from infiltrating T-cells accelerates plaque growth by promoting intimal
neovascularization [29].

Conclusions
To date, 3 Semaphorins (4B, 4D, 7A) and 8 Plexins (A1-4, B1-3, C1) have been detected at
either the mRNA or protein level in platelets by various methods. The expression of
numerous members of a ligand-receptor family suggests that Semaphorins and their
receptors have more than just a casual role in platelets. Studies on Sema4D(−/−) mice show
an essential role for Sema4D in maximal responses to collagen in vitro and vascular injury
in vivo [3, 4]. The absence of gross bleeding in Sema4D(−/−) mice suggests that Sema4D
could be a promising drug target to prevent unwanted platelet activation in pathological
states without disrupting normal hemostasis. Further studies on Sema4D, as well as other
Semaphorins and Plexins that are expressed in platelets could lead to a new class of
antithrombotic agents.
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Figure 1.
Schematic of Semaphorin (A) and Plexin (B) family members. (C) Several Semaphorins and
Plexin family members have been reported to be expressed in platelets using a variety of
techniques. (D) Plexins can regulate cellular actin dynamics by sequestering active Rac,
thereby preventing activation of PAK and subsequent downstream effectors. Alternatively,
Plexins can bind p190-Rho-GTPase to inhibit Rho activation. Conversely, Plexin B
members can increase Rho activation through PDZ-RHO-GEF/LARG. In addition, Plexins
can inactivate R-Ras through direct binding of the GTPase Rnd1 leading to effects on
integrin-mediated cell adhesion and migration. (E) Schematic of vertebrate Semaphorin
(Class 3–7) receptors. (F) Proposed model of Sema4D contributions to GPVI signaling [4].
Clustering of GPVI results in Src family kinase (SFK)-mediated phosphorylation of FcRγ(1)
leading to the recruitment and phosphorylation of the tyrosine kinase, Syk (2). Subsequent
signaling leads to PLCγ2-dependent intracellular Ca2+ release and integrin activation (3)
leading to the formation of stable contacts between platelets which allows Sema4D to binds
its receptor on an adjacent platelet and provide positive feedback to enhance Syk
phosphorylation (4).
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