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The Semaphorin family is a group of proteins studied broadly for their functions in nervous systems. They consist 
of eight subfamilies ubiquitously expressed in vertebrates, invertebrates, and viruses and exist in membrane- 
bound or secreted forms. Emerging evidence indicates the relevance of semaphorins outside the nervous sys-
tem, including angiogenesis, cardiogenesis, osteoclastogenesis, tumour progression, and, more recently, the 
immune system. This review provides a broad overview of current knowledge on the role of semaphorins in the 
immune system, particularly its involvement in inflammatory and infectious diseases, including chlamydial 
infections.   

1. Semaphorins 

The first member of semaphorins was discovered as a new axonal 
glycoprotein in the grasshopper named “fasciclin IV” (Kolodkin et al., 
1992). Later studies identified another protein called “Collapsin-1” in 
the chick brain, which shares homology with fasciclin IV (Luo et al., 
1993). A group of molecules showing similar structural features, such as 
a “Sema” domain, were then identified and categorized into the sem-
aphorin family (Roth et al., 2009). Although semaphorins were initially 
described as guidance molecules required to direct neuronal axons to 
their respective targets, recent studies indicate the relevance of sem-
aphorins outside the nervous system, including angiogenesis, cardio-
genesis, tumour progression, osteoclastogenesis, and immune cell 
homeostasis (Suzuki et al., 2008). 

Semaphorins exist in secreted and membrane-associated forms and 
share a conserved ‘Sema’ domain with approximately 500 amino acid 
residues (Roth et al., 2009). They are divided into eight subclasses based 
on their structural elements and similarities in the amino acid se-
quences. Invertebrate semaphorins fall into classes I and II, whereas 
vertebrate semaphorins are grouped into classes III-VII (Suzuki et al., 
2008; Janssen et al., 2010; Goodman et al., 1999). In addition, there are 
reports of semaphorin molecules encoded within viral genomes and are 
classified as class VIII semaphorins (Suzuki et al., 2008; Spriggs, 1999). 
Out of these, classes II, III, and VIII semaphorins exist in secreted form 
(Suzuki et al., 2008). Structurally, semaphorins are characterized by a 
sema domain at N terminals followed by a cysteine-rich plexin sem-
aphorin integrin (PSI) domain (Janssen et al., 2010). 

All semaphorins consist of an N-terminal 500 residue sema domain 
with a seven-blade β-propeller fold conformation (Worzfeld and Offer-
manns, 2014). The sema domain is tightly coupled to an adjacent 
cysteine-rich domain named the “PSI domain”(plexin–sema 
phorin–integrin) (Worzfeld and Offermanns, 2014). Except for class VI 
semaphorins, all other semaphorins contain “immunoglobulin (Ig)-like 
domains” or “thrombospondin type 1 repeats” (Worzfeld and Offer-
manns, 2014). The sema domain of semaphorins undergoes homo-
dimerization and interacts with receptors, such as neuropilins and 
plexins. 

1.1. Semaphorin receptors and co-receptors 

Plexins and neuropilins are the two high-affinity receptors of sem-
aphorins. Plexins (previously referred to as B2) was initially identified in 
Xenopus as a neuronal cell surface molecule (Takagi et al., 1987). Later 
sequence analysis revealed that plexins are single type 1 transmembrane 
receptors involved in the neuronal cell adhesion (Janssen et al., 2010; 
Ohta et al., 1995). They are divided into four subclasses: plexinA, 
plexinB, plexinC, and plexinD (Janssen et al., 2010). Plexins consist of 
an N-terminal Sema domain, a combination of three-PSI domains, and 
six IPT (Ig domain shared by plexins and transcription factors) domains 
in their extracellular regions (Takamatsu and Kumanogoh, 2012). The 
N-terminal Sema-PSI domain of plexin mediates the binding of plexins to 
semaphorins. Plexins also have an R-Ras and M-Ras GTPase-activating 
protein (GAP) domain in their cytoplasmic region. The cytoplasmic 
tail of plexins is involved in signal transmission upon ligand binding 

* Corresponding author. Department of Immunology, Max Rady College of Medicine, University of Manitoba, 421 Apotex Centre, 750 Mc Dermot Avenue, 
Winnipeg, MB, Canada, R3E 0T5. 

E-mail address: X.Yang@umanitoba.ca (X. Yang).  

Contents lists available at ScienceDirect 

Current Research in Immunology 

journal homepage: www.sciencedirect.com/journal/current-research-in-immunology 

https://doi.org/10.1016/j.crimmu.2023.100060 
Received 7 December 2022; Received in revised form 8 May 2023; Accepted 14 May 2023   

mailto:X.Yang@umanitoba.ca
www.sciencedirect.com/science/journal/25902555
https://www.sciencedirect.com/journal/current-research-in-immunology
https://doi.org/10.1016/j.crimmu.2023.100060
https://doi.org/10.1016/j.crimmu.2023.100060
https://doi.org/10.1016/j.crimmu.2023.100060
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crimmu.2023.100060&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Current Research in Immunology 4 (2023) 100060

2

(Kumanogoh and Kikutani, 2013). Following the binding of semaphor-
ins to plexins, GAP domain activation results in downstream signalling 
through molecules such as GTPase, protein kinase and associated mol-
ecules (Pasterkamp, 2012). 

In addition to plexins, classes III semaphorins need neuropilin as a 
co-receptor for their activity. Neuropilins are divided into Nrp-1 and 
Nrp-2. They are single-pass transmembrane glycoproteins with large 
extracellular domains, a short transmembrane domain, and a long 
cytoplasmic sequence (Geretti and Klagsbrun, 2007). The extracellular 
portion of neuropilin contains two a1 and a2 domains, b1 and b2 do-
mains and a MAM (meprin, A-5 protein, and receptor protein-tyrosine 
phosphatase mu) domain (Worzfeld and Offermanns, 2014). The a1 
and a2 domains bind to class III semaphorins, b1 and b2 domains bind to 
ligands such as vascular endothelial growth factor (Worzfeld and 
Offermanns, 2014). The MAM domain of neuropilins is involved in the 
dimerization of neuropilins (Worzfeld and Offermanns, 2014). 

1.2. Semaphorins and the immune system 

In recent years, a growing body of evidence indicates the roles of 
different classes of semaphorins in various phases of immune response, 
including immune cell trafficking, migration, development and cell-cell 
interaction (Takamatsu and Kumanogoh, 2012). 

1.3. Class 3 semaphorins in immune cell function, inflammatory and 
infectious diseases 

Class 3 semaphorins generally bind to class A plexins and require 
neuropilins as co-receptor for their function (Nishide and Kumanogoh, 
2018). However, semaphorin 3E (Sema3E) can bind to plexinD1 inde-
pendent of neuropilin-1 (Nishide and Kumanogoh, 2018). Recently, 
Sema3A has been found to promote the migration of DC to lymphatics by 
activating myosin II (Takamatsu et al., 2010a). Sema3A also influences 
human T cell proliferation and cytokine production (Catalano et al., 
2006). Later studies identified the requirement of plexinA4–Sema3A 
signaling for inflammatory cytokine production induced by sepsis (Wen 
et al., 2010). Furthermore, treatment with neutralizing anti-Sema3A 
monoclonal antibodies improved the survival of LPS-treated mice, 
possibly by reducing inflammatory cytokine production (Yamashita 
et al., 2015). On the other hand, intranasal treatment with Sema3A al-
leviates allergic symptoms by inhibiting the Th2/Th17 response and 
enhancing the Th1/Treg response. Exogenous Sema3A inhibits growth 
factor-induced proliferation of human airway smooth muscle cells, 
thereby minimizing the airway remodeling (Movassagh et al., 2016a). In 
systemic lupus erythematosus (SLE) patients, activated B cells expressed 
lower levels of CD72 than that of normal controls and this lower 
expression of CD72 was associated with lupus nephritis and SLE disease 
activity (Vadasz et al., 2014). Sema3A treatment enhances CD72 
expression on B cells, and CD72 can be used as a biomarker to be fol-
lowed during the treatment of SLE (Vadasz et al., 2014). Mechanisti-
cally, Sema3A binding with CD72 on B cells inhibits the phosphorylation 
of STAT-4 and HDAC-1 but induces the phosphorylation of p38-MAPK in 
B cells (Eiza et al., 2023). In vivo studies in mice revealed that Sema3A 
reduces lupus nephritis in NZB/W mice by preventing the deposition of 
immune complexes in the glomeruli (Bejar et al., 2018). These studies 
suggest that Sema3A administration restores self-tolerance and thereby 
reduces the pathogenesis of SLE (Eiza et al., 2023). Moreover, recent 
studies established the role of class 3 semaphorins like Sema3A, 
Sema3C, and Sema3F in promoting human DC migration by inducing 
the F-actin organization (Curreli et al., 2016) (Table 1). 

Sema3E, named initially as M-SemaH in mice, was discovered as a 
novel semaphorin family member shown to correlate with tumour pro-
gression positively (Eiza et al., 2023). The Sema3E transcripts encode 
775 amino acids with the features of a secreted glycoprotein (Chris-
tensen et al., 1998). Initial studies by Christensen et al. suggest the 
involvement of the M-SemaH gene in embryonic development, which is 

found to be expressed in developing lungs, skeletal elements, and neural 
tube (Christensen et al., 1998). In humans, Sema3E is located on chro-
mosome 7 and shares 87.4% similarity with mouse Sema3E (Nagase 
et al., 1997). Sema3E is highly expressed on DCs, Th2 cells, and thymic 
epithelial cells (Holl et al., 2012; Choi et al., 2008). Recent studies 
strongly suggest the importance of Sema3E in directing the migration of 
maturing thymocytes to the medulla (Choi et al., 2008). In the activated 
CD4+CD8+ double positive (DP) thymocytes, Sema3E-plexinD1 
signaling inhibits CCR9/CCL25 signaling in the cortex (Choi et al., 
2008). As a result, the activated DP thymocytes migrate to the medulla 
in response to CCL19/21 signaling (Choi et al., 2008). Later studies 
identified that Sema3E-plexinD1 axis control β1 integrin adhesion to 
regulate thymocyte migration (Choi et al., 2014). Recent studies by 
Ueda et al. identified the relevance of Sema3E in regulating thymocyte 
trafficking. Sema3E directly inhibits Rap1 activation through plexinD1 
leading to impaired immunological synapse formation in thymocytes 
(Ueda et al., 2016). 

The role of Sema3E is shown in inflammatory diseases as well. In the 
mouse model of dietary obesity, the expression of Sema3E and its re-
ceptor plexinD1 was shown to be upregulated (Shimizu et al., 2013). In 
adipose tissue, Sema3E acts as a chemoattractant for macrophages, and 
p53-induced upregulation of Sema3E leads to tissue inflammation 
(Shimizu et al., 2013). Sema3E is also expressed in macrophages of 
atherosclerotic plaques and inhibits macrophage migration to chemo-
kine by disrupting the re-organization of the actin cytoskeleton (Wan-
schel et al., 2013). The influence of Sema3E on macrophage function 
was also analyzed during the LPS-induced acute inflammatory response. 
Both Sema3E-deficient mice and mice with specific deletion of plex-
inD1in macrophages exhibit reduced inflammation and better clinical 
scores than wild-type controls in LPS-induced sepsis (Mohammed et al., 
2020). The early inflammatory response to LPS in Sema3E KO mice was 
associated with reduced phosphorylation of ERK1/2, AKT, STAT3, and 
NF-κB in the macrophages (Mohammed et al., 2020). Mouse NK cells 
also express the Sema3E receptor, plexinD1, on their surface (Alamri 
et al., 2018). Activated NK cells showed higher migration towards the 
conditioned medium of immature Sema3E− /− DCs than Sema3E+/+ DCs, 
suggesting a suppressive effect of Sema3E produced by immature DCs in 
NK-cell migration (Alamri et al., 2018). In Sema3E deficient colitic mice, 
there was an exacerbated disease severity and was ameliorated by re-
combinant Sema3E treatment (Kermarrec et al., 2019). Sema3E modu-
lates the pro-inflammatory activity of CD11c+ cells via the 
NF-κB-dependent pathway to reduce colitis (Kermarrec et al., 2019). 
Furthermore, recombinant Sema3E treatment reduced apoptosis and 
p53-associated genes in intestinal epithelial cells (Eissa et al., 2019). 
Together, these findings suggest Sema3E as a novel inhibitor of intesti-
nal inflammation. 

There are numerous studies on the functions of Sema3E in allergic 
asthma. Sema3E inhibited human airway smooth muscle cell prolifera-
tion and migration, one of the critical events in the development of 
asthma (Movassagh et al., 2014). This effect was mediated by inducing 
F-actin depolymerization, suppressing Rac1 GTPase activity, and 
inhibiting phosphorylation of Akt and ERK ½ (Movassagh et al., 2014). 
The expression of Sema3E was significantly reduced in the airways of 
severe asthmatic patients and the mice with allergen sensitization and 
challenge (Movassagh et al., 2017a, 2017b). Sema3E deficiency in mice 
leads to exaggerated allergic airway inflammation, remodeling and 
airway hyperresponsiveness, while intranasal recombinant Sema3E 
treatment reduced house dust mite-induced allergic asthma (Movassagh 
et al., 2017b, 2017c). Sema3E− /− mice showed higher numbers of 
CD11b+ pulmonary DCs than WT controls after sensitization with 
allergen (Movassagh et al., 2017c). The adoptive transfer of these DCs to 
WT recipient mice enhanced house dust mite-induced Th2/Th17 
inflammation (Movassagh et al., 2017c). Intranasal exogenous Sema3E 
protects mice from allergic asthma by reducing eosinophilic inflamma-
tion, serum IgE, IgG1, and Th2/Th17 cytokines (Movassagh et al., 
2017b). Also, upon co-culture with T cells, CD103+ cDCs from 
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Sema3E-treated, HDM-exposed mice promoted IFN-γ production by T 
cells (Movassagh et al., 2017b). 

Apart from pulmonary DCs, Sema3E is also involved in regulating 
pulmonary neutrophil recruitment in a mouse model of allergic asthma. 
An enhanced accumulation of neutrophils is observed in the lungs of 
Sema3E KO mice after the allergen challenge, whereas exogenous 
Sema3E treatment reduced the allergen-induced neutrophil recruitment 
(Movassagh et al., 2016b). Moreover, human neutrophils exhibited a 
constitutive expression of Sema3E high-affinity receptor, plexinD1; and 
Sema3E inhibited CXCL8/IL-8–induced neutrophil migration via sup-
pression of Ras-related C3 botulinum toxin substrate 1 GTPase activity 
and F-actin assembly (Movassagh et al., 2016b). Recently Sema3E is also 
reported to influence angiogenesis, an important feature of asthmatic 
airway remodeling. Sema3E inhibits the formation of new blood vessels 
in the allergic asthmatic airway by modulating pro-and anti-angiogenic 
factors such as vascular endothelial growth factor (VEGF), VEGF re-
ceptor 2 protein, and soluble VEGF receptor 1 (Tatari et al., 2019). 

Recent studies evidenced the function of Sema3E in infectious dis-
eases as well. We recently reported that Sema3E plays a significant role 
in protection against bacterial infection. Compared to WT mice, 
Sema3E-deficient mice showed more severe disease and higher bacterial 
growth following Chlamydia muridarum lung infection (Thomas et al., 
2021). The disease severity of Sema3E KO mice was associated with 
lower Th1/Th17 cytokine responses, higher Th2 response, altered Ab 
response, and an increased number of regulatory CD4 T cells (Thomas 
et al., 2021). Moreover, DCs isolated from Sema3E KO mice showed 
lower expression of co-stimulatory molecules and the production of 
IL-12 but higher surface expression of inhibitory molecules and IL-10 

production. Also, DCs from infected Sema3E KO mice failed to induce 
Th1 and Th17 cell responses compared to DCs from infected WT mice. 
After adoptive transfer, mice receiving DCs from Sema3E KO mice, un-
like those receiving DCs from WT mice, were unprotected against 
challenge infection (Thomas et al., 2021). 

Later studies revealed that treatment of WT and Sema3E KO mice 
with recombinant Sema3E-Fc protected mice from chlamydial infection 
with lower bacterial burden and inflammation in the lung (Thomas 
et al., 2022). The protective effect was correlated with enhanced 
Th1/Th17 response, reduced Treg response, higher co-stimulatory 
molecules, and lower immune-inhibitory marker PD-L1 on the surface 
of DCs. In addition, the recruitment of DCs, including the CD103+

subset, to the site of infection was also increased after the Sema3E 
treatment (Thomas et al., 2022) (Fig. 1). On the other hand, Sema3E 
deficient Leishmania major infected mice exhibited enhanced resistance 
to infection compared to WT mice (Ikeogu et al., 2021). Sema3E pro-
motes susceptibility to Leishmania infection in mice by supressing Th1 
immune response (Ikeogu et al., 2021). Enhanced resistance to L.major 
in Sema3E deficient mice was also associated with increased 
co-stimulatory molecules and 1L-12 cytokine production by CD11c +
cells (Ikeogu et al., 2021). The reason for the discrepancy between the 
role of Sema3E in Chlamydia and Leishmania infection remains unclear. 
However, it suggests that the function of the Sema3 in different types of 
infectious diseases may be different due to the nature of infections. 
Notably, the study on L. major was done using C57BL/6 mice instead of 
BALB/c; the mouse difference should not be ignored, considering the 
dramatic difference of mouse strains in susceptibility and disease 
severity to L. major infection (Sacks and Noben-Trauth, 2002; Locksley 

Table 1 
Semaphorin functions and diseases.  

Semaphorins Functions Associated diseases 

Sema3A Migration of DC to lymphatics Sepsis 
Human T cell proliferation Allergy 

SLE 
Sema3C and Sema3F Promote human DC migration  
Sema3E Migration of maturing thymocytes Sepsis 

Chemoattractant for macrophages Colitis 
NK-cell migration Allergic asthma 
Reduce eosinophilic inflammation, serum IgE, IgG1, and Th2/Th17 cytokines in allergic asthma Chlamyial infection 
Enhance Th1/Th17 response and reduce Treg response to chlamydial infection Leishmania major infection 
Induce co-stimulatory molecules and production of IL-12 on DC 

Sema4A T cell differentiation and T cell priming Asthma 
Treg stability Cancer 
Co-stimulatory molecule for T-cell activation Rheumatoid arthritis 
Promotes macrophage migration EAE 

MS 
Sema4B Inhibits IL-4 and IL-6 production in basophils Lung adenocarcinoma 

Increase infiltration of myeloid-derived suppressor cells (MDSCs) and T-regs 
Sema4C B cell polarization and function Allergic asthma 

Inhibits IgE, eosinophils, and Th2 cytokine 
Sema4D Promotes B cell activation by shutting off CD72 inhibitory signals HIV 

Induce expression of co-stimulatory molecules and IL-12 cytokine production of DC Endodontic infection 
Negative regulator of the neutrophil activation Asthma 

EAE 
MS 

Sema5A Increase endothelial cell proliferation Gastric cancer 
Inhibits cell migration and invasion of glioma cells Pancreatic cancer 
Stimulates T cell and NK cell proliferation Promotes the production of Th1/Th17 cytokines Rheumatoid Arthritis 

Primary immune thrombocytopenia 
Chronic spontaneous urticaria 

Sema6D Induce IL-12 production and upregulate MHC class II expression in dendritic cells EAE 
Regulates T cell activation Allergic lung inflammation 
Maintain IL-10 producing ILC2s Colitis 
Polarization of macrophage into an anti-inflammatory state 
Migration of DC into lymphatics 

Sema7A Promotes differentiation of CD4+ T cells into Th1 and Th17 subclasses LPS-induced lung injury 
Stimulator of monocytes Rheumatoid Arthritis 
Induces neutrophil migration Idiopathic pulmonary fibrosis 
Promotes dendrite formation and migration of DC West Nile virus (WNV) infection 

Breast cancer  
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et al., 1987; Biedermann et al., 2001). Further studies are required to 
understand the function of the Sema3E in specific infectious disease 
conditions. 

1.4. Class 4 semaphorins in immune cell function, inflammatory and 
infectious diseases 

Class 4 semaphorins are membrane-bound and bind to class B plexins 
for their activity (Nishide and Kumanogoh, 2018). In addition, Sema4A 
bind to neuropilin-1 and plexinD1 (Nishide and Kumanogoh, 2018). The 
Sema4A molecule is a 761 aa long glycoprotein that exists in 
membrane-bound and soluble forms (Chapoval, 2018). Sema4A is 
highly expressed in Th1 cells and involved in their differentiation and T 
cell priming (Ito and Kumanogoh, 2016). Sema4A deficient mice 
showed reduced Th1 response and higher Th2 response (Kumanogoh 
et al., 2005). Sema4A deficiency also exacerbated Th2-like lung 
inflammation in the asthma (Mogie et al., 2013). Sema4A-Fc adminis-
tration reduced lung inflammation and production of Th2-type cyto-
kines in WT mice (Morihana et al., 2013). Later studies identified that 
Sema4A is required for Treg stability in tumours (Delgoffe et al., 2013). 
In contrast to observation in mice, human Sema4A induces Th2 immune 
responses (Lu et al., 2018). In addition to T cells, Sema4A is also 
expressed by dendritic cells (Kumanogoh et al., 2005). Sema4A-deficient 
DCs, compared to wild-type DCs, showed reduced stimulation of allo-
genic T cells (Kumanogoh et al., 2005). Thus, Sema4A acts as a 
co-stimulatory molecule for T-cell activation. Sema4A also acts as a 
chemoattractant/chemorepellent based on inflammatory conditions. 
Sema4A interaction with plexinD1 promotes macrophage migration but 
reduces endothelial cell migration (Meda et al., 2012; Toyofuku et al., 
2007). Moreover, Sema4A can also be exploited as a biomarker for in-
flammatory diseases. Sema4A levels positively correlated with disease 

activity score and were involved in the rheumatoid arthritis pathogen-
esis (Wang et al., 2015a). Intravenous injection of an anti-Sema4A mAb 
improved the development of myelin oligodendrocyte glycoprotein 
(MOG)-induced experimental autoimmune encephalomyelitis (EAE), an 
animal model of multiple sclerosis (MS), in wild-type mice by decreasing 
the infiltration of mononuclear inflammatory cells into the spinal cord 
(Kumanogoh et al., 2002a). Sema4A expression is increased in patients 
with MS and cause pathogenesis by promoting Th17 skewing (Nakatsuji 
et al., 2012). 

Sema4B is another semaphorin expressed by T cells, basophils, and B 
cells. In basophils, recombinant Sema4B inhibited IL-4 and IL-6 pro-
duction (Nakagawa et al., 2011). Sema4B–KO mice had enhanced 
basophil-mediated IgE production, despite normal lymphocyte and 
dendritic cell functions (Nakagawa et al., 2011). Recent studies suggest 
that Sema4B expression was upregulated in lung adenocarcinoma tis-
sues. Sema4B levels correlated with the increased infiltration of 
myeloid-derived suppressor cells (MDSCs) and T-regs leading to poor 
disease prognosis (Jiang et al., 2022). Sema4C, another class four sem-
aphorin, is expressed in human memory B cells and binds to the receptor 
plexinB2 with high affinity (Xue et al., 2016; Maier et al., 2011). 
Sema4C is regarded as a factor needed for B cell polarization and 
function (Xue et al., 2016). In mouse models of allergic airway disease, 
Sema4C deficient mice exhibit higher IgE, eosinophils, and Th2 cyto-
kines than WT mice (Xue et al., 2017). Sema4D (also known as CD100) 
was the first semaphorin discovered to have an immunoregulatory 
function and is highly expressed in dendritic cells, macrophages, acti-
vated B cells and T cells (Zhu et al., 2016). Several studies suggest that 
Sema4D promotes B cell activation by shutting off CD72 inhibitory 
signals (Kumanogoh et al., 2000). Sema4D promotes the viability of B 
cells and fine-tunes B-cell antigen receptor (BCR) signaling to generate 
proper immune response (Kumanogoh et al., 2000; Hall et al., 1996). 

Fig. 1. Schematic model showing the mechanism by which Sema3E protects against chlamydial infection. Chlamydial lung infection induces the production 
of Sema3E. Sema3E binds to its receptor, plexinD1, expressed on DCs, thus upregulating co-stimulatory molecules, chemokine receptor (CCR7), and IL-12 cytokine 
production. Sema3E modulated DC migrate to the draining lymph nodes and promotes Th1/Th17 response and inhibits Th2 and Treg response. The modulated DC 
can also promote IgG2a antibody production. These responses result in the clearance of Chlamydia (Thomas et al., 2021), (Thomas et al., 2022). 
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Moreover, Sema4D and its receptor CD72 are expressed in large 
amounts in T cells and DC, respectively. Sema4D deficient DC exhibit 
reduced expression of co-stimulatory molecules and IL-12 cytokine 
production (Kumanogoh et al., 2002b). In addition to T cells and DC, 
Sema4D is also expressed in neutrophils. Sema4D-plexinB2 interaction 
decreased NET formation and acted as a negative regulator of the 
neutrophil activation (Nishide et al., 2017). More recent studies also 
showed a protective role for Sema4D in HIV infection (Eriksson et al., 
2012). It was found that CD8+ T cells lacking Sema4D expression were 
functionally impaired and present in increased numbers in 
HIV-1–infected individuals. The functions of Sema4D were also exam-
ined in the context of endodontic infections. Enterococcus faecalis, a 
bacterial pathogen implicated in endodontic infections, specifically in-
duces the expression of Sema4D in osteoclast precursor cells to inhibit 
bone formation (Wang et al., 2015b). In a mouse model of OVA-induced 
experimental asthma, Sema4D deficient mice, compared to WT mice, 
showed a significant decrease in eosinophilic airway infiltration and was 
associated with decreased IL-5, IL-13, TGF-β1, IL-6, and IL-17A levels in 
BAL (Shanks et al., 2013). In addition, reduced T cell proliferation and 
increased Treg cell numbers were observed in Sema4D deficient mice, 
compared to WT mice (Shanks et al., 2013). During EAE development, 
treatment with Sema4D blocking Abs significantly inhibited neuro-
inflammation (Okuno et al., 2010). In addition, Sema4D receptor 
(plexinB1)–deficient mice were resistant to the development of EAE 
after adoptive transfer of myelin oligodendrocyte glycoprotein 
(MOG)-specific T cells (Okuno et al., 2010). Similarly, anti-Sema4D 
treatment significantly attenuates EAE by preserving BBB integrity 
and protecting axonal myelination (Smith et al., 2015). Sema4D 
(CD100) expression was increased in the T cells of patients with MS and 
expression of Sema4D receptor, CD72, on B lymphocytes was reduced 
(Kuklina et al., 2014). These findings indicate the relevance of blocking 
Sema4D for the treatment of neuroinflammatory diseases. 

1.5. Class 5 semaphorins in immune cell function, inflammatory and 
infectious diseases 

Few studies identified the role of class 5 semaphorins in the functions 
of the immune system. Sema5A is reported to have immune functions 
among the class 5 semaphorins. The biological roles of Sema5A are 
exerted by its interactions with receptors plexinA1, and plexinB3 
(Artigiani et al., 2004; Lyu et al., 2015). Initial studies described Sema5A 
as a factor that increase endothelial cell proliferation to promote 
angiogenesis (Sadanandam et al., 2010). Other studies suggest the as-
sociation of Sema5A with metastatic ability in gastric and pancreatic 
cancers (Sadanandam et al., 2010; Pan et al., 2009). On the other hand, 
tumor suppressor functions of Sema5A is reported. Sema5A-plexin B3 
activation significantly inhibits cell migration and invasion of glioma 
cells (Li and Lee, 2010). Sema5A act to maintain the epithelial pheno-
type of malignant pancreatic cancer cells and regulates tumor growth 
(Saxena et al., 2018). 

Soluble Sema5A stimulates T cell and NK cell proliferation and 
promotes the production of Th1/Th17 cytokines (Gras et al., 2014). In 
addition, high serum levels of Sema5A are associated with Rheumatoid 
Arthritis (RA) and can act as a promising biomarker for diagnosis of RA 
(Gras et al., 2014). Increased levels of Sema5A in synovial fluids pro-
mote cytokine secretion and suppress apoptosis through PI3K/AKT/m-
TOR signaling pathway (Cheng et al., 2022). In addition, in patients with 
primary immune thrombocytopenia (ITP), an immune-mediated disor-
der, elevated plasma Sema5A levels correlated with Th1 polarization 
(Lyu et al., 2015). Sema5A was highly expressed in skin CD4+ T cells and 
mast cells of patients with chronic spontaneous urticaria (CSU) (Lobna 
et al., 2021). Sema5A and IL-17A co-expressed in the skin of CSU pa-
tients and Sema5A stimulation increased IL-17A-expressing CD4+ T cells 
in healthy controls to CSU levels (Lobna et al., 2021). 

1.6. Class 6 semaphorins in immune cell function, inflammatory and 
infectious diseases 

Class 6 semaphorins are membrane-bound semaphorins and bind to 
class A plexins. Among the class 6 semaphorins, Sema6D is expressed by 
T cells, B cells, and NK cells (Takegahara et al., 2006). Sema6D exists in 
both soluble and membrane-bound forms (Toyofuku et al., 2004). 
Sema6D receptor (plexinA1) deficient dendritic cells, compared with 
wild-type dendritic cells, poorly stimulated allogeneic T-cells (Take-
gahara et al., 2006). In addition, soluble Sema6D induced IL-12 pro-
duction and upregulated of MHC class II expression in dendritic cells 
(Takegahara et al., 2006). These functions of Sema6D suggest that it can 
act as an indirect T cell costimulatory molecule. Sema6D induce DC 
activation through plexinA1–Trem-2–Dap12 receptor complex (Take-
gahara et al., 2006). PlexinA1 deficient mice were resistant to experi-
mental autoimmune encephalomyelitis showing relevance of 
plexinA1–Trem-2–Dap12 signaling axis in DC activation (Takegahara 
et al., 2006). T cells express Sema6D upon TCR stimulation and regulates 
T cell activation at later stages of immune response (O’Connor et al., 
2008). Upon targeting Sema6D with either Sema6D-Ig or anti-Sema6D 
antibody, there was a reduced T cell activation in vivo. Moreover, 
Sema6D act as a niche signal required for group 2 innate lymphoid cells 
(ILC2s) and helps to maintain IL-10 producing ILC2s (Naito et al., 2022). 
Sema6D deficient mice showed a reduction in ILC2s in peripheral tissues 
and are resistant to develop allergic lung inflammation (Naito et al., 
2022). In addition to functional roles in DC and T cells, Sema6D is 
required for the polarization of macrophage into an anti-inflammatory 
state and in turn prevents the development of colitis (Kang et al., 
2018). Furthermore, Sema6D receptor, plexinA1, plays a crucial role 
during the entry of DC into lymphatics (Takamatsu et al., 2010b). 

1.7. Class 7 semaphorins in immune cell function, inflammatory and 
infectious diseases 

Out of the class 7 semaphorins, Sema7A (also known as CD108) was 
reported to act as immune semaphorins. Human Sema7A consists of 666 
amino acids (Xu et al., 1998) and exists in a soluble form in addition to 
the functional membrane-bound form (Althoff et al., 2001). Sema7A 
interacts with two main functional receptors; plexinC1 and integrin re-
ceptors containing the β1 subunit (β1 integrin) (Song et al., 2021). 
Sema7A is expressed by several immune cells, including T cells and 
dendritic cells. Soluble Sema7A promotes differentiation of CD4+ T cells 
into Th1 and Th17 subclasses by inducing T-bet and retinoic acid 
receptor–related orphan nuclear receptor γt (RORγt), respectively (Xie 
and Wang, 2017). Sema7A acts as a potent monocyte stimulator 
(Holmes et al., 2002) and initiates T cell mediated inflammatory 
response (Suzuki et al., 2007). Sema7A also functions as a factor which 
induces neutrophil migration into hypoxic tissue sites (Roth et al., 
2016). During LPS-induced lung injury, Sema7A deficient mice showed 
a reduction in inflammatory cytokines and neutrophils (Roth et al., 
2016). 

Sema7A could also be used as a therapeutic agent in rheumatoid 
arthritis as anti-Sema7A antibody treatment reduced arthritis scores in 
mice with collagen-induced arthritis (Xie and Wang, 2017). Sema7A is 
also expressed by fibrocytes, and Sema7A deficiency reduces 
TGF-β1–induced lung fibrosis as well as alveolar remodeling (Kang et al., 
2007). Further studies identified an association of Sema7A expressing 
Treg cells with disease progression in people with idiopathic pulmonary 
fibrosis (IPF) (Reilkoff et al., 2013). Moreover, adoptive transfer of these 
cells induced fibrosis and airway remodeling in the TGF-β1–exposed 
murine lung (Reilkoff et al., 2013). Furthermore, West Nile virus (WNV) 
infection of Sema7A deficient mice exhibited lower viral load, reduced 
blood-brain barrier permeability, and increased survival (Sultana et al., 
2012). Studies of Sema7A in DC showed that Sema7A is needed for 
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dendrite formation and migration of DC (van Rijn et al., 2016). In mu-
rine model of breast cancer, Sema7A promote tumor growth by skewing 
monocytes into a pro-tumorigenic phenotype (Garcia-Areas et al., 
2014). 

2. Conclusion 

Accumulating evidence suggests the relevance of semaphorins in 
cancer, autoimmunity, allergic disorders, and infectious diseases. 
Further study to address the question of how semaphorins influence the 
process of these diseases will provide new insight into the disease 
pathogenesis and host defence mechanisms. This molecule also has the 
potential to be a novel target in the treatment of these diseases. For 
example, the therapeutic ability of the uncleavable variant of Sema3E 
(Uncl-Sema3E) has been demonstrated in multiple tumor models where 
it acts as a novel inhibitor of tumor growth, metastasis, and angiogenesis 
(Casazza et al., 2010). Also, in vivo studies on mice indicate that Sema3E 
treatment enhances host defence against chlamydial infection (Thomas 
et al., 2022) and reduces allergic asthma (Movassagh et al., 2017b). 
Currently, several undergoing clinical trials targeting semaphorins in 
the context of cancer (clinicaltrials.gov, NCT03690986, NCT01313065), 
multiple sclerosis (clinicaltrials.gov, NCT01764737), Alzhimer’s disease 
(clinicaltrials.gov, NCT04381468) and early sepsis (clinicaltrials.gov, 
NCT02692118) are available. However, the efficacy of semaphorins as a 
potential target in infectious/inflammatory conditions has remained to 
be evaluated in clinical settings. Further research on semaphorins will 
shed light on their functions in the immune system and provide new 
approaches to treating inflammatory and infectious diseases. 
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