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ABSTRACT
Semaphorins were originally identified as axon guidance cues that regulate the functional activity of
axons in the nervous system. In addition, accumulating evidence indicates that semaphorins have
multiple functions in physiological and pathogenic processes, including vascular development,
tumor progression, and immune responses. Sema4A is a semaphorin expressed in immune cells,
and is thus termed an “immune semaphorin.” Sema4A has 4 types of receptors: Plexin D family,
Plexin B family, Tim-2, and Nrp-1. Recent studies suggest that Sema4A plays critical roles in many
processes including cell–cell interactions, immune-cell activation, differentiation, and migration. In
other studies, Sema4A is also associated with carcinogenesis and retinal systems. In this review, we
summarize current knowledge regarding the biology of Sema4A in relation to angiogenesis,
immune responses, colorectal cancer, and the retina.
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Semaphorins and their receptors

Semaphorins is a family of proteins characterized by a
conserved amino-terminal Sema domain. In physiologi-
cal condition, semaphorins are present as either secretary
or membrane bound proteins. They were originally
described as membrane that provide both attractive and
repulsive axon guidance cues during neural develop-
ment.1-3 Over 30 semaphorins have been identified to
date and classified into 8 subgroups. Invertebrate sema-
phorins are grouped into classes I and II, and vertebrate
semaphorins are classified into classes III–VII.1 Plexins
and neuropilins (Nrps) have been identified as the major
semaphorin receptors. Plexins are transmembrane pro-
teins with a Sema ligand–binding domain in their extra-
cellular region. These receptors are classified into
subclasses; Plexin A-D, Nrp-1 and -2. In most cases,
members of the Plexin A family require neuropilins as
ligand-binding partners, whereas members of other
Plexin families are directly activated by semaphorins.
Sema4A binds to members of the Plexin B and D family,
Nrp-1, and also Tim-2 (T-cell, immunoglobulin and
mucin domain protein 2) (Fig. 1). Although sema-
phorin–plexin interactions have been well characterized
in the nervous system, more recent studies have explored
these interactions in other systems, including

cardiogenesis,4,5 angiogenesis,6,7 tumor progression and
suppression,8 bone homeostasis,9,10 and immune
responses. In particular, Sema4A, a class IV transmem-
brane semaphorin, plays various crucial roles in angio-
genesis, immune cells, carcinogenesis, and retinal
systems. In this review, we focus on the general features
and functional roles of Sema4A.

Sema4A and angiogenesis

Sema4A is normally expressed by endothelial cells,
and Plexin-D1 is the functional receptor of Sema4A
on these cells. Vascular endothelial growth factor
(VEGF)-mediated endothelial cell migration and pro-
liferation in vitro and embryonic vasculization in vivo
are suppressed by Sema4A.6 Consistent with this,
VEGF-mediated angiogenesis is enhanced in Sema4A-
deficient mice. Sema4A-Fc inhibits VEGF-mediated
activation of Rac, which regulates cytoskeletal remod-
eling and cell adhesion.11 Tyrosine phosphorylation of
VEGFR2 is known to be followed by phosphorylation
of Akt, which plays important roles in the survival
and proliferation of endothelial cells.12 As with Rac,
Sema4A-Fc inhibits phosphorylation of Akt. The inhi-
bition of VEGF-induced Rac and Akt activation
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appears to affect vascular migration and cell survival.
These results suggest that Sema4A–Plexin-D1 axis
negatively regulates VEGF-induced signaling and sub-
sequent angiogenesis.6

Sema4A and immune responses

Sema4A and dendritic cell functions

Sema4A is expressed on the surface of dendritic cells
(DCs), and it is reported to be important in T-cell
priming (Fig. 2). DCs derived from Sema4A-deficient
mice stimulate allogeneic T cells less effectively than
wild-type DCs.13 Moreover, when wild-type or
Sema4A-deficient mice were immunized in the hind
footpad with keyhole limpet hemocyanin (KLH) in
complete Freund’s adjuvant (CFA) to examine the
effects of Sema4A deficiency on in vivo T-cell activa-
tion, CD4C T-cell responses to KLH were significantly
weaker in Sema4A-deficient mice than in wild-type

mice. These results suggest that DC-derived Sema4A is
directly and critically involved in the activation of T
cells. In T-cell priming, TIM-2 appears to be the func-
tional receptor for Sema4A.13 Actually, TIM-2-
deficient mice have an enhanced Th2 T cell response
to lung antigen challenge, suggesting that the TIM-2
pathway negatively regulates Th2 T cell responses.14,15

Consistent with this, several studies have reported that
Sema4A is associated with multiple sclerosis (MS). MS
is an inflammatory demyelinating disease of the cen-
tral nervous system (CNS) that causes neurological
disability in young adults. When genetically predis-
posed individuals are exposed to an environmental
trigger, myelin-specific T cells are activated, and MS
develops.16 Antigen presentation by DCs and activa-
tion and differentiation of CD4C T cells in CNS most
likely play an important role in the pathogenesis of
MS. Experimental autoimmune encephalomyelitis
(EAE), a widely used mouse model of MS,17 is induced
in susceptible animals by immunization with myelin

Figure 1. Representative semaphorins and their receptors. Class I and II semaphorins are found in invertebrates, whereas classes III–VII
are vertebrate semaphorins. Sema3A interact with Nrp-1 and Class A plexin receptor complexes. Sema4A recognizes Plexin-B and D1,
Nrp-1, and TIM-2 as receptors in the immune system. Sema4D binds to Plexin-B1 in neurons, and Plexin-B1 binds to Met in epithelial
cells, thus inducing Sema4D-mediated cell outgrowth. In the immune system, Sema4D couples with CD72 and Plexin-B2. Sema6D binds
to Plexin-A1. During cardiac development, Plexin-A1 interacts with Off-Track or VEGFR2, and these complexes have distinct functions. In
the immune system, Plexin-A1 forms a receptor complex with Trem-2–DAP12, which plays important roles in activation of DCs and
osteoclasts. Sema7A expressed in activated T cells binds to integrins to activate macrophages, and also binds to Plexin-C1 to induce
monocyte. Viral semaphorin binds to Plexin-C1.
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proteins, including myelin oligodendrocyte glycopro-
tein (MOG), proteolipid protein (PLP), and myelin
basic protein (MBP), in combination with an adjuvant.
This model reproduces many of the clinical and histo-
pathological features of MS. Interestingly, the progres-
sion of MOG-induced EAE in wild-type mice can be
suppressed by injection of Sema4A monoclonal anti-
body at the time of MOG immunization. Infiltration
of mononuclear inflammatory cells in the spinal cord
is reduced in Sema4A antibody–treated mice; more-
over, CD4C T cells in draining lymph nodes exhibit
significantly reduced responses to the MOG peptide.18

However, Sema4A have no influence on the effector
phase of the disease course, as the mdel mice devel-
oped MS after MOG-specific CD4C T cells are trans-
ferred even with the Sema4A antibody. Thus, Sema4A
plays an important role in the development of EAE in
the priming phase rather than the effector phase.19 In
patients with MS, serum Sema4A levels are markedly
higher than in healthy control subjects or patients
with other neurological diseases.19 While monocytes
and DCs derived from healthy control subjects express
moderate amounts of Sema4A, its expression levels are
significantly higher in MS patients. The release of
Sema4A can be prevented by inhibitors of proteases,
including matrix metalloproteinases (MMPs) and
ADAM metalloproteinases, suggesting that these

enzymes play important roles in releasing Sema4A
from the cell surface.19 Moreover, mRNA expression
of MMPs and ADAM 10 is higher in peripheral blood
mononuclear cells (PBMCs) from MS patients with
high serum concentrations of Sema4A than in those
from healthy controls or MS patients with lower serum
Sema4A levels. Collectively, these findings indicate that
Sema4A, which is highly expressed in DCs and mono-
cytes in patients with MS, is enzymatically shed in a
subgroup of the patients. Moreover, there are several
important hallmarks of MS patients with high serum-
Sema4A levels. For example, such patients have a sig-
nificantly higher proportion of IL-17–producing CD4C

T cells than healthy subjects or patients with low
serum Sema4A levels,19 and they also have higher IL-2
levels. Therefore, Sema4A levels in patients with MS
seem to be involved in Th17-mediated MS pathogene-
sis. Moreover, the disease course is significantly more
severe in MS patients with high Sema4A levels. In
addition, MS patients with high Sema4A levels are
resistant to first-line IFN-b therapy. These facts sug-
gest that serum Sema4A could become a useful bio-
marker for response to IFN-b therapy. However, it
remains unclear whether soluble and membrane-
bound Sema4A have different functional effects on
receptor-bearing cells. Further understanding of this
will be necessary.

Figure 2. Sema4A plays various roles in immune responses. (A) When DCs encounter T cells, Sema4A on DCs directly binds to TIM-2 on T
cells, leading to optimal activation of antigen-specific T cells. (B) Sema4A promotes Th1 differentiation through TIM-2. (C) Sema4A on
conventional T cells binds to Nrp-1 on Treg cells, leading to inhibition of Akt activation via recruitment of PTEN. Akt inactivation results
in nuclear exclusion of FoxO molecules, thereby promoting the stability and function of Treg cells. (D) Sema4A on CD8C T cells promotes
optimal CD8C T differentiation via Plexin-B2 by modulating mTOR-mediated signals.
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Sema4A and CD4C T-cell function

Sema4A is abundantly expressed in polarized T helper
type 1 (Th1) cells and plays important roles in T-cell
differentiation (Fig. 2).13 In Sema4A-deficient mice,
Th1 responses to heat-killed Propionibacterium acne,
a Th1-inducing bacterium, are impaired in vivo,
whereas T helper type 2 (Th2) responses against Nip-
postrongylus brasiliensis, a Th2-inducing intestinal
nematode, are augmented.13 Sema4A is also associated
with pathogenesis of allergic airway hyperreactivity,
such as allergic asthma, rhinitis, and atopic dermati-
tis. These diseases are thought to have onset involving
both environmental and genetic factors,20,21 and they
have several common features: eosinophil or mast cell
infiltration, elevated levels of Th2-type cytokines, and
elevated serum IgE levels.22 Th2 cells play important
roles in allergic asthma,23,24 and IL-4 derived from
Th2 cells is required for IgE class-switching and
induction of strong Th2 responses. In a mouse model
of OVA-specific experimental asthma, airway hyperre-
activity is upregulated compared to that in wild-type
mice. Furthermore, bronchoalveolar lavage (BAL)
fluid of Sema4A-deficient mice contains elevated lev-
els of Th2 cytokines and IgE, as well as higher levels
of pulmonary eosinophil infiltration. These data sug-
gest that Sema4A is involved in the regulation of
Th2-driven pathophysiology in the lung.25,26 These
results suggest that Sema4A plays a suppressive role
in Th2-driven disease while driving Th1-driven dis-
eases, such as EAE. Thus, Sema4A could be useful as
a therapy of allergic diseases.

Sema4A/NRP-1 and regulatory T-cell stability

Regulatory T (Treg) cells play crucial roles in the immune
system.27 They not only prevent autoimmunity, but also
inhibit effective anti-tumor immunity. The most impor-
tant regulator of Treg is the transcription factor Foxp3.28

In conventional T cells, Sema4A is associated with main-
tenance of Treg cells (Fig. 2).29 Sema4A directly interacts
with the receptor neuropilin-1 (Nrp-1) on Treg cells, and
this interaction enhances Treg-cell function and survival
at inflammatory sites. The binding of Sema4A to Nrp-1
inhibits Akt phosphorylation by recruiting phosphatase
and tensin homolog (PTEN) to Nrp-1, This leads to
nuclear localization of the transcription factor Foxo3a,
which plays an important role in the development and
programming of Treg cells by promoting their exclusion
from the nucleus.30,31 In fact, Nrp1f/fFoxp3Cre mice that
allow Treg–specific Nrp-1 deletion, exhibit reduced or
delayed tumor growth and increased survival in the pres-
ence of some cancers. In addition, blockade of this

pathway using antibodies against Sema4 andNrp1 signifi-
cantly decreased tumor growth in wild-type mice.29 These
findings suggest that Sema4A might help to regulate Treg
cell–mediated tumor-induced tolerance without inducing
autoimmunity.

Sema4A and CD8C T-cell function

Sema4A is also associated with CD8C T-cell differentia-
tion through mTOR, a conserved serine/threonine kinase
that plays a central role in regulation of cell growth and
metabolism. mTOR consists of 2 multiprotein com-
plexes, mTOR complex (mTORC) 1 and mTORC2.
mTORC1 directly phosphorylates S6 kinase (S6K),
resulting in an increase in ribosome biogenesis and
translational initiation and elongation, ultimately leading
to upregulation of protein synthesis.32-34 In the immune
system, mTORC1 signaling is involved in CD8C T-cell
responses. Sema4A-deficient CD8C T cells exhibit
impairments in cytokine production and induction of
effector molecules including Granzyme B, Perforin, and
FAS-L. Upon infection with ovalbumin-expressing Liste-
ria monocytogenes (LM-OVA), which initiates an acute
infection and activates CD8C T cells, Sema4a¡/¡ mice
have a lower frequency of CD8C T cells producing IFN-
g or TNF-a. Although TCR signaling in Sema4a¡/¡

CD8C T cells is comparable to that in wild-type mice,
Sema4A-deficient CD8C T cells exhibit reduced
mTORC1 activity and elevated mTORC2 activity. In
addition, mTORC1 activity and cytokine production in
Sema4A-deficient CD8C T cells can be restored by addi-
tion of recombinant Sema4A protein. These results sug-
gest that Sema4A is required for optimal activation of
mTORC1 in CD8C T cells. Plexin Bs, Plexin D1, TIM2,
and NRP1 bind to SEMA4A. However, only Plexin B2 is
expressed by CD8C T cells. Consistently, Plexin B2–
knockdown CD8C cells produced significantly less IFN-
g. Thus, the functional receptor for Sema4A in CD8C T
cells is Plexin B2 (Fig. 2).35

Sema4A and macrophage function

Sema4A is expressed in activated macrophages. More-
over, the expression of Plexin D1, a receptor of
Sema4A, is enhanced in activated macrophages. Soluble
Sema4A protein stimulates macrophage migration in a
dose-dependent manner. However, Sema4A does not
significantly change the expression level of any inflam-
matory chemokine or cytokine. In addition, blocking
anti-Plexin D1 mAb inhibits the migratory effect of
Sema4A in macrophages.36 This chemotactic effect
seems to be independent of inflammatory chemokines.
Moreover, Sema4A-mediated macrophages enhance
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angiogenesis in vivo and in vitro through vascular endo-
thelial growth factor-A (VEGF-A) / VEGFR-2 signaling.
However, this is an opposite effect of Sema4A describe
earlier, which suggests inhibitory function of Sema4A in
experimental angogenesis.6 Further study is still needed
to clarify the role of Sema4A in angiogenesis.

Sema4A and familial colorectal cancer type X

Familial colorectal cancer type X (FCCTX) is a disorder
with clinical features of hereditary non-polyposis colo-
rectal cancer. The genetic background of this disease
has not yet been defined.37,38 Recently, SEMA4A muta-
tion (V78M) was identified in one Austrian patients by
integrative genomics analysis. In comparison with the
wild-type protein, SEMA4AV78M markedly increased
activation of MAPK/Erk and PI3K/Akt signaling, which
play important roles in colorectal carcinogenesis. In
addition, 2 additional SEMA4A mutations and a single-
nucleotide polymorphism were identified in FCCTX
patients. In particular, the SNP is highly associated
with the FCCTX phenotype of elevated risk of colorec-
tal cancer.39

Sema4A and retinal degeneration

Retinitis pigmentosa (RP), which affects one in 3000
people, causes blindness and has no effective treatment.
This disease is caused by abnormalities of photoreceptors
(PRs) or retinal pigment epithelium (RPE). More than
100 associated mutations in RP patients have been dis-
covered.40,41 Light exposure is one of the most important
factors that make PRs vulnerable to degeneration. Visible
and ultraviolet light ionize biomolecules, and oxygen
enhances this effect. Consequently, retinal damage can
occur when light acts on photosensitizing molecules
including retinoids, thereby generating reactive oxygen
and nitrogen species (RONS). Light damage to PRs is
caused by the release of all-trans retinal from light-acti-
vated rhodopsin.42,43 In Sema4A-deficient mice, the
outer segments of PRs are disrupted at postnatal day (P)
14 and completely lost by P28. In response to illumina-
tion, the number of apoptotic cells significantly increases
in the outer nuclear layer of Sema4A-deficient retinas
before recovering to basal levels. Prosaposin is associated
with procathepsin D in the Golgi membrane44 and can
be targeted to lysosomes45,46 or secreted into the

Figure 3. (A) Upon exposure to light, binding of prosaposin to Sema4A and the Rab11/FIP2 plays important roles in sorting of prosapo-
sin to the exosomal pathway. (B) Sema4A regulates intracellular sorting of retinoid-binding proteins in the retinoid cycle.
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extracellular space. Such secreted lysosomal precursor
proteins are antiapoptotic in various neuronal popula-
tions.46,47 Sema4A expressed in RPE is bound to prosa-
posin. Under oxidative stress caused by H2O2 treatment,
prosaposin is transported to the cell periphery in wild-
type RPE cells, but not in Sema4A-deficient RPE cells.
Sema4A binds to a complex of Rab11 and the adaptor
protein FIP2. Though these interactions, Sema4A-medi-
ated prosaposin is transported to the cell periphery
under oxidative stress48 (Fig. 3). Thus, Sema4A plays a
crucial role in protecting the cell against H2O2. In addi-
tion, photo-excitation of all-trans retinal produces singlet
dioxygen, which can lead to photo-oxidative damage. If
the change from all-trans retinal to 11-cis retinal is
inhibited, toxic bis-retinoids and adducts steadily accu-
mulate over the course of aging. The levels of 11-cis reti-
nal are markedly increased in wild-type retinas at P14
and P28. By contrast, these levels remain low in
Sema4A-deficient retinas. Sema4A plays important roles
in regulating the transport of retinoid-binding proteins
in RPE cells. In the retinoid cycle, CRALBP transports
11-cis retinal, whereas CRBP1 transports all-trans reti-
nal.49 These proteins, along with Sema4A, are associated
with the endosomal sorting machinery. In Sema4A-defi-
cient retinas, CRLBP1 is abnormally localized in the cell
periphery and cannot interact with 11-cis retinal. As a
result, all-trans retinal cannot covert to 11-cis retinal in
the endoplasmic reticulum. Moreover, CRBP1 is abnor-
mally retained at the endoplasmic reticulum and cannot
interact with all-trans retinal imported from the extracel-
lular space. Thus, Sema4A is involved in sorting of reti-
noid-binding proteins in the retinoid cycle48 (Fig. 3). In
fact, 3 mutations in the Sema4A gene have been identi-
fied in patients with retinal degenerative diseases:
D345H, F350C, and R713Q.50 Expression of Sema4A
(F350C) causes severe retinal degeneration in a series of
knock-in mouse lines carrying mutated alleles of
Sema4A.51 In addition, Sema4A (F350C) tends to aggre-
gate in the RPE, and this abnormal localization may lead
to impaired endosomal sorting of molecules including
prosaposin. Moreover, virus-mediated gene transfer of
Sema4A into RPE in neonatal Sema4A-deficient mice
successfully prevents retinal degeneration for at least
4 months after injection. Thus, it is possible that Sema4A
might be efficacious as a replacement gene therapy in
patients with retinal degenerative diseases.

Conclusion

In this review, we focused on the expression and functions
of Sema4A and its receptors in the context of interactions in
angiogenesis, immune responses, carcinogenesis, and retinal
systems. Sema4A is widely expressed in immune cells, such

as DCs, T cells, and macrophages in particular, and it is
associated with various types of inflammatory disorders
such as MS and allergic diseases. Moreover, recent work has
shown that Sema4A is involved in rheumatoid arthritis and
inflammatory bowel disease, including Crohn’s disease and
ulcerative colitis.52,53 Furthermore, Sema4A is involved in
activation and differentiation of both CD4C and CD8C T
cells. Thus, it appears that Sema4A is relevant to the induc-
tion phase of inflammation immune reactions. Indeed,
Sema4A-deficent T cells exhibit impaired activation in
response to TCR stimulation.13,32 On the other hand,
Sema4A also seems to be involved in the progression of
chronic inflammation. Consistent with this, Sema4A accu-
mulates in the serum of patients with MS. Further evalua-
tion is required to determine the phase of the immune
response in which Sema4A is involved.

With respect to the relationship between Sema4A and
retinal system, Sema4A mediates the exosomal release of
prosaposin and endosomal sorting of retinoid-binding
proteins. The fact that Sema4A functions as an intracel-
lular guide for specific molecules is highly significant,
because semaphorins and their receptor plexins are
known to function as extracellular guidance molecules.

Although Sema4A plays various roles and has multi-
ple functions, the signaling pathways that regulate the
expression of semaphorins, including Sema4A, remain
unknown. Elucidation of these pathways might facilitate
development of therapeutic approaches for various dis-
eases associated with semaphorins.
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