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Abstract—Semaphorin 3A is a secreted glycoprotein, which was originally identified as axon guidance factor in the neuronal
system, but it also possesses immunoregulatory properties. Here, the effect of semaphorin 3A on T-lymphocytes, myeloid
dendritic cells and macrophages is systematically analyzed on the bases of all publications available in the literature for 20
years. Expression of semaphorin 3A receptors — neuropilin-1 and plexins A — in these cells is described in details. The data
obtained on human and murine cells is described comparatively. A comprehensive overview of the interaction of sema-
phorin 3A with mononuclear phagocyte system is presented for the first time. Semaphorin 3A signaling mostly results in
changes of the cytoskeletal machinery and cellular morphology that regulate pathways involved in migration, adhesion, and
cell—cell cooperation of immune cells. Accumulating evidence indicates that this factor is crucially involved in various phases
of immune responses, including initiation phase, antigen presentation, effector T cell function, inflammation phase, macro-
phage activation, and polarization. In recent years, interest in this field has increased significantly because semaphorin 3A is
associated with many human diseases and therefore can be used as a target for their treatment. Its involvement in the immune
responses is important to study, because semaphorin 3A and its receptors turn to be a promising new therapeutic tools to be
applied in many autoimmune, allergic, and oncology diseases.
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INTRODUCTION

In 2001, just over 20 years ago, the first study de-
voted to immunomodulatory effects of semaphorin 3A
was published [1]. Since then, this protein has occupied
one of the main places among “immune semaphorins”.
Over the last decade, interest in this factor has grown:
the PubMed resource retrieves annually more than 60
publications on semaphorin 3A and 120 — on its recep-

Abbreviations: DC, dendritic cell; HGF, hepatocyte growth
factor; Ig, immunoglobulin-like domain; KGF, keratinocyte
growth factor; LPS, lipopolysaccharide; M-CSF, macrophage
colony-stimulating factor; Nrp-1, neuropilin-1; PlexA, plex-
in A; Sema, semaphorin domain; Tregs, regulatory T cells;
TGF-f, transforming growth factor 3; TLR, Toll-like receptor.

* To whom correspondence should be addressed.

tor neuropilin-1 (Nrp-1). An increasing attention to this
factor may be explained by the fact that it participates in
the pathogenesis of autoimmune, allergic, as well as on-
cology diseases, and could be successfully used in their
treatment in animals [2-4].

Semaphorin 3A is a glycoprotein secreted by multiple
human cell types. From immunological point of view, this
is a rather unusual factor exerting simultaneously neuro-
nal and immunoregulatory properties, and additionally
acting as an anti-angiogenic agent. One of the typical fea-
tures related to semaphorin 3A is that it could exhibit a
chemorepellent activity so that the directed cell migration
occurs down the gradient, i.e., away from the stimulus.

In addition, the structure and function of sema-
phorin 3A also remarkably differ from other immuno-
modulatory molecules. For example, semaphorin 3A is
structurally similar to its receptor plexin implying their
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common evolutionary origin. Two rather than one re-
ceptor assembled into a single functional complex (hol-
oreceptor) are necessary for the interaction of cells with
semaphorin 3A, one of the receptors — Nrp-1 being nec-
essary for ligand binding, while the other — plexin A en-
sures subsequent signal transduction.

Signaling pathways also exert unique features, since
plexin is the only one receptor possessing GAP domain.
It interacts with G-proteins that regulate adhesion, mi-
gration, proliferation, or survival in diverse cell types.

Quite a lot of reviews dedicated to immune sema-
phorins of various classes are available, with some of
them discussing semaphorin 3A rather briefly [5-7], oth-
ers describing its role mostly in pathology [2, 3], or pro-
viding the data solely on its receptor Nrp-1 [8, 9].

Here, we focus only on semaphorin 3A and its phys-
iological role in the immune system. Systematic analysis
of all available publications describing the influence of
semaphorin 3A on T cells, myeloid dendritic cells (DCs),
and macrophages is presented. A detailed information
on the expression of semaphorin 3A receptors on such
cell types is provided. The data obtained on human and
mouse cells is described comparatively. Here, for the first
time, we present a comprehensive overview of the sema-
phorin 3A action on mononuclear phagocytes.

CLASSIFICATION

Semaphorin 3A belongs to the large semaphorin
family which comprises 30 glycoproteins subdivided into
8 classes [5]. The first two classes (1-2) contain sema-
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phorins identified in invertebrates, classes 3-7 — in verte-
brates (fishes, birds, amphibians, and mammals), and the
final group V is encoded by viruses. No semaphorins are
found in single-cell eukaryotes and prokaryotes.

All semaphorins contain highly conserved N-terminal
semaphorin (Sema) domain, which is also found in plex-
ins (semaphorin receptors) and in tyrosine kinase recep-
tors MET and RON, receptors of hepatocyte growth factor
(HGF) and HGF-like protein (HGFI), respectively. All
three protein families (semaphorins, plexins, as well as MET
and RON) comprise the semaphorin superfamily (Fig. 1).

Whereas the N-terminal end in all semaphorins is
structurally similar, C-terminus diverges, and its struc-
ture is essential for binding to cellular membrane. Sema-
phorins are soluble, intrinsic membrane, or GPI-an-
chored proteins.

Class 3 semaphorins differ from other vertebrate
semaphorins in that they are secreted and have a positive-
ly charged basic C-terminal domain. This semaphorin
class includes 7 protein isoforms (3A-3H), among them
semaphorin 3A is the most studied.

IDENTIFICATION AND STRUCTURE

Class 3 semaphorins were originally identified as axon
guidance molecules. In 1990, Raper and colleagues isolat-
ed a protein from embryonic chick brain that induced the
collapse of neuronal growth cone in culture and was called
collapsin-1 [10], but later renamed semaphorin 3A.

Semaphorin 3A is a homodimer consisting of 110-
kDa monomeric subunits with a 4 domain structure.
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Fig. 1. The semaphorin superfamily.
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Like all other semaphorins, semaphorin 3A possess-
es a conserved N-terminal Sema domain. The central
feature of this structure is a disulfide-rich seven-blade
B-propeller fold. The B-propeller is a very widely used
protein fold topology, occurring in both extracellular and
cytosolic proteins, but the Sema domain is the largest
known variant of this kind, containing approximately 500
amino acids.

Next to the Sema-domain, a small cysteine-rich
plexin-semaphorin-integrin (PSI) domain is located fol-
lowing by an immunoglobulin (Ig)-like domain. Basic
domain is found at the C-terminus of the molecule.

The Sema-domain is essential for semaphorin-me-
diated signaling and biological specificity, Ig-like do-
mains linked by disulfide bridge mechanically stabilize
homodimeric molecule, whereas C-terminus determines
affinity to Nrp-1 receptor [3, 5, 6].

RECEPTORS

To interact with the cell, semaphorin 3A needs a
functional receptor complex consisting of Nrp-1 and
class A plexin.

Sema 3A
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Nrp-1 (CD304) is a transmembrane protein with
molecular weight of 120-130 kDa. The extracellular part
of Nrp-1 consists of two complement-binding domains
al/a2 (CUB domain), two coagulation factor V/VIII
homology domains — bl/b2, and c-domain (MAM, me-
prin) (Fig. 2). Nrp-1 contains a short cytoplasmic domain
(about 40 amino acids long) bearing no apparent signaling
sequences, hence, signal transduction requires complex
formation between Nrp-1 and class A plexins (PlexA1-A4).

Within this complex, Nrp-1 acts as a semaphorin 3A
binding receptor, whereas plexin transduces signals in-
side the cells. During signal transduction a holoreceptor
is formed, comprising from two molecules of Nrp-1 and
two molecules of PlexA assembled into a single function-
al complex together with a homodimeric semaphorin 3A
[11]. In this complex, both PlexA molecules could be
presented as homologous (e.g., PlexA2 dimer) or heter-
ologous (e.g., PlexAl and PlexA4) counterparts, which
is determined by their level of expression in the cell [3].
Moreover, they can even replace each other indicating
that there is a significant level of plasticity that enables
signal transduction under diverse conditions.

Class A plexins are large transmembrane glycopro-
teins with molecular weight of around 200 kDa composed

Nrp-1

PlexA

Sema

pmmmemememc e — e ————

IPT

Sema
Basic
_ Cell
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Fig. 2. The structure of semaphorin 3A and its receptors: Nrp-1 and class A plexins. Intermolecular connections are shown by dashed lines (expla-

nations in the text).
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of extra- and intracellular parts. The extracellular region
is structurally similar to that of semaphorin 3A consisting
of the N-terminal Sema-domain; it is followed by three
PSI domains and three IPT domains (Ig-like, plexin and
transcription factor).

During interaction, semaphorin 3A binds Nrp-1
divalently: Sema domain of semaphorin 3A binds to al
domain of Nrp-1 with low affinity and basic domain of
semaphorin 3A binds to bl domain of Nrp-1 with high af-
finity (Fig. 2). The latter occurs only after ssmaphorin 3A
has been processed by a tissue endopeptidase furin [12].
The proteolytic processing is needed for class 3 sema-
phorin maturation, these proteins being produced in an
inactive form. Furin-cleavage pattering allows to expo-
sure of the C-terminal arginine residue, necessary for the
interaction with bl domain of Nrp-1.

Since so far, no physiological high affinity binding
between the Sema domains of semaphorin 3A and plex-
ins has been revealed, however weak electrostatic interac-
tions between them may occur (head-to-head) and pro-
mote receptor dimerization and activation [12].

SEMAPHORIN 3A SIGNALING

Cytoplasmic part of PlexA has no tyrosine kinase
domain typical to growth factor receptors, but has a high-
ly conserved GAP-domain (GTPase activating protein).
These regulatory molecules are able to bind activated
G-proteins and stimulate their GTPase activity, i.e., ac-
celerate GTP dephosphorylation resulting in GDP for-
mation, which subsequently disrupts signaling event.

Cytoplasmic part of PlexA is capable of activating small
monomeric GTPases, G-proteins belonging to the Ras and
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Rho families. These molecules are well known regulators
of adhesion, migration, proliferation, differentiation, and
survival of cells. Semaphorin 3A signaling has been most
studied in detail in the nervous system and involves GT-
Pases: R-Ras, M-Ras, and Rap (from the Ras family) as
well as RhoA, Racl, and Rnd (from the Rho family).

Ras and Rap GTPases influence integrin function
and control cell adhesion, whereas Rho proteins affect
cell morphology and motility playing a crucial role in ac-
tin cytoskeleton rearrangements similar to Ras proteins
[5]. R-Ras and Rap] activation could initiate diverse in-
hibitory effects of semaphorin 3A in the nervous and car-
diovascular tissues [5, 12]. In the immune system, Rapl
activation is involved in the semaphorin 3A-mediated
suppression of human T cell proliferation [13] (Table).

In the inactive state, two GAP domains of plexin are
separated by RBD (Rho GTPase binding domain), which
per se acts as a Rho binding GTPase (Fig. 2). Upon in-
teraction with semaphorin, this binding results in con-
formational changes, which allow the separated GAP
domains to interact with each other and become activat-
ed. Hence, both RBD and GAP domains interact with
corresponding G-proteins to trigger complex signaling
cascades, which may result not only in inhibitory but also
in stimulatory effects.

Rho GTPases are also involved in the PlexAl-me-
diated actin cytoskeleton rearrangements in DCs that are
associated with improvement in DC-T cell crosstalk [14].
The same GTPases also participate in PlexA4-dependent
activation of pro-inflammatory activity of macrophages
in the presence of lipopolysaccharide (LPS) [15] (Table).
Moreover, semaphorin 3A enhances migratory activity of
DCs [16] and macrophages [17] through RhoA-ROCK
(Rho-associated coiled-coil-forming serine/threonine

Small GTPases involved in semaphorin 3A signaling in immune cells

Receptor from
Nrp-1/PlexA Cell type Signaling molecules Function References
complex
human T inhibition of proliferation and cytokine
Nrp-1 lymphocytes Rapl production [13]
PlexAl mouse DCs Rho/ROCK-kinase géellllsrzktammg the ability of DCs to stimulate T [14]
~ 1 enhancement of transmigration across lym-
Nrp-1/PlexAl mouse DCs RhoA/ROCK-kinase phatic endothelium [16]
mouse . . . L.
Nrp-1 macrophages RhoA/ROCK-kinase stimulation of macrophage migration [17]
PlexAd mouse Racl upregulation of LPS-induced production of [15]
macrophages inflammatory cytokines
mouse downregulation of
Nrp-1 macrophages M-CSF-activated suppression of M-CSF-induced migration [18]
phag RhoA pathway

* Direct semaphorin 3A involvement is not shown, but is supposed to be.
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protein kinase) signaling pathways. If RhoA GTPases be-
come activated by another stimulus, such as macrophage
colony-stimulating factor (M-CSF) e.g., semaphorin 3A
can downregulate this effect and inhibit macrophage mi-
gration [18].

In all the cases noted above, as well as in many other
situations, actin cytoskeleton and focal adhesion are the
main targets of semaphorin 3A. These changes influence
cell morphology, cell—cell interactions, adhesion and
migration of T cells [19-21] as well as of DCs [14, 16, 22].

In addition to small GTPases, alternative signal
transduction pathways were described in neuronal but not
yet in immune cells. Direct influence of semaphorin 3A
on the cytoskeleton could be also accomplished via inter-
action of PlexA cytoplasmic tail with two groups of mol-
ecules — MICAL (molecules interacting with CasL) and
non-receptor intracellular tyrosine kinases Fes and Fyn
[3]. Members of the MICAL family are enzymes with
monooxygenase activity. They oxidize actin causing actin
filament severing and decreased polymerization. More-
over, MICAL proteins, as well as Fes and Fyn tyrosine ki-
nases, can phosphorylate the signaling molecule CRMP2
(collapsin response mediator protein 2), which results in
the tubulin depolymerization and suppression of micro-
tubule assembly. Therefore, these changes affect cellular
morphology and axon guidance [5].

CRMP2 is found in the cytoplasm of CD4* and
CD8* T cells as well as of human peripheral blood mono-
cytes [23]. CRMP2 plays a substantial role in the bipo-
lar cytoskeleton reorganization during spontaneous and
chemokine-induced T cell migration, however, it is not
involved in the semaphorin 3A-mediated signal trans-
duction that inhibits migration of these cells [23].

In addition, there are some other mechanisms of the
cellular effects of semaphorin 3A, in particular those re-
lated to the development of apoptosis.

It has been demonstrated, that semaphorin 3A can
enhance apoptosis in T cell lines [24], as well as in human
[25] and rat macrophages [26]. This occurs with the par-
ticipation of caspases [26].

RECEPTOR FUNCTIONS UNRELATED TO
SEMAPHORIN 3A

Nrp-1 is a multifunctional transmembrane protein
able to interact with variety of structurally unrelated li-
gands. Nrp-1 can bind via its bl1/b2 domains numerous
growth factors such as vascular endothelial growth factor
(VEGF), transforming growth factor-g (TGF-f), pla-
cental growth factor (PLGF), hepatocyte growth factor
(HGF), keratinocyte growth factor (KGF), platelet-de-
rived growth factor-D (PDGF-D), etc. In the process,
Nrp-1 forms functional complexes (holoreceptors) with
tyrosine kinase receptors of growth factors and affects the
downstream signaling [3, 8].

KISELEVA, RUTTO

Nrp-1 ligands also include heparin and heparan
sulfate, galectin-1, and microRNAs [7, 8]. Nrp-1 can
also bind complement components C4d, C3d, and
iC3b, that is mediated through bl domain [27]. Recent-
ly, it has been shown that Nrp-1 interacts with S-protein
of SARS-CoV-2, facilitating cell infection [28]. All of
the above allows us to characterize Nrp-1 as a scaffold
receptor [3].

Class A plexins are also not specific exclusively to
semaphorin 3A. They can interact with other class 3
semaphorins, such as semaphorin 3B and 3C [3] as well
as with class 6 semaphorins [5, 29].

Regardless of the presence or absence of sema-
phorin 3A, some plexins can participate in macrophage
activation and differentiation. For instance, PlexA4 is
involved in the TLR (Toll-like receptor) signaling via un-
known mechanism [15], whereas PlexAl takes part in the
RANKL-dependent osteoclast differentiation [18] (see
“Macrophage” section).

Another unique feature of Nrp-1 and class A plex-
ins is that they can function as independent adhesion
molecules. Nrp-1 and PlexA were initially described as
such molecules [30, 31]. It has been shown on different
non-immune cell types that Nrp-1 interacts with inte-
grins (betal, aVP3 and a5B1) and other adhesion mol-
ecules (e.g., L1-CAM, Ll1-cell adhesion molecule) lo-
cated laterally on the membrane of the same cell, and
by doing so, affects the processes of adhesion to extra-
cellular matrix and migration [3, 9, 32]. In the immune
system, Nrp-1 and PlexAl, also independently of the
presence of semaphorin 3A, participate in the thymocyte
adhesion to mouse thymic epithelial cells [33].

Involvement of Nrp-1 and PlexAl in the forma-
tion of immune synapse between naive T cells and an-
tigen-presenting cells elicits a growing interest. Both re-
ceptors are found within the contact zone on DCs and T
Iymphocytes of human [19, 20, 34] and mouse origin [ 14,
35]. The possibility of homophilic interaction between
two Nrp-1 molecules has been described, where one of
them is located on T lymphocyte, and another — on DC
surface; introduction of blocking anti-Nrp-1 antibodies
inhibits conjugate formation [34]. Nrp-1 prolongs con-
tacts between regulatory T cells (Tregs) and antigen-pre-
senting cells [35], maintains stability and functioning of
Tregs [36], facilitates signaling of TGF- 3 — a key factor
for Treg induction [37].

Thus, Nrp-1 and PlexA act not only as sema-
phorin 3A receptors, but are also engaged in the forma-
tion of cell-cell contacts in the immune system, inde-
pendently of the presence or absence of their main ligand.

SEMAPHORIN 3A EXPRESSION

Semaphorin 3A plays an important role during em-
bryogenesis and participates in the developing of such
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major systems as: central nervous, cardiovascular, bron-
chopulmonary, excretory, bone, and immune.

In adults, semaphorin 3A is involved in functioning
and maintaining homeostasis of many organs, partici-
pates in diverse regenerative processes. It is expressed in
human nervous, lymphoid, bone, adipose, and connec-
tive tissues, vascular endothelium, gut and nasopharyn-
geal epitheliums [6].

In the human immune system, semaphorin 3A is
produced by activated CD4* and CD8" T cells [13, 38],
Tregs [38, 39], and CD19*CD25"e" Bregs [2], as well as
by macrophages [19, 25, 38] and DCs [19, 20]. In mice,
semaphorin 3A mRNA is found in T and B lymphocytes,
NK cells, macrophages and DCs [15].

The main targets of semaphorin 3A in the immune
system are: T cells, mononuclear phagocytes and DCs,
expressing surface receptor complex composed of Nrp-1
and class A plexins [4].

T CELLS

The major immunological effect of semaphorin 3A
is a suppression of T lymphocytes. It is suggested that the
biological role of semaphorin 3A is a negative control of
T cell immunity [19] realized via a selective downregu-
lation of activated T lymphocytes expressing at this mo-
ment semaphorin 3A receptors.

Nrp-1 is practically not detected (0.1-0.5%) by flow
cytometry on human peripheral blood mononuclear cells
(PBMC), CD4*, CD8*, or CD3* T lymphocytes [20,
40-42]. However, low level of expression has been found
on T cells isolated from the secondary lymphoid tissues
such as peripheral lymph nodes (2.6%) and tonsils (5.4%)
[40]. Much higher percentage of Nrp-1* cells is observed
in pathology what is documented among CD4* blood T
cells [38] and CD3* T cells from synovial tissue in pa-
tients with rheumatoid arthritis [43] as well as among
CD4* and CDS8" T cells isolated from several human tu-
mors [21, 41, 42].

This data allows us to suggest that Nrp-1 could serve
as an activation marker for human T cells [40, 41]. In
these cells, Nrp-1 is co-expressed with other surface acti-
vation molecules, particularly CD25 that has been shown
for CD4* and CDS8" T cells isolated from tumors [41, 42].
Moreover, Nrp-1 expression is upregulated in peripher-
al blood T cells after in vitro stimulation with anti-CD3/
CD28 antibodies [38, 40].

Nrp-1 is also not determined in mouse T-lympho-
cytes from blood, spleen or lymph nodes [35, 44], but is
present on CD4" and CDS8* T cells isolated from tumors
[21, 41] as well as on peptide-activated CD8* T-lympho-
cytes [21].

PlexAl is poorly expressed on the membrane of rest-
ing human T cells, the receptor being located mainly in
intracellular compartments. However, during interaction
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with DCs it is efficiently recruited towards the stimulato-
ry interface in about 50% of conjugating T cells [20]. Low
levels of surface PlexA4 can be found on resting T cells
[20]. However, PlexAl and PlexA4 mRNA expression is
markedly higher in blood CD4* and CD8* T cells from
patients with rheumatoid arthritis compared to healthy
volunteers [38].

Similar pattern is observed in mice — low mRNA ex-
pression of PlexAl [35, 45], PlexA2, and PlexA4 [15, 21,
46] in non-activated T cells, whereas surface PlexAl ex-
pression is substantially upregulated on peptide-activated
CD8" T cells [21].

Thus, semaphorin 3A is unable to interact with rest-
ing lymphocytes, but acquires the ability to influence T
cells when they are activated.

In humans, Nrp-1 and PlexAl are involved in for-
mation of the immunological synapse being expressed on
T cells. Herewith, both Nrp-1 [34] and PlexAl co-local-
ize with CD3 [20]. Exogenous semaphorin 3A suppresses
CD3 translocation to the contact zone and causes a tran-
sient loss of F-actin content and microvillar extensions in
T cells, thus lowering the frequency of conjugates formed
between the T cells and DCs [20]; albeit another study
does not confirm the effect of semaphorin 3A on cluster
formation [19]. Semaphorin 3A triggers actin cytoskel-
eton rearrangement and talin redistribution, abrogates
TCR polarization and early signal transduction events
including ZAP-70 and FAK (focal adhesion kinase)
phosphorylation. These effects result in downregulation
of DC-induced T cell proliferation [19].

The source of semaphorin 3A in this case are acti-
vated DCs involved in antigen presentation. Superna-
tants from human DC-T cell cocultures (mixed leu-
kocyte reaction) contain small level of semaphorin 3A
(5 ng/ml) after one day of culture, whereas on day 4-6
its concentration rises up to 60 ng/ml as documented by
immunoprecipitation and immunoblotting [19]. Another
study revealed that semaphorin 3A was detected in sim-
ilar settings on day 3 [20]. Immunosuppressive action
of endogenously secreted semaphorin 3A in DC/T cell
cocultures (inhibition of allogeneic T cell proliferation)
can be blocked with neutralizing anti-semaphorin 3A an-
tibodies [19].

In addition to the suppression of initial phase of im-
mune responses, semaphorin 3A negatively acts on other
T cell functions — proliferation and cytokine production.
In vitro experiments demonstrate that semaphorin 3A in-
hibits proliferative activity of human T lymphocytes in-
duced by anti-CD3/CD28 antibodies [13, 19], but does
not affect proliferation induced by PHA/IL-2 [19] or
phorbol ether [13]. Inhibition of T lymphocyte prolifera-
tion is accompanied by the induction of p27¥?! molecule
synthesis, which is a negative regulator of the cell cycle.
Semaphorin 3A also downregulates IL-2, 1L-4, IL-10,
and IFN-vy cytokine production, as has been shown on
human mononuclear cells stimulated by anti-CD3/
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CD28 antibodies [13, 39]. The inhibitory effect of sema-
phorin 3A in T cells is mediated by inhibition of ERK1/2
kinase activation and blockade of Ras/MAPK (mitogen
activated protein kinase) signaling pathway via activation
of small GTPase Rapl1 [13].

Semaphorin 3A also negatively regulates mouse T
cell-mediated immune responses. Semaphorin 3A-defi-
cient animals (Sema 347/~) exhibit hyperproliferative T
cell response to antigen-specific or anti-CD3-mediated
stimulation in vitro [46]. Furthermore, this hyperprolif-
eration is also observed in both T cells from Nrp-1 mu-
tant (Nrp-15""-) mice, in which the binding site of class
3 semaphorins is disrupted, and in T cells from plexi-
nA4-deficient (PlexA4~/~) mice. Stimulated PlexA4/~ T
cells secrete larger amounts of inflammatory cytokines
IFN-vy and IL-17 compared with wild-type T cells. The
authors suggest that in mice, PlexA4 appears to be a ma-
jor transducer of negative signals from semaphorin 3A in
T cells [46].

It has also been reported that semaphorin 3A down-
regulates migration and adhesion of T-lymphocytes.
It has been shown that this factor inhibits spontaneous
migration of PHA/IL-2 preactivated T lymphocytes
[23], but does not affect chemokine-induced migration
of non-activated human blood T cells [20]. Moreover,
semaphorin 3A decreases T cell adhesion to tumor cells
[13] and cytotoxic activity of lymphocytes from MLC
(mixed lymphocyte cultures) against K562 cells [13]. In
mice, semaphorin 3A induces cytoskeletal paralysis of
CD8* T lymphocytes, which leads to suppression of their
migration, adhesion, and tumor killing [21, 41].

Moreover, this factor triggers a proapoptotic pro-
gram that sensitizes human leukemic T cells to Fas
(CD95)-mediated apoptosis. In this case, PlexAl is in-
volved in the transport of actin-linking proteins, cyto-
skeletal remodeling and Fas translocation into lipid raft
microdomains [24].

In addition to direct effects on T-lymphocytes,
semaphorin 3A can suppress their activity via activa-
tion of Tregs. These cells express transcription factor
Foxp3 (forkhead box p3) and are able to inhibit effec-
tor T lymphocytes via production of anti-inflammatory
cytokines such as TGF-f and IL-10. It is suggested that
semaphorin 3A could increase their regulatory proper-
ties [38, 39]. This factor is not only expressed by them
at mRNA level [38] and in a membrane-bound form
[2, 39], but it also increases Foxp3 expression [39] and
IL-10 production [38], promoting suppressive activity of
CD4"Nrp-1* Treg-like cells.

Considering that Nrp-1 is practically absent on hu-
man blood CD3*CD4*Foxp3*CD25"* Tregs, but is de-
tected on cells isolated from the secondary lymphoid
tissues such as lymph nodes and tonsils [40, 47], it has
been suggested that Nrp-1 is a marker of a special subset
of Tregs. These cells have the most pronounced suppres-
sive potential, and are detected in tissues rather than in
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peripheral blood; their number is increasing in the con-
ditions of inflammatory microenvironment [8, 48]. In
particular, they were identified in the synovial fluid of
patients with rheumatoid arthritis [49], in bronchoalve-
olar lavage fluid from patients with chronic obstructive
pulmonary disease [50], as well as in the primary tumors
and lymphogenic metastases [42, 47, 48].

At the same time, in mice, Nrp-1 expression on
Tregs differs significantly from that in humans. Nrp-1 is
highly expressed on CD4*CD25*Foxp3* cells from pe-
ripheral blood, spleen, thymus, and lymph nodes [40],
and is considered to be an important functional marker of
murine T-regs [35]. Its expression closely correlates with
the level of Foxp3 and suppressor function of Tregs [51].
Additionally, Nrp-1 expression defines a subset of thymic
Tregs (tTregs) rather than Tregs being induced in periph-
ery (iTregs) [52].

Conditional knockout of Nrp-1 in T cells does not
change the number of spleen Tregs [44] or their Foxp3
expression [53]. However, these cells acquire a significant
functional defect — reduced ability to suppress effector
CD4" T cell proliferation both in vivo and in vitro. At
the same time, CD4* T cells differentiate preferentially
via Th17 lineage commitment. The lack of Nrpl on the
membrane of Tregs results in increased development of
autoimmune disorders [53]. Some studies suggest that
Nrp-1is not involved in T cell homeostasis under normal
conditions, but its role crucially enhances with the devel-
opment of pathology [21].

Thus, semaphorin 3A is currently considered as
an endogenous immunosuppressor for T Iymphocytes.
Upon that, it acts selectively only on a small subset of
receptor-bearing T cells, among them Tregs, which po-
tentiate semaphoin 3A negative effects on effector T cells.
This factor mediates its suppressive activity on activated T
cells via its receptors — Nrp-1, PlexAl, and PlexA4 — by
blockade of ERK1/2 kinase and Ras/MAPK signaling
pathways.

Apart from peripheral immune cells, expression of
semaphorin 3A is also detected in the primary lymphoid
organ — the thymus. This factor is constitutively produced
by human [54] and murine [55] thymic stromal cells.
In vitro experiments demonstrates that semaphorin 3A
exerts several negative effects on thymocytes and epi-
thelial cells: inhibits adhesion of human thymocytes to
epithelial cells [54] as well as SDF-1/CXCL12-induced
thymocyte migration. In doing so, the neuronal factor
downregulates SDF-1 receptor expression and suppresses
phosphorylation of FAK and ZAP-70 kinases in migrat-
ing cells, which indicates the existence of the functional
antagonism between SDF-1 and semaphorin 3A [56].
Moreover, this factor inhibits proliferative potential of
murine thymocytes [57] and thymic epithelial cells [58].
In the latter case, semaphorin 3A is able to abrogate the
stimulatory effects of growth factors KGF and HGF on
epithelial cell proliferation, thereby allowing to consid-
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er semaphorin 3A as a potential antagonist for these two
factors also.

DENDRITIC CELLS

DCs not only actively synthesize semaphorin 3A, but
represent themselves the targets for the action of sema-
phorin 3A produced by other cell types. Apart from the
suppressive effects on T-lymphocytes, semaphorin 3A
stimulates functional activity of DCs and plays an im-
portant role in initiating immune response. In this pro-
cess, the neuronal factor acts rather selectively by mainly
affecting DC migration and, potentially, their contact
with T lymphocytes, without affecting the process of an-
tigen presentation itself.

This review includes studies performed on myeloid
DCs derived from mouse bone-marrow or human periph-
eral blood monocytes, which were incubated in the pres-
ence of GM-CSF and 1L-4 (immature DCs) followed by
activation with LPS, TNF, or anti-CD40 (mature DCs).

Semaphorin 3A mRNA is poorly expressed in hu-
man immature DCs, whereas its expression markedly
elevates in the mature DCs activated by LPS, TNF-a/
IL-18, or CD40L [19, 22]. Murine DCs also express
semaphorin 3A mRNA [15].

Nrp-1 is usually not expressed by human peripheral
blood monocytes [19, 22]. These cells also demonstrate
very low level of PlexAl and PlexA3 expression [22]. The
expression of all three receptors becomes markedly up-
regulated during transformation of monocytes into im-
mature DCs [22, 34]. However, further DC maturation
in the presence of LPS is characterized by a decrease of
membrane Nrp-1 and PlexAl expression, what happens
due to receptor endocytosis. Upon that, the expression of
Nrp-1 mRNA is also downregulated, whereas the level of
PlexAl mRNA remains unaltered [20, 22].

Murine DCs similarly express Nrp-1 [16, 44]. They
are also positive for PlexA1l mRNA, whereas other class A
plexins show only weak expression [29]. During matura-
tion in the presence of LPS or TNF, murine DCs, unlike
human cells, upregulate the expression of Nrp-1 [16, 44]
and PlexAl both at the surface and mRNA levels [14, 16,
45]. In the process, the cytoplasmic PlexAl becomes pri-
marily located on the cell membrane [ 14].

Significant interspecies differences in semaphorin 3A
receptor expression between the human and murine cells
are found not only for DCs, but also for thymocytes
[57, 59] and peripheral blood T lymphocytes [40].

PlexAl isthe major plexin A receptor highly expressed
on DCs. It is restricted mainly to these cells, indicating
PlexAl is a marker that can distinguish DCs from other
antigen-presenting cells, in particular, macrophages [45].

Another receptor — PlexA4, plays no essential role
in antigen presentation and the ability of murine DCs to
activate T lymphocytes [15]. PlexA4-deficiency does not
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affect expression of the major histocompatibility complex
class IT (MHC-II) antigens or costimulatory molecules
on DCs, and even promotes their capacity to activate
proliferation of allogeneic T lymphocytes [46]. However,
PlexA4 still participates in regulation of some functions of
DCs, such as cytokine production. DCs from PlexA4~/~
mice, activated by LPS, exhibit lower capacity to produce
TNF-a and IL-6 [15], albeit the level of IL-12p40 under
similar conditions remains unchanged [46].

The influence of semaphorin 3A on DCs traffick-
ing from peripheral tissues to regional lymph nodes has
been studied in details [16]. It turned out that the anti-
gen-loaded DCs from PlexAl17/~ or Nrp-15m~ mice (in
which the semaphorin 3A-binding sites are defective)
accumulate in the draining lymph nodes in smaller quan-
tities in comparison with wild-type mice. Similar effect
is also observed when wild type DCs are transferred into
semaphorin 3A-deficient animals. Analysis of the under-
lying mechanism revealed that semaphorin 3A produced
by lymphatic endothelial cells is required for transmigra-
tion of DCs into efferent lymphatic vessels. This factor
acts for DCs as a chemorepellent, increases their mo-
tility and speed, when it is applied against chemokine
gradient in vitro, and finally enhances the process of cell
transmigration across lymphatic endothelial cell mono-
layers [16].

In this case, semaphorin 3A signaling primarily in-
duces the rearrangement of the actin cytoskeleton. It is
known, that a cell that moves along the chemokine gra-
dient is polarized, so that the receptor expression at the
leading and trailing edges could be different. It turned out
that semaphorin 3A interacts with PlexAl at the trailing
edge of DCs causing actomyosin contraction that pro-
motes passing of the cells through narrow gaps. In the
process, phosphorylation of the myosin light chains af-
fects myosin II, while ROCK kinase and RhoA GTPase
are involved in the signal transduction [16].

Semaphorin 3A also promotes migration of human
DC in the absence or presence of chemokine CCLI19
and it looks like chemorepulsion (away from sema-
phorin-containing chamber of a transwell unit) [22]. In
so doing, semaphorin 3A induces a marked redistribu-
tion of F-actin into focal areas coinciding with lamellae,
which is typical for directed cell migration.

Accumulating evidence indicate that PlexAl and
Nrp-1, localized on DC side of the contact area, are es-
sential components of immunological synapse in mice
[14, 35]. However, no direct interaction of sesmaphorin 3A
with these receptors during antigen presentation stage has
yet been shown. DCs from PlexA~~ mice exhibit lower
potential in activation of antigen-specific or allogene-
ic T cells in vivo and in vitro [29, 45]. At the same time,
PlexAl-deficiency does not affect antigen uptake and
processing, expression of MHC class I and II molecules
or costimulatory molecules CD40, CD80, and CD86 on
DC surface [14, 16, 29, 45]. The presence of PlexAl is
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required for the actin polarization at the interface with T
cells and Rho GTPase activation in DCs; small hairpin
RNA (shRNA) knockdown of PlexAl inhibits DC-medi-
ated antigen-specific T cell activation [14].

Similar data is obtained on human cells. Immuno-
fluorescent and scanning microscopy demonstrate that
Nrp-1 and PlexAl localized on DCs are also function-
ally important components of immunological synapse
[20, 34]. Adding of antibodies against PlexAl [20] or
Nrp-1 [34] into mixed allogenic cultures inhibits DC-in-
duced proliferation of T cells.

However, the biological role of semaphorin 3A re-
ceptors, located on the membrane of DCs in the immune
synapse, remains unclear. It has been suggested that
PlexAl might influence cell adhesion (or de-adhesion?),
dendrite formation, and thus the ability of DCs to inter-
act with multiple T cells [14].

Hence, DCs represent a target for semaphorin 3A at
early stages of immune response, and this factor induces
stimulatory effect facilitating their trafficking to lymph
nodes. Contrary to T cells, that interact with sema-
phorin 3A via two plexin receptors, PlexAl and PlexA4,
DCs mainly engage only one of them — PlexAl.

MACROPHAGES

Semaphorin 3A, the same as for DCs, is known to
be a positive regulator for macrophages. Mature macro-
phages synthesize this factor and possess its receptors, so
they are not only a source but also a target for it.

Semaphorin 3A mRNA is usually not expressed by
human peripheral blood monocytes [19, 22, 25]. How-
ever, its expression is triggered during their maturation in
the presence of M-CSF [25] and is further upregulated
upon activation with LPS [38]. Similar scenario is ob-
served in mice — untreated peritoneal, splenic or bone
marrow-derived macrophages poorly express sema-
phorin 3A mRNA, but it is substantially elevated upon
activation with LPS or other TLR agonists [15].

Nrp-1 is mostly absent on human peripheral blood
monocytes [22, 25, 34], and class A plexins are expressed
at low levels [22, 25, 38] as it is shown by flow cytometry
and RT-PCR. Receptor expression at the mRNA levels is
markedly elevated (except for PlexA4) upon macrophage
maturation in the presence of M-CSF [25, 38]. During
further activation of human macrophages in the presence
of IFN-v, Nrp-1 mRNA level decrease similar to the ex-
pression of PlexAl mRNA in the presence of LPS [25].

A somewhat different picture is observed in mice.
Nrp-1 expression is registered already on early bone
marrow-derived monocyte/macrophage precursor cells
[60] and on circulating monocytes [61]. Moreover, this
Nrp-1* bone marrow monocyte/macrophage precursors
also express PlexAl and PlexA3 mRNAs [60]. During
the maturation of bone marrow-derived macrophages

KISELEVA, RUTTO

treated with M-CSF, mRNAs of the following recep-
tors can be detected: Nrp-1, PlexAl, A2, and A4, but not
PlexA3 [18, 61].

Resident murine peritoneal macrophages express
mRNA for Nrp-1 [62] and PlexA4 as well as their mem-
brane proteins [15, 46]. With the help of flow cytometry, it
is possible to detect Nrp-1 on classically (M 1) and alterna-
tively activated (M2) macrophages [63]. Activation of mi-
croglia (resident macrophages derived from newborn rat
cortices) by IFN-y in vitro or by striatal injection of LPS
in vivo induces upregulation of Nrp-1 and PlexAl [26].

Thus, the expression of semaphorin 3A receptors in
rodents is observed not only in mature, but also in im-
mature mononuclear phagocytes, and their expression is
upregulated upon macrophage activation.

Semaphorin 3A is a chemoattractant for macro-
phages and enhances their spontaneous migration along
a positive concentration gradient. This was shown in vitro
with the use of transwell system for murine bone mar-
row-derived monocyte precursor cells [60, 64], bone
marrow-derived [61], and peritoneal [17] macrophages,
as well as for human CD14* macrophages isolated from
the liver of patients with hepatocellular carcinoma [635].
Semaphorin 3A also stimulates in vitro migration of bone
marrow-derived murine macrophages in “wound-heal-
ing” assay (migration of cells into a scratch) [63].

Chemoattractive signals from semaphorin 3A are
mediated by Nrp-1 [17, 60, 61, 64], and this effect can be
abolished by administration of a selective ROCK kinase
inhibitor — Y-27632 [17]. PlexAl and PlexA4 are both re-
sponsible for semaphorin 3A-induced migration of mu-
rine macrophages, since silencing of relevant genes with
small interfering RNAs (siRNA) abrogates chemotactic
effect as potently as genetic deletion of Nrp-1 [61].

However, there is one study contradicting this data
where it is shown that semaphorin 3A inhibits spon-
taneous human monocyte migration in vitro [1]. It was
published in 2001 and it was the first work devoted to the
influence of semaphorin 3A on migrating immune cells.
In this investigation, not recombinant protein was used,
but a supernatant from transfected COS7 cells that might
contain additional factors besides semaphorin 3A. This
suggestion is supported by several evidences, including
the fact that the effect attributed to semaphorin 3A was
not mediated through Nrp-1 [1].

The ability of semaphorin 3A to attract murine
mononuclear phagocytes is also confirmed in vivo via
the subcutaneous injection of semaphorin 3A-containing
Matrigel [61] or by gene transfer of semaphorin 3A into
the skeletal muscle [64] followed by quantifying the num-
ber of mononuclear cells in tissue sections. In the organ-
ism, mononuclear phagocytes can be effectively recruited
into the tissues overexpressing semaphorin 3A, e.g., tu-
mors [61] or pathologically altered retina [17].

Collectively, these findings indicate that sema-
phorin 3A per se is a macrophage chemoattractant. How-
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ever, in combination with other stimuli in vifro, it can be-
have differently. For instance, semaphorin 3A stimulates
migration of murine bone marrow-derived macrophages
in the presence of CCL21 [62], whereas it impairs migra-
tion combined with growth factor M-CSF [ 18]. This effect
is realized through Nrp-1 and is associated with downreg-
ulation of the M-CSF-induced RhoA signaling pathways.

Another important aspect of the effect of sema-
phorin 3A is the regulation of macrophage cytokine pro-
duction. When macrophages are not stimulated, sema-
phorin 3A does not modify their production of TNF-a
and IL-6 in vitro [15] as well as mRNA expression of oth-
er cytokines (IL-1p3, IL-12a, IL-10, TGF-f3) and chemo-
kines [63]. However, semaphorin 3A has a pronounced
and multidirectional effect on cytokine production in the
case of activated macrophages.

For example, when semaphorin 3A and LPS are add-
ed simultaneously, semaphorin 3A stimulates the synthe-
sis of TNF-a and IL-6, at that enhancing LPS effect [15].
In this case, semaphorin 3A acts via PlexA4 receptor and
enhances activation of the small GTPase Racl. Sema-
phorin 3A and LPS alone show elevated GTP-bound
Racl, whereas the two stimuli together cause potentiated
effect. In these experiments, a suboptimal concentration
of LPS was used (50 ng/ml).

In another study, a full activation of murine mac-
rophages was applied. Cells treated with LPS/INF-y re-
vealed no changes of TNFa, IL-6, and I1L-12a mRNA
expression in response to the administration of sema-
phorin 3A [63]. This is in agreement with the data indi-
cating the absence of semaphorin 3A effect on TNF-a
production by human macrophages stimulated with 1 ug/
ml LPS [38].

In one more work, semaphorin 3A shows different
behavior and exerts inhibitory activity. Administration of
semaphorin 3A to mouse bone marrow-derived macro-
phages causes downregulation of LPS/IFN-y-induced
production of inflammatory cytokines 1L-1{, IL-6, and
TNF-a [66]. The essential difference of this work is that
the sequence of introduction of stimulants into cell cul-
ture was changed — macrophages were first preincubated
with semaphorin 3A for 24 h and then LPS/IFN-y was
introduced [66].

It may be presumed that the sequence of introduc-
tion of stimulators in vitro plays a crucial role when these
agents compete for common signaling pathways. This
could partly explain controversies described above in the
analysis of semaphorin 3A modulatory effects. Some oth-
er things are also very significant, like stimulator concen-
tration defining a degree of cell activation, tissue source
for cell isolation and a degree of cell maturity. To clarify
this issue, it is necessary to use diverse experimental set-
tings in a single study. At present, evaluation of the in vi-
tro effects of semaphorin 3A on inflammatory cytokine
production is extremely ambiguous, so that the criterion
of their relevance can be the results obtained in vivo.
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One of the key publications devoted to the study of
the effect of semaphorin 3A on macrophages in the pres-
ence of other activators is the work of Wen et al. [15],
where it has been shown that this factor is able to stimu-
late cytokine production in vivo. Semaphorin 3A injected
intraperitoneally into mice with experimental polymi-
crobial peritonitis (partial cecal ligation and puncture)
causes elevated production of inflammatory cytokines
and chemokines in the peritoneal lavage fluid, that is not
observed in PlexA4~/~ animals. Moreover, these PlexA4~/~
mice are more resistant to the development of sepsis
caused by a lethal dose of LPS, and exhibit substantially
lower levels of inflammatory cytokines TNF-a and I1L-
12p70 in the blood serum [15].

Moreover, this work established a previously un-
known fact that PlexA4 is involved in transducing TLR
signals. Macrophages isolated from the PlexA4~~ mice
exhibit defective production of inflammatory cytokines
upon activation by a spectrum of TLR agonists or bac-
teria [15]. Along with this, PlexA4~~ macrophages show
a reduced TLR-induced Racl activation followed by
downregulation of JNK (c-Jun N-terminal kinase) and
NF-xB (nuclear factor-xB) activation. Therefore, it
has been demonstrated that PlexA4 not only transduces
semaphorin 3A signals that amplify LPS response, but is
also involved in the novel intersection with TLR path-
ways unrelated to semaphorin 3A.

The data indicating that semaphorin 3A can addi-
tionally activate macrophages during the development
of bacterial infection allowed to justify a new approach
to treatment and prevention of sepsis in experimental
animals [15] that was used later. Intravenous adminis-
tration of neutralizing monoclonal anti-semaphorin 3A
antibodies dose-dependently improved the survival rate
in LPS-induced sepsis in mice [67]. Unexpectedly, the
blood serum level of TNF-a in these animals was not de-
creased.

Collectively, all these findings allow us to conclude,
that semaphorin 3A per se has no impact on macrophage
inflammatory cytokine production, but can modulate the
effects of other activating agents.

Considering that inflammatory cytokine production
only partially defines activation status of macrophages,
the effect of semaphorin 3A on other parameters has also
been studied. Currently, several variants of macrophage
activation have been described, among which there are
MI1 (classically activated by LPS and IFN-y) and M2
(alternatively activated by IL-4, IL-13, or IL-10) macro-
phages [68]. M1 macrophages are characterized by pro-
nounced microbicidal and tumoricidal activity, whereas
M2 cells promote angiogenesis and tissue repair. The
influence of semaphorin 3A on macrophage polarization
has been considered in two papers.

Teng et al. have shown that pretreatment of murine
bone marrow macrophages with semaphorin 3A for 24 h
prohibits M1 macrophage polarization whereas it pro-
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motes M2 macrophage polarization [66]. Upon that,
semaphorin 3A lowers the LPS-induced phosphorylation
of STAT3 (signal transducer and activator of transcrip-
tion 3), an important signaling molecule in M1 polariza-
tion.

In another work it has been investigated how al-
ready polarized M1 and M2 macrophages, treated with
LPS/IFN-y or 1L-4/TGF-B, respectively, respond to
semaphorin 3A. In this case, neuronal factor does not
affect either cytokine and chemokine mRNA expres-
sion in mouse macrophages, or their in vitro migration
[63]. However, semaphorin 3A enhances CSF1-mediated
proliferation of M1 bone marrow-derived macrophages
and suppresses the same activity in M2 macrophages.
Semaphorin 3A also promotes the CSF1-induced Akt
and MAPK phosphorylation in M1 macrophages and re-
stricts it in M2 macrophages; these effects being mediat-
ed by Nrp-1 [63].

Thus, on the one hand, semaphorin 3A inhibits
cascades typical to M1 macrophage polarization and fa-
cilitates developing of M2 phenotype [66], whereas, on
the other hand, it exerts opposite effects [63]. Further re-
search will allow for greater clarity on this issue.

Semaphorin 3A does not affect phagocytosis of the
opsonized erythrocyte by human macrophages, but stim-
ulates the development of Fas-independent apoptosis in
them [25]. Semaphorin 3A is also able to induce apop-
tosis in the enriched culture of microglial cells (resident
macrophages of the central nervous system) derived from
neonatal rat cortex. Such effect is abrogated by admin-
istration of anti-Nrp-1 blocking antibodies, and is en-
hanced afteractivation of microglial cells with IFN-vy [26].
Moreover, stressed neurons produce semaphorin 3A and
mediate apoptosis in activated microglia. It is suggested,
that after neural injury, this reaction might suppress ex-
cessive inflammation related to activated microglia and
autoprotect neurons from potentially threatening effects
by secreting semaphorin 3A.

Another important area of study of macrophages
is the influence of semaphorin 3A on osteoclast differ-
entiation. These cells also belong to the mononuclear
phagocyte system. One of the major factors of osteoclast
differentiation is RANKL (receptor activator of nuclear
factor-kB ligand), a cytokine from the TNF superfamily,
that interacts with cells through its receptor RANK.

Osteoclast differentiation has been investigated on
mouse bone marrow-derived monocyte/macrophage
precursor cells cultivated in the presence of M-CSF and
RANKL. It has been shown, that upon the addition of
semaphorin 3A osteoclast differentiation is potently sup-
pressed in vitro [66], and that this effect is mediated by
Nrp-1and PlexAl [18]. It should be noted, that inhibition
of osteoclast differentiation is valid only if ssmaphorin 3A
is added before RANKL stimulation, but not vice ver-
sa [18]. It has been further shown, that semaphorin 3A
and RANKL compete with each other for binding to
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PlexAl, since RANKL-mediated osteoclast differentia-
tion requires the formation of PlexAI-TREM2—DAPI12
complex.

If Nrp-1 is present on the osteoclast surface, it
constitutively associates with PlexAl, which mediated
semaphorin 3A signaling instead of TREM2—DAP12
signaling. In this case RANKL is not able to form the
PlexA1-TREM2—DAP12 complex, and osteoclastogen-
esis becomes impaired. However, if RANKL is added
prior to semaphorin 3A, the latter would not be able to
exert its inhibitory activity, because RANKL downregu-
lates Nrp-1 expression. As a result, PlexAl will form the
PlexA1-TREM2—-DAP12 complex ensuring osteoclast
differentiation [18].

The mechanism described above clearly demon-
strates how a sequence of introduction of factors af-
fects experimental data if the agents compete with each
other for common receptors or signaling cascades. This
may partly explain the contradicting data on sema-
phorin 3A-related effects in vitro.

Semaphorin 3A-induced inhibition of mouse osteo-
clast differentiation has also been demonstrated in vivo. In
particular, ssmaphorin 3A-deficient animals (Sema3a=~")
or mice with functional defect of its receptor (Nrp- 15m)
show enhanced numbers of osteoclasts and profound os-
teopenia [18]. Local administration of semaphorin 3A
into the injured site of mice with experimental trauma
(cortical bone defects induced by drill) accelerates bone
regeneration; its intravenous injections to ovariectomized
animals (a model of postmenopausal osteoporosis) has
an osteoprotective effect. These results indicate that
semaphorin 3A is a promising potential therapeutic target
for bone [18] and joint [66] diseases.

Thus, the major semaphorin 3A-mediated effects
on macrophages are: stimulation of migratory activity,
regulation of cytokine production, and impact on mac-
rophage polarization and differentiation.

DISCOVERY OF CHEMOREPULSION
IN THE NERVOUS SYSTEM
AND ITS SIGNIFICANCE FOR IMMUNOLOGY

Chemotaxis — a directed cell migration by concen-
tration gradient of a chemokinetic agent — is one of the
fundamental processes of living organisms. Currently,
chemotaxis is considered as a bidirectional movement
that may occur either toward the gradient of chemical
agent (chemoattraction), or away from it (chemorepul-
sion) being regulated by a balance of chemoattractive
and chemorepulsive signals in the cellular microenviron-
ment [69].

However, it was thought for a long time that im-
mune cells could undergo active movement only toward
an agent. Despite early reports (1939) describing che-
morepellent activity of aluminum silicate for human and
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rabbit leukocytes [70], this effect has not been practically
studied.

The stimulus for such research at a new level was the
discovery of chemorepulsion in the nervous system made
in the late 1990s. It described, that class 3 semaphorins
and some other neuronal guidance molecules could repel
axon growth cones preventing developing neurons from
inappropriate wiring [71].

The first immunological factors characterized as
chemorepellents were two well-known chemokines SDF-
1/CXCLI12 and IL-8. At high concentration, SDF-1 act-
ed not as a chemoattractant, but rather as chemorepellent
for T cells [72], whereas IL-8 showed similar effect to-
wards human neutrophils [73]. A new phenomenon that
described an active movement of immune cells away from
chemokinetic agent was called fugetaxis (from Greek
fugere — to flee from; faxis — movement) [74]; however,
this term is not widely used.

The repulsive effect of semaphorin 3A itself was
demonstrated not only in the nervous system but also
in the immune system. It was first discovered on human
thymocytes [54], and then, on murine thymocytes [55]
and DCs [16].

Chemorepulsion plays an essential role in the im-
mune system both in health and disease. It is assumed
that cell sorting of circulating cells (namely T cell exclu-
sion) into diverse tissues may play a role in the generation
of immune privileged sites of the body; additionally, che-
morepellents may govern the exit of T cells from second-
ary lymph nodes and the thymus as well as their precursor
egress from the bone marrow [74].

Class 3 semaphorins produced by thymic stromal
cells are shown to be involved in sorting of precursors to
the T cell lineage entering the thymus during embryonic
and neonatal development [75].

It has been suggested that semaphorin 3A may ex-
ert a chemorepellent influence in the thymus promoting
emigration of mature T lymphocytes to periphery in the
transplantable tumor model in mice [55]. However, no
data confirming this assumption was obtained, because
neither semaphorin 3A nor its cognate receptor expression
were found to change in the thymus during the growth of
hepatoma 22a. Similarly, no difference was found in tran-
sendothelial migration of semaphorin 3A-treated thymo-
cytes between tumor-bearing and control mice.

Chemorepulsive action of semaphorin 3A pro-
duced by many tumors may exert a significant negative
effect. It may be able to promote the exit of malignant
cells from the primary node and increase risk of metas-
tasis [65]. Moreover, semaphorin 3A limits migration of
tumor-specific cytotoxic T cells into the tumors, thereby
contributing to cancer immune evasion [21].

Investigation of chemorepulsion not only markedly
enriches our understanding of cell trafficking in the or-
ganism, but has also therapeutic applications. Chemore-
pellents of diverse origin may be used for the treatment
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of inflammatory diseases in order to exclude excessive
leukocyte migration into the tissues [76] or to prevent the
immune attack leading to allograft rejection [74].

CONCLUSIONS AND PERSPECTIVES

In the early 2000s, the scientific community formed
the idea of “immune semaphorins” as a new group of
neuronal factors with immunoregulatory properties [77].
Among these factors the most studied were semaphorins
of classes 4 and 7, while semaphorin 3A was given a very
modest place in this category — it was considered only as
a regulator of leukocyte migration [1].

Much more detailed characteristic of semaphorin 3A
appeared in 2012 [78] and since then it has been com-
monly accepted [3, 4, 7]. Semaphorin 3A has become
a factor with dual regulation of immune response — T
cell suppressor and activator of the innate immune re-
sponses [78]. Takamatsu and Kumanogoh reviewed the
first works devoted to experimental application of sema-
phorin 3A for the treatment of immune-mediated diseas-
es and provided a new insight into therapeutic potential
of this neuronal factor.

Over the past 10 years, the study of semaphorin 3A
has taken place predominantly in this direction. Multi-
ple experiments have considered this neuronal factor,
that possesses immunoregulatory and anti-angiogenic
properties, as a remedy for the treatment of many human
diseases including allergic, autoimmune and oncological
illnesses [2-4]. Meanwhile, no new data on the role of
semaphorin 3A in controlling physiological immune re-
sponse has been obtained as well as no unified concept on
its immunological role has yet been formulated, and even
today our knowledge about this being only fragmentary.

Here, we attempted to put together all the data on
immunoregulatory properties of semaphorin 3A, avail-
able over the last two decades, and discuss them from
several points of view.

The main mechanism of action of semaphorin 3A
on cells is actin cytoskeleton reorganization and related
to it regulation of cell migration, adhesion, and cell—cell
cooperation.

Another important feature of semaphorin 3A im-
munoregulation is the involvement of Nrp-1 and plexins
in signal transduction from different factors unrelated to
semaphorin 3A. By that, it may exert a modulatory ef-
fect on diverse cellular triggers including growth factors,
chemokines, or bacterial products.

In some cases, antagonistic interactions between
semaphorin 3A and other factors occur. In particular,
semaphorin 3A suppresses the SDF-1-induced thymo-
cyte [56] and M-CSF-induced macrophage migration
[18], inhibits the proliferation of thymic epithelial cells
activated by KGF or HGF [58], and negatively influ-
ences RANKL-mediated osteoclast differentiation [18].
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In other cases, a synergistic interplay may arise, like en-
hancement of LPS-induced production of inflammatory
cytokines by semaphorin 3A in mouse macrophages [15].

If we consider which functions of immune cells are
affected by semaphorin 3A, it turns out that it is mainly
cell migration. This factor controls migration of all cell
types discussed above such as T cells [21, 23, 41], DCs
[16, 22], and macrophages [17, 60, 61, 63-65]. Similar
to the nervous system, this regulation can occur by che-
moattraction (as for macrophages) or by chemorepulsion
(as for DCs). It is suggested, that direction of movement
towards or away from a chemokinetic agent might be de-
termined by cell polarization, asymmetric distribution of
surface receptors and adhesion molecules as well as by
changes of intracellular signaling, including the concen-
tration of secondary messengers such as Ca>" and cyclic
nucleotides [69, 79].

Besides migration, semaphorin 3A also affects cell
adhesion and cell—cell cooperation in the immune sys-
tem. It suppresses mouse thymocyte [80] and CD8* T
cell [21] adhesion to extracellular matrix, contact forma-
tion between thymocytes and thymic epithelial cells [54],
as well as between DCs and T cells [20]. Moreover, sema-
phorin 3A inhibits interaction of T lymphocytes with tu-
mor cells, namely T cell adhesion to them [13] and cyto-
toxic activity [41].
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Of the other immunological functions affected by
semaphorin 3A, it should be noted negative regulation of
T cell [13, 19, 38] and thymocyte [57] proliferative activ-
ity as well as triggering of proapoptotic program in T cell
lines [24] and human macrophages [25].

Another important issue is where and under what
conditions does semaphorin 3A manifest itself in the or-
ganism. This factor is constitutively expressed in the or-
gans of the immune system such as thymus, spleen, and
Iymph nodes [18, 54, 55] suggesting its essential homeo-
static role. The blood serum level of semaphorin 3A in
healthy individuals varies widely from 10 to 90 ng/ml or
more [2]. Most authors use nearly the same concentra-
tions (50-100 ng/ml) to study semaphorin 3A effects in vi-
tro. It follows from this, that its serum level is sufficient
for the manifestation of its biological activity. However,
peripheral blood T cells and monocytes do not express
semaphorin 3A receptors, therefore they are not exposed
to it. Such receptors appear upon cell activation, and allow
them to respond to semaphorin 3A stimuli [25, 38, 40].

At a steady state, the receptors may be found on im-
mune cells located in tissues — on resident tissue macro-
phages and on a small part of T lymphocytes. Apparently,
in the absence of pathology, semaphorin 3A mainly reg-
ulates tissue migration of cells and their exit from tissues
into lymphatics as it was shown for DCs [16].

Sema 3A

Sema 3A

Regulatory T cell

IL-10

IL-2

T cells

Fig. 3. Hypothetical scheme of the main stages of semaphorin 3A (Sema 3A) action in the immune system (explanations in the text).

BIOCHEMISTRY (Moscow) Vol. 87 No. 7 2022



SEMAPHORIN 3A IN THE IMMUNE SYSTEM

The role of semaphorin 3A as a regulator of cells in-
side the tissue is best studied in the thymus. This factor
is constitutively produced by thymic epithelial cells, the
targets for it being the same epithelial cells and thymo-
cytes [54, 55, 57-59]. Semaphorin 3A controls intrathy-
mic thymocyte migration, their adhesion/de-adhesion
to/from epithelial cells, as well as proliferation of thymo-
cytes and epithelial cells.

In pathology, the local tissue concentrations of sema-
phorin 3A may significantly increase. In this case, along
with chemokines and growth factors, semaphorin 3A can
control cell composition of the inflammatory infiltrate by
selectively recruiting some cell types or restricting migra-
tion of others. For example, the elevated macrophage influx
[60, 61, 63, 65] and exclusion of CD8" T cells [21, 41] are
observed in tumors with semaphorin 3A overexpression.

The effect of semaphorin 3A on different phases of
the immune responses is schematically presented in Fig. 3.

At the initiation phase of the immune response,
semaphorin 3A acts as a positive cue, while promoting
the egress of DCs from peripheral tissues into lymphatics
and their further migration to the regional lymph nodes
for presentation of antigens to T lymphocytes [16].

At all subsequent stages where T cells are involved,
semaphorin 3A exerts negative effects: it downregulates
T cell activation and TCR-dependent signaling during
antigen presentation [19, 20], inhibits the proliferation
of CD4* effector T cells and their cytokine production
[38, 46], and, finally, activates Tregs, which, in turn,
exert their suppressive action [38, 39]. It has been sug-
gested, that semaphorin 3A-related effects result in the
termination of the immune response, thus preventing its
overactivation [19], but the precise biological role of this
factor remains to be elucidated.

In some cases, semaphorin 3A-induced immuno-
suppression may play a positive role. Administration of
exogenous semaphorin 3A is beneficial for the treatment
of autoimmune and allergic diseases in experimental con-
ditions [2, 4]. At the same time, production of this fac-
tor by growing tumors is a disadvantage for the organism
(Fig. 3) — semaphorin 3A may suppress antitumor immu-
nity inhibiting CD8* T cell migration, adhesion, and cy-
totoxic activity [13, 21, 41]. In this case, scientists develop
an opposite strategy aimed at blocking semaphorin 3A and
its receptors in the organism [21, 41]. Clinical demands
necessitate further investigation of the semaphorin 3A
contribution to regulation of the T cell immune responses.

The question of the biological role of semaphorin 3A
receptors (Nrp-1 and PlexAl) in immunological synapse,
present on the surface of both T cells and DCs, remains
unresolved [14, 19, 20, 34, 35]. Whereas the interaction
of these receptors with semaphorin 3A and its negative
effects on T cells have been already demonstrated, the li-
gands for these receptors on DCs have not yet been iden-
tified. The need for the presence of semaphorin 3A re-
ceptors on DCs to activate T cells might not be related to
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semaphorin 3A itself, although this hypothesis requires
experimental confirmation. However, at the moment, it
seems rather doubtful that in the process of intercellular
interaction, a factor could suppress one cell type and si-
multaneously activate another.

A distinctive feature of semaphorin 3A is its ability
in parallel with the inhibition of T cell immunity to have
a stimulatory effect on mononuclear phagocytes. First of
all, this factor acts as a chemoattractant for mouse mono-
cytes and macrophages in vivo and in vitro [17, 60, 61, 63].
However, this experimental data cannot be directly trans-
ferred to humans, since there are interspecies differences
in semaphorin 3A receptor expression. In humans, un-
like mice [60, 61], virtually no semaphorin 3A receptors
are identified on peripheral blood monocytes [22, 25, 34,
38], which indicates that this factor can potentially affect
only activated monocytes.

Semaphorin 3A per se is not involved in stimulation
of inflammatory cytokine or chemokine production by
macrophages [15, 38, 63], but it can potently modulate
macrophage response to other activators (e.g., LPS and
IFN-v) [15, 63, 66]. However, the results of the published
works contradict each other and do not allow definitely
attribute semaphorin 3A either to pro- or anti-inflamma-
tory agents. Moreover, it is not clear at present, whether
semaphorin 3A contributes to macrophage polarization
toward M1 [66] or M2 phenotype [63].

Meanwhile, answers to the unsolved questions about
the influence of semaphorin 3A on macrophages are im-
portant for the assessment of its role in pathogenesis of
rheumatoid arthritis [66], sepsis [15], and tumor growth
[60, 63], since they underlie a strategy for using sema-
phorin 3A as a therapeutic agent. So far, no consensus
has yet been reached: some authors suggest to imple-
ment semaphorin 3A as an anti-inflammatory substance,
e.g., in mouse model of rheumatoid arthritis [66], where-
as the others — propose that for the same purpose this
factor should be neutralized, as it was shown in an exper-
imental model of sepsis [15, 67].

At present, there is no doubt that semaphorin 3A
plays an important immunoregulatory role in health and
disease, therefore allowing us to consider this factor and
its receptors as promising targets for therapeutic interven-
tion. Further research will shed light on unresolved issues
and will allow to justify new approaches to the treatment
of many human diseases.
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