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Abstract

Introduction The immune and nervous system have various
common features in the functional characteristics. Both have
an intricate network of synaptic connections and an exquisite
communication system that enables intercellular signal trans-
duction. They also share a number of messenger molecules
such as cytokines and chemical mediators.

Discussion Semaphorins, well-defined axonal guidance mole-
cules in the nervous system, also play critical roles in immune
regulation. Various types of semaphorins, including secreted,
transmembrane, truncated, and glycosylphosphatidylinositol-
anchored forms, function during immune responses. However,
some semaphorins utilize receptors in the immune system that
are distinct from receptors in the nervous system.

Conclusion This review presents a current overview of
‘immune semaphorins’ and their receptors, providing
insight into the pleiotropic activity of this protein family.
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Introduction

The immune response is composed of a series of cell—cell
contacts, including the interaction between T cells and
antigen-presenting cells (APCs) such as B cells, macro-
phages, and dendritic cells (DCs). Such cell-cell contact
elicits the activation response, which determines clonal
expansion and effector function of T cells. The area of cell
contact is called an ‘immunological synapse’, which is
structurally similar to the synapse that connects pairs of
neurons. There are many similarities between the immune
and nervous systems: Both are highly networked systems
and share chemical mediators (e.g., prostaglandins) and
cytokines (e.g., interleukin 13 (IL-1£3), IL-2, tumor
necrosis factor alpha (TNFx)) [1].

Semaphorins, true to their name, are axonal guidance
factors that function during neural development. Semaphor-
ins were initially identified as chemorepulsive molecules
among the neural attractive and repulsive cues in the
extracellular environment that guide axon pathfinding [2].
More than 20 types of semaphorins have been identified to
date [3]. Semaphorins are currently known to have diverse
actions: They can exert repulsive, attractive, or bifunctional
effects depending on the biological context in which they
are encountered [4]. They are secreted or membrane-
associated glycoproteins that have been grouped into eight
classes. The semaphorin family carries a long stretch of
conserved ‘sema domain’ in the N terminus. The sema-
phorins range in size from 400 to 1,000 amino acids
depending on additional C-terminal sequence motifs such
as immunoglobulin domain, thrombospondin domain, or
glycosylphosphatidylinositol (GPI) linkage site. Class I and
II semaphorins are found in invertebrates, whereas class II1
to VII semaphorins are found in vertebrates and class VIII
are viral. In vertebrates, proteins in semaphorin classes [V
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to VII are membrane-associated, whereas those in class III
are secreted. The major semaphorin receptors are plexin
family proteins [5, 6]. Plexins are categorized into four
groups and also carry sema domains. The plexin intracel-
lular domain shares homology with the GTPase-activating
protein domain, indicating that semaphorin-plexin signaling
is involved in cellular morphology [7]. Another group of
semaphorin receptors, neuropilins (Nrp-1 and Nrp-2), form
receptor complexes with plexin-A family members and
exclusively binds to class III semaphorins [8].
Semaphorins also play important roles in other biolog-
ical processes, including cardiac morphogenesis [9], vascu-
lar [10, 11] and epithelial growth and invasion [12, 13],
tumor progression [14], and immune regulation [15-17].
Interestingly, in organs other than the brain, semaphorin
receptor plexins associate with several effector molecules.
For example, Off-track (Otk) or vascular endothelial growth
factor receptor 2 (VEGFR2) associate with plexin-Al
during cardiac development [18]and Met associates with
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plexin-B1 in epithelial cells [13]. Notably, in the immune
system, some semaphorins use non-plexin receptors, such
as CD72 [19] and TIM-2 [20] (see below and Fig. 1). These
observations provide insight into the diversity of sema-
phorin function. In this review, we will present the latest
knowledge of semaphorins and their receptors, which are
involved in the immune responses.

Sema4D
Semad4D-CD72 Interaction in the Immune System

Sema4D, also known as CDI100, is the first semaphorin
family member protein identified in the immune system
[21, 22]. Sema4D is a 150-kDa cell surface transmembrane
protein that forms a homodimer. In the immune system,
Sema4D is expressed abundantly in resting T cells but only
weakly in resting B cells and APCs [23, 24], and its
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Fig. 1 Representative semaphorins and their multiple receptors.
Among the eight classes of semaphorins, class I and II semaphorins
are found in invertebrates (not shown in figure) and class I1I-VII are
vertebrate semaphorins. Classes II and III and viral semaphorins are
secreted, whereas class [V-VI are transmembrane. Class VII represents
GPI-anchored proteins. Sema3A directly binds to Nrp-1, which results
in transduction of plexin-A-mediated signals. Although Sema4D binds
to plexin-B1 in brain and transduces chemorepulsive signals, plexin-
B1 couples with Met in epithelial cells and induces Sema4D-mediated
cell outgrowth. In the immune system, Sema4A binds to CD72, which
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enhances B cell and DC activation. Sema4A recognizes plexin-B and
D1 in the non-immune systems but uses TIM-2 as a receptor for T cell
activation in the immune system. During cardiogenesis, plexin-Al
associates with Off-track (Otk) or VEGFR2 at distinct sites and
transduces Sema6D signals. However, plexin-Al forms a receptor
complex with TREM-2-DAP12 in the immune system, which is
critical for DC activation and osteoclastogenesis. Sema7A has two
types of receptors: 11 integrin for macrophage activation and
plexin-C1 for inhibition of cell adhesion. Viral semaphorin A39R also
recognizes plexin-C1 and modulates dendritic cell function
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expression is upregulated upon cellular activation [19].
Cumulative evidence indicates that Sema4D can function as
a ligand. Sema4D-transfected B cells promote their aggre-
gation and survival in vitro. In addition, recombinant
soluble Sema4D or Semad4D-expressing cells enhance in
vivo antibody production as well as in vitro B-cell
responses [21, 25].

Two types of proteins, plexin-B1 and CD72, have been
identified as Sema4D receptors. The major receptor for
Sema4D in the nervous system is plexin-Bl. Sema4D
binding to plexin-B1 downregulates guanosine triphospha-
tase (GTPase) activity of R-Ras, a member of the Ras
superfamily of small GTP-binding proteins, and induces
growth cone collapse in hippocampal neuron [26]. More-
over, plexin-B1 forms a functional receptor complex with
Met in epithelial cells and Sema4D binding to plexin-Bl
promotes epithelial invasive growth [13]. However, in the
immune system, CD72 is the predominant receptor for
Sema4D [19]. CD72, a 45-kDa C-type lectin family
protein, is constitutively expressed on B cells and APCs.
CD72 contains two immunoreceptor tyrosine-based inhib-
itory motifs in the cytoplasmic domain that recruit the
tyrosine phosphatase SHP-1 upon B-cell receptor (BCR)
stimulation [27, 28]. SHP-1 associates with many inhibitory
receptors, including CD22 and killer cell immunoglobulin-
like receptors to inhibit the functions of B cells and natural
killer (NK) cells, respectively. B cells from CD72-deficient
mice undergo hyper-proliferation and have a rapid calcium
response following BCR stimulation compared to B cells
from wild-type mice [29]. Therefore, CD72 functions as a
negative regulator of B cells.

The molecular mechanisms governing Sema4A-CD72-
mediated regulation of BCR signals have been uncovered.
Treatment of B cells with soluble Sema4D inhibits
phosphorylation of CD72 and its association with SHP-1
[19]. Conversely, CD72 and SHP-1 are constitutively
associated in B cells from Sema4D-deficient mice. Stimu-
lation-induced association of CD72 with the BCR complex
is inhibited by Sema4D. Finally, Sema4D-deficient B cells
are hypo-responsive to BCR stimulation compared to wild-
type B cells [25]. Collectively, these results indicate that
Sema4D enhances B cell activation by ‘turning off’
inhibitory CD72 signals [30] (Fig. 2a).

Sema4D and Immune Homeostasis

Changes in the BCR activation threshold due to alteration
of signaling molecules downstream of BCR are thought to
affect B-cell survival and turnover [31]. Sema4D is also
involved in the homeostatic maintenance of B-cell subsets.
In young Semad4D-deficient mice, the population of CD5"
B1 cells is significantly reduced, although other B-cell
subsets seem normal [25]. However, the proportion of

3
a T cell TCR
| L U
B cell MHCI  § @Dy,
b Teen P28 TCR 4 TIM2
Sema6D
Sema4A
(o
T cell TCR
CD40L
Sema7A
CD40 ol Blintegrin
o l ——
macrophage MHCII

Fig. 2 Semaphorins in immune cell interactions. Semaphorins act at
various phase and stage of immune cell interactions. a During T-cell-
mediated B-cell activation, engagement of CD72 by Sema4D induces
dephosphorylation of CD72 and dissociation from SHP-1, which
results in enhancement of BCR signals. Sema4D can also be cleaved
proteolytically and function as a soluble form in an autocrine/
paracrine manner. b During T cell-DC interaction, Sema6D on T
cells can activate DCs through the plexin-A1-TREM-2-DAP12
receptor complex. Sema4A on DCs binds to TIM-2 and activates T
cells. ¢ T-cell-mediated inflammatory responses require antigen—MHC
class II-TCR interaction and CD40L-CDA40 signals. However, the
interaction between Sema7A and «lf31 integrin is also critical for
activation of inflammatory cells such as macrophages

cDp21hcp23le marginal zone B (MZB) cells in Sema4D-
deficient mice gradually increases with advancing age [32].
Expansion of MZB cells is involved in defective BCR
signaling, whereas increased B1 cell numbers are observed
in mice lacking inhibitory receptors such as CD22 [33] and
CD72 [29], suggesting that the requirement for BCR
signaling differs among B-cell subsets. Therefore, a higher
BCR signaling threshold may promote the development or
survival of MZB cells but may be detrimental for the
development of B1 cells in Sema4D-deficient mice.
Marginal zone, the region at the interface between
lymphoid white pulp and non-lymphoid red pulp in the
spleen, has been proposed as a site for sequestration of
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autoreactive cells [34]. MZB cells may play a role in
homeostasis and tolerance and in host defense and may be
important for the induction of autoimmune diseases.
Notably, the expansion of MZB cells in aged Sema4D-
deficient mice is accompanied by the production of a
variety of autoantibodies, including anti-ssDNA, anti-
dsDNA, rheumatoid factors, anti-Sjogren’s syndrome A,
and anti-ribonucleoprotein [32]. Furthermore, these mutant
mice exhibit marked perivascular leukocyte infiltration in
several tissues, including salivary gland, liver, and kidney,
and thickened basement membrane along with the deposi-
tion of immunoglobulin G in the kidney glomeruli.
Although a limited number of aged CD72-deficient mice
exhibit substantial amounts of autoantibodies [35], mice
lacking both Sema4D and CD72 show no evidence of
autoimmune disease [32]. These observations suggest that
breakdown of Sema4D-CD72-mediated B-cell homeostasis
may promote the expansion of MZB cells and the
development of autoimmune diseases.

Sema4D and T-Cell-Mediated Immunity

As described above, T cells are the major Sema4D-
producing cells in the immune system. However,
Sema4D-deficient T cells respond normally to in vitro
stimulation. Moreover, soluble Sema4D does not affect T-
cell activation, suggesting that Sema4D has no direct effect
on T cells. In contrast, soluble Sema4D enhances the
surface expression of CD80, CD86, and major histocom-
patibility complex (MHC) class II on DCs [36]. The
function of Sema4D in T cell-DC interactions has been
addressed in vitro. Semad4D-sufficient CD4" T cells can
differentiate normally into cytokine-secreting effector cells
even when cultured with antigen and Sema4D-deficient
DCs. In contrast, Sema4D-deficient CD4" T cells fail to
differenciate even in the presence of Sema4D-sufficient
DCs. Therefore, Sema4D expressed on T cells acts on DCs
to promote their activation and maturation possibly through
interaction with CD72, which in turn enhances T-cell
activation [37].

The importance of Sema4D in T-cell-mediated immunity
has also been verified using the mutant mice. After
immunization of Sema4D-deficient mice with protein
antigens, proliferative responses of CD4" T cells from
draining lymph nodes are significantly impaired, as is
cytokine production after antigen restimulation. Moreover,
Sema4D-deficient mice are resistant to experimental auto-
immune encephalomyelitis (EAE) induced by myelin
oligodendrocyte glycoprotein (MOG)-derived peptide, a
mouse disease model for multiple sclerosis (MS) because
generation of MOG-specific T cells is impaired in these
mice [36]. Sema4D-deficient mice are also protected from
experimental immune complex glomerulonephritis due to
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reduced T-cell activation and humoral immune responses
[38]. These observations indicate that Sema4D is crucially
involved in the activation and differentiation of T cells.

Functional Soluble Sema4D Extracellular Domain
Fragment

Upon activation, Sema4D is proteolytically cleaved and
released from the cell surface, suggestive of an autocrine
and/or paracrine mechanism of action [39]. Soluble form of
Sema4D released from T and B cells retains biological
activity, and a variety of functions has been documented. In
vivo antibody responses against T-cell-dependent antigens
and generation of antigen-specific T cells are enhanced in
transgenic mice expressing a truncated form of Sema4D
[40]. It is also noteworthy that a significant amount of
soluble Sema4D is detectable in the sera of wild-type mice
immunized with a T-cell-dependent antigen and in the sera
of an autoimmune-prone MRL/Ipr mice, a model of
systemic lupus erythematosus [39]. Here, the levels of
soluble Sema4D correlate well with titers of antigen-
specific antibody or autoantibodies, although soluble
Sema4D is undetectable in the sera of non-immunized or
normal mice. Interestingly, soluble Sema4D from T cells
can also affect neuron and glial cells. In neuroinflammatory
diseases such as MS and virus-induced demyelination,
inappropriate cross-talk between activated T cells infiltrat-
ing the central nervous system (CNS) can sustain the onset
and progression of demyelination and axonal degradation.
Soluble Sema4D released from activated T cells collapses
oligodendrocyte process extensions and triggers neural cell
apoptosis. Indeed, high levels of soluble Sema4D in the
cerebrospinal fluid are detected in patients suffering with
human T lymphotropic virus type 1-induced neuroinflam-
matory demyelination (TSP/HAM) [41]. These findings
suggest that soluble Sema4D is involved in various phases
of pathological responses.

SemadA

Sema4A-Mediated Regulation of T Helper Cell
Differentiation

Like Sema4D, Sema4A is also a member of the class IV
transmembrane semaphorin subfamily. Semad4A is
expressed in a broad range of adult tissues, including brain,
lung, spleen, kidney, and testis [20]. The Sema4A expres-
sion profile in immune cells is unique. Sema4A is
constitutively expressed in all mouse DC subset but is
barely detectable in resting or naive T cells. T cell receptor
(TCR) stimulation induces transient Sema4A expression
within 24 h, but its expression rapidly decreases thereafter.
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However, when T cells are cultured under T helper type 1
(Th1)-polarizing conditions, high Sema4A expression is
sustained throughout the culture period, whereas Sema4A
expression is diminished in Th2-polarizing conditions [42].
Analysis of Sema4A-deficient mice has revealed that DC-
derived Sema4A and Thl cell-derived Sema4A play
distinct functional roles in the development of T-cell-
mediated immunity, as described below.

When T cells are cultured in Thl-polarizing conditions,
SemadA-deficient naive CD4" T cells fail to differentiate
into interferon gamma (IFN-y)-producing cells. In contrast,
Sema4A-deficient naive cells normally differentiate into IL-
4-producing cells under Th2 conditions. This selective
defect in Thl differentiation of Sema4A-deficient T cells is
associated with reduced expression of IL-12 receptor f3
chain and T-bet, a transcription factor essential for Thl
development. Interestingly, normal Thl differentiation of
Sema4A-deficient T cells is fully restored by either the
addition of soluble Sema4A protein or coculture with wild-
type T cells. Thus, Sema4A on T cells may promote Thl
differentiation through cognate interaction between T cells.
Sema4A-mediated regulation of Th cell differentiation has
also been confirmed in vivo. The generation of IFN-y-
producing antigen-specific T cells is impaired in Sema4A-
deficient mice immunized with Thl-inducing agents such
as heat-killed Propionibacterium acnes. Conversely,
Sema4A-deficient mice mount enhanced Th2 responses
when infected with Nippostrongylus brasiliensis, a Th2-
inducing intestinal nematode [42]. Moreover, it is striking
that Sema4A-deficient mice of a Th2-prone BALB/c strain
spontaneously develop atopic dermatitis (unpublished data).

Sema4A in DCs

The presence of recombinant soluble Sema4A protein
substantially enhances the proliferation and IL-2 production
of naive T cells from wild-type mice after TCR stimulation,
which suggests that Sema4A contributes to T-cell activation
through T cell-DC interactions. Indeed, Sema4A-deficient
DCs poorly stimulate allogeneic T cells, despite the fact that
Sema4A-deficient DCs mature normally and produce
cytokines in response to lipopolysaccharide or anti-CD40.
Generation of antigen-specific T cells after immunization
with various antigens is consistently defective in Sema4A-
deficient mice [42]. These observations indicate that
Sema4A expressed on DCs is involved in the initial
activation of T cells. Furthermore, when Sema4A-deficient
DCs are transferred into Sema4A-sufficient mice, prolifer-
ation and IL-2 secretion of antigen-specific T cells are
impaired, but substantial numbers of [IFN-y-producing T cells
are generated. In contrast, when Sema4A-sufficient DCs
are transferred into Sema4A-deficient mice, proliferation
and IL-2 secretion are substantial but [FN-y-production is

defective in antigen-specific T cells. Collectively, DC-
derived Sema4A is involved in T cell priming, and T cell-
derived Sema4A is required for Thl differentiation.

TIM-2 as a Sema4A Receptor

Thus far, Sema4A receptor in the nervous system has not
been identified. However, Sema4A-deficient mice show
severe retinal degeneration, suggesting that Sema4A inter-
acts with a specific receptor(s) in the CNS [43]. On the
other hand, in the cardiovascular system, plexin-D1 has
been identified as a Sema4A receptor and Sema4A—plexin-
D1 interaction suppresses angiogenesis [11]. This interac-
tion modulates VEGF-mediated endothelial cell migration
and proliferation intracellularly, by suppressing VEGF-
VEGFR2-induced activation of Racl, Akt, and integrins. In
the immune system, T cell immunoglobulin and mucin
domain-2 (TIM-2), a type I transmembrane protein, has
been identified as a Sema4A-binding partner [20]. The TIM
gene family consists of eight members (TIMs 1-8, but 5—
8 are predictive) in mouse and three members (TIMs 1, 3,
and 4) in human. The chromosomal region containing the
TIM family is thought to be associated with allergic
diseases because the IL-4 cytokine gene cluster, IL-12p40,
gene and IL-12 regulator gene are also included in this
region. The TIM locus has been positionally cloned by
screening congenic mice for the susceptibility in an asthma
disease model [44]. Indeed, genetic polymorphisms in both
TIM-1 and TIM-3 correlate with susceptibility to asthma in
human. There is also much evidence that TIM family
proteins are expressed by immune cells and involved in
several phases of immune responses [45—47]. Although the
TIM-2 gene is not detected in humans, mouse TIM-2 shares
great identity with mouse TIM-1 and is thought to be an
orthologue of human TIM-1 [48].

Sema4A binding induces tyrosine phosphorylation of the
cytoplasmic tail of TIM-2; therefore, TIM-2 seems to
transduce SemadA signals (Fig. 2b) [20]. TIM-2 is
expressed on activated CD4" T cells and is preferentially
upregulated during Th2 differentiation. A study using
recombinant soluble TIM-2 suggests that TIM-2 plays a
role in the regulation of Th2 responses [49]. Administration
of soluble TIM-2 during the initiation and early develop-
ment of an immune response enhances the production of
Th2-type cytokines (IL-4 and IL-10) and inhibits Thl
cytokine, IFN-y. Furthermore, treatment with soluble TIM-
2 delays the development of EAE in SJL mice [49]. In
TIM-2-deficient mice, lung inflammation is exacerbated in
an obalbumin-induced airway hypersensitivity model, ac-
companied by dysregulated Th2 responses [50]. This
phenotype is quite similar to that of Sema4A-deficient
mice. Taken together, it is tempting to speculate that
Sema4A-TIM-2 interaction negatively regulates of Th2
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responses. However, there are some inconsistencies be-
tween these mutant mice (e.g., T cells from TIM-2-deficient
mice but not from Sema4A-deficient mice show enhanced
basal proliferation), which raises the possibility that
Sema4A and/or TIM-2 have other binding partners. Indeed,
T cells express some plexin-B family members and plexin-
D1 to which Sema4A has binding activity [11].

Sema7A
Sema7A and Sema7A Receptors

Unlike other semaphorins, Sema7A/CD108 is a GPI-
anchored protein. Sema7A transcripts are abundantly
detected in adult tissues, including the brain, spinal cord,
lung, testis, thymus and spleen [51, 52]. In the hematopoi-
etic cells, Sema7A is expressed on erythrocytes and is also
known as the John—Milton—Hagen human blood group
anigen. In the immune system, Sema7A is predominantly
expressed in CD4"CD8" thymocytes and activated T cells
[52].

Plexin-C1 was initially identified as a receptor for
Sema7A [53]. Although the signal transduction pathways
that transduce semaphoring—plexin-C1 functions remain
largely unknown, plexin-C1 activation by Sema7A
decreases integrin-mediated cell attachment and spreading
[54]. Notably, however, Sema7A contains an arginine-
glysine-asparate (RGD) sequence, a well-conserved integ-
rin-binding motif. Indeed, Sema7A binds f31-integrins to
induce axon outgrowth and contributes to lateral olfactory
tract formation in the nervous system [55]. Furthermore,
Sema7A—[3 1-integrin interactions promote melanocyte ad-
hesion [54]. Therefore, it seems that Sema7A has opposing
roles in regulating cell morphology and adhesion by
binding different receptors.

Sema7A is an Initiator of Inflammatory Responses

In the immune system, Sema7A expressed by activated T
cells stimulates macrophages to produce proinflammatory
cytokines through the 131 integrin, also known as very
late antigen 1 [56]. Recombinant soluble Sema7A stim-
ulates macrophages to release peroxidase and produce
proinflammatory cytokine, including IL-1f3, IL-6, and
TNF«x. Furthermore, soluble Sema7A has much greater
potency as a monocyte chemoattractant than canonical
chemokines [57]. Sema7A induces phosphorylation of focal
adhesion kinase, a direct downstream target of integrin
signaling. Inflammatory cytokine production is significant-
ly decreased in coculture of Sema7A-deficient T cell and
wild-type macrophages, as well as in coculture of wild-type
T cells and integrin «l-deficient macrophages [56].
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Another Sema7A receptor plexin-C1 is also expressed in
macrophages; however, soluble Sema7A-induced proin-
flammatory cytokine production is unaffected in macro-
phages from plexin-C1-deficient mice (unpublished data).
Therefore, at least for the T cell-macrophage interactions,
«1B1 integrin seems to be the predominant receptor for
Sema7A.

In the later phase of T-cell-mediated immunity, antigen-
specific effector T cells trigger inflammatory responses by
activating macrophages in peripheral tissues. Both secreted
and cell-associated factors from effector T cells [e.g., IFN-y
and CD40 ligand (CD40L), respectively] promote macro-
phage activation, which eliminates of pathogen at the
infection focus, and can also lead to tissue destruction in
autoimmune or allergic diseases. As a GPI-anchored
protein, Sema7A is recruited to lipid rafts that accumulate
at the immunological synapse between T cell and macro-
phage. At the lipid raft, Sema7A interacts with «lf31
integrin. Direct immunization of Sema7A-deficient mice
and adoptive transfer of antigen-specific Sema7A-deficient
T cells fails to induce T-cell-mediated immune responses
such as contact hypersensitivity responses and EAE.
Therefore, the interaction of Sema7A with «x131 integrin
is crucial for T-cell-mediated macrophage activation at sites
of inflammation (Fig. 2c).

Thus far, IFN-y and CD40L are the most potent T-cell
effector molecules for promoting inflammatory responses in
macrophages. However, these molecules require de novo
synthesis after antigen recognition by macrophages. Fur-
thermore, expression of CD40 on macrophages requires
IFN-y stimulation [58]. Given that Sema7A directly
stimulates macrophages to produce proinflammatory cyto-
kines, it is conceivable that Sema7A is involved in T-cell-
macrophage concomitant activation and helps to initiate the
inflammatory cascade.

Sema6D
Sema6D—plexin-Al Interaction in Cardiac Development

Plexin-As are receptors for class III and VI semaphorins.
Sema3A is a secreted semaphorin that binds to Nrp-1 to
form receptor complex with plexin-Al and transduce a
repulsive axon guidance signal. On the other hand, Sema6D
directly binds to plexin-A1l and exerts multiple biological
effects. Both Sema6D and plexin-Al are abundantly
expressed in embryonic and adult tissues. Accumulating
evidence has revealed a unique and complicated mecha-
nism of Sema6D-plexin-Al interaction during cardiac
development. Ectopic Sema6D expression in chick embryo
induces ventricular expansion with a decreased density of
trabeculae. By contrast, knockdown of Sema6D results in
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distorted bending of the cardiac tube. Sema6D inhibits the
migration of ventricular endocardial cells but conversely
enhances the migration of cells in the conotruncus region.
Knockdown of plexin-Al restores these defects to normal,
suggesting that Sema6D—plexin-Al interaction is crucial
for cardiac development. Plexin-Al forms a receptor
complex with VEGFR2 in the conotruncal segment and
with Otk (PTK?7) in the ventricle segment to exert distinct
biological effects [18]. Furthermore, Sema6D—plexin-A1l
binding triggers the recruitment of activated tyrosine kinase
Abl to the cytoplasmic domain of Sema6D during cardiac
ventricle development, suggesting a reverse signaling of
Sema6D [59].

Sema6D—plexin-Al in DCs and Osteoclasts

In the immune system, various lymphocyte populations
express Sema6D, including T, B, and NK cells. Plexin-A1
is one of the gene products induced by MHC class II
transactivator, a master coactivator of MHC class II genes
expressed in DCs, indicating that Sema6D-plexin-Al
engagement might be involved in T cell-DC interaction
[60].

Production of IL-12 and expression of MHC class II are
increased in DCs stimulated with recombinant soluble
Sema6D although not in plexin-Al-deficient DCs. In
addition, knockdown of plexin-Al in DCs decreases the
ability to prime T cells. Consistently, T-cell-mediated
immunity is severely impaired in plexin-A1-deficient mice.
These mice are resistant to MOG-induced EAE because of
the defective generation of MOG-specific T cells [61].
These observations suggest that Sema6D on T cells
stimulate DCs through plexin-Al, and this interaction
is required for the efficient generation of antigen-specific
T cells.

Plexin-Al can associate with a variety of molecules to
transduce intracellular signals. Recent study has identified
that the triggering receptor expressed on myeloid cell-2
(TREM-2)-DAP12 complex associate with plexin-Al in
DCs and osteoclasts [61]. DAP12, a transmembrane adapter
protein well known for its role in transducing activation
signals, contains an immunoreceptor tyrosine-based activa-
tion motif in its cytoplasmic tail and recruits Src-like
tyrosine kinases such as ZAP-70 and Syk. DAP12 is
expressed in immune cells, such as NK cells and myeloid
cells, and in osteoclasts and oligodendrocytes. Killer
activity and ability of T-cell priming ability is decreased
in DAP12-deficient NK cells and DCs, respectively [62,
63]. Furthermore, DAP12-deficient mice develop osteopet-
rosis and hypomyelinosis [64, 65]. Genetic mutations of
human DAPI12 result in a syndrome characterized by bone
cysts and presentile dementia called Nasu—Hakola disease,
also known as polycystic lipomembranous osteodysplasia

with sclerosing leukoencephalopathy. Interestingly, plexin-
Al-deficient mice also develop severe osteopetrosis due to
impaired osteoclastogenesis [61]. The similarity of DAP12-
deficient mice and plexin-Al-deficient mice phenotypes
indicates that DAP12 might mediate plexin-A1 signaling in
both DCs and osteoclasts (Fig. 2b).

Sema6D and Late Phase T-Cell Responses

Recently, O’Connor et al. [66] reported that Sema6D is
highly detectable in CD4" T cells activated for 4 days.
Blocking the Sema6D-Sema6D-ligand interaction by
monoclonal antibody or recombinant soluble Sema6D
protein decreases late-phase proliferation and CD127
induction of CD4" T cells. Although the interaction partner
for Sema6D at the late phase of T cells is unknown,
Sema6D on CD4" T cells may accelerate late phase T-cell
responses.

Other Semaphorins and Semaphorin Receptors
Virus-Encoded Semaphorins

Viruses encode proteins in their own genomes that facilitate
their transmission. Vaccinia virus semaphorin A39R/
SemaVA, which only contains a small truncated extracellular
sema domain, binds to plexin-C1 and induces aggregation,
cytokine production, and surface expression of ICAM-1
(CD54) in human monocytes [67]. In addition, A39R
suppresses integrin-mediated adhesion and migration of
DCs and monocytes toward virus-infected cells [68]. A39R
also interferes with phagocytosis by DCs [69]. Therefore,
viral semaphorins might prevent DCs from acquiring
antigens and/or suppress DC migration to lymph nodes to
suppress immune cell function and provide a means for
viruses to evade immune surveillance by suppressing
immune cell functions.

Sema3A and its Immunosuppressive Roles

Sema3A was the first identified vertebrate semaphorin; its
function as an axon repellent has been well established.
Sema3A directly binds to Nrp-1, which induces activation
of plexin-Al and transduction of axon repulsive signals.
Biological activity of Sema3A in the immune system has
also been described. Consistent with its chemorepulsive
effect on neurons, Sema3A inhibits spontaneous monocyte
migration in vitro. Sema3A is expressed in activated DCs,
T cells and some tumor cells and suppresses T-cell
proliferation by inhibiting actin cytoskeletal reorganization
and downregulating mitogen-activated protein kinases
signaling [70]. Sema3A stimulation induces Fas transloca-
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tion into lipid rafts and sensitizes Fas-mediated apoptosis in
leukemic cells [71]. Moreover, Sema3A-deficient T cells
exhibit enhanced proliferative responses to anti-CD3 [72].
These observations suggest that Sema3A serves as a
negative regulator of T cells through autocrine/paracrine
signaling.

Plexin-A4, a Candidate Receptor for Sema3A
in the Immune System

Similar to other plexin A members, Plexin-A4 forms a
receptor complex with Nrpl to transduce class III sem-
aphorin-mediated signaling. Plexin-A4 also directly binds
to Sema6A [73]. Of the various immune cells, T cells, DCs,
and macrophages, but not B and NK cells, express plexin-
A4 transcripts. T-cell priming is enhanced, and EAE is
exacerbated in plexin-A4-deficient mice. Hyperproliferation
and enhanced TCR signals upon anti-CD3 stimulation are
observed in plexin-A4-deficient T cells, comparable to that
in Sema3A-deficient T cells [72]. Sema6A deficiency does
not affect T-cell proliferation (unpublished data); therefore,
it is tempting to speculate that Sema3A might be a major
ligand for plexin-A4 in the immune system and that system
negatively regulates T-cell responses. However, the detailed
molecular mechanisms through which plexin-A4 regulates
T cells and the relevance of other plexin-A members require
further investigation.

Nrp-1/CD304 and Regulatory T Cells
Nrp-1 was originally described as a cell surface glycopro-

tein that acts as a class III semaphorin receptor, as described
above. Nrp-1 is also known as human dendritic cell-specific

Table 1 Immune Semaphorins and their Functions

antigen (blood dendritic cell antigen)-4, a specific plasma-
cytoid DC marker in humans and was assigned a CD
number 304 in 2004. Nrp-1 is detectable in conventional
mouse DCs. Tordjman et al. [74] first determined in the
immune system that Nrp-1 is expressed in DCs and T cells
and is involved in the initiation of primary immune
responses. They showed that Nrp-1 localizes into the
contact sites between T cells and DCs and proposed that
Nrp-1 acts through a homophilic interaction. Later, Nrp-1
was identified as a specific marker for CD4"CD25"
regulatory T (Treg) cells [75]. Nrp-1 is part of the group
of Foxp3-inducible genes, including CD25, GITR, and
CTLA-4 [76]. The biological function of Nrp-1 in Treg
cells has recently been described. Sarris et al. [77] revealed
that Nrp-1 in Treg cells contributes to the long contact
between Treg cells and DCs compared to the contact
between naive T cells and DCs. Treg cells make stable
contact with DCs that precede the contact of naive T cells
with DCs, which might lead to the inhibition of T-cell
activation in the steady state. Nrp-1-transduced naive T
cells are endowed with the ability to have long interactions
with DCs that are comparable to those between Treg cells
and DCs [77]. However, whether the long contact is
mediated by a homophilic interaction, or by semaphorins
and Nrp-1 or Nrp-1-associating molecules such as plexins,
remains to be elucidated.

Concluding Remarks
Accumulating evidence reveals that several semaphorins

and their receptors have distinct biological activities in var-
ious phases of the immune responses ([78—80], see Table 1).

Class Semaphorins ~ Expression in the immune system Receptor Receptor-mediated activity References

11 3A T, DC (activated) Nrp-1-plexin-Al Monocyte migration| [78]

Nrp-1-plexin-A4? T cell activation| [70-72]
v 4A DC, T (activated), Thl TIM-2 T cell activation? [20]
Th1 differentiation?(or Th2 |) [42]
4D T (high), B, DC (low), platelet, NK ~ CD72 DC activationt [37]

B cell activationt [25, 32]
NK cell killing activity? [80]
thrombosis? [79]
Plexin-B1 T cell-mediated neuroinflammation  [41]
VI 6D DC, CD4+ T (long-term activated) Plexin-Al DC activationt [61]
NK, osteoclast Osteoclastogenesis [61]
Plexin-A1? Late phase CD4+ T cell responset [66]

Vil TA CD4+ CD8+ thymocyte, «1blintegrin Macrophage/monocyte activation? [56, 57]

T (activated), NK

Monocyte migration? [57]
VII (Viral)  A39R Plexin-C1 DC and monocyte migration | [68]
DC phagocytosis| [69]
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These semaphorins form a family of immunoregulatory
molecules, called ‘immune semaphorins’. Lack of sema-
phorin family proteins results in several immune disorders,
including autoimmune diseases, allergy, and congenital
bone disease. Alternatively, lack of these proteins induces
unresponsiveness to physiological immune responses.
Therefore, semaphorin family proteins are at least respon-
sible for the maintenance of immunological homeostasis,
based on the sophisticated immune cell communication
system. However, several important issues remain to be
resolved. Although semaphorins function to regulate cell
motility and morphology by activating plexins, most of the
immunological studies of semaphorins have only focused
on their costimulatory effects. Several functional receptors
other than plexins have been identified in the immune
system; however, it still remains a possibility that sem-
aphorins exert their functions by affecting cell cytoskele-
ton. In addition, several lines of evidence indicate that
transmembrane semaphorins serve not only as ligands but
also as receptors, a process termed bidirectional signaling.
This semaphorin-mediated backward signaling may also
influence immune cell reactions. Further studies are
required to clarify the role of semaphorins in immune cell
morphology and dynamics. Finally, understanding of the
immune semaphorins should allow pharmacological mod-
ulation of their functions leading to potential therapeutic
targets for several immune diseases.
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