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Abstract: The inflammatory and immune response elicited by the growth of cancer cells is a
major element conditioning the tumor microenvironment, impinging on disease progression and
patients” prognosis. Semaphorin receptors are widely expressed in inflammatory cells, and their
ligands are provided by tumor cells, featuring an intense signaling cross-talk at local and systemic
levels. Moreover, diverse semaphorins control both cells of the innate and the antigen-specific
immunity. Notably, semaphorin signals acting as inhibitors of anti-cancer immune response are often
dysregulated in human tumors, and may represent potential therapeutic targets. In this mini-review,
we provide a survey of the best known semaphorin regulators of inflammatory and immune cells,
and discuss their functional impact in the tumor microenvironment.
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1. Cancer-Associated Inmune Response and Semaphorin Signals

It is widely accepted that chronic inflammation predisposes to cancer development. Moreover,
there is always a remarkable representation of inflammatory cells in the tumor microenvironment
(TME), which is probably elicited by consequences of the aberrant neoplastic growth, such as tissue
hypoxia and cell necrosis. This cancer-associated inflammation is characterized by the recruitment
of white blood cells and by the activity of inflammatory cytokines and chemokines, as well as by
the associated regulation of angiogenesis, fibrosis, and tissue remodeling [1,2]. In fact, the tumor
microenvironment may comprise different kinds of inflammatory cells: from those basically implicated
in the innate immune response, such as neutrophils and monocytes/macrophages, to cells implicated
in mounting the adaptive immunity, such as dendritic cells and lymphocytes. The function of these
cells is actually deployed in aberrant manner in the tumor microenvironment, compared to other
inflamed tissues. For instance, Natural Killer (NK) cells do not seem to be efficiently mediating cancer
cell killing, and the rise of antigen-specific immune response seems to be hindered at various steps [3].

In fact, many inflammatory cells found in the tumor microenvironment seem to act as inhibitors,
rather than promoters of the immune response [4]. For example, tumor-associated macrophages (TAMs)
and myeloid-derived suppressor cells (MDSCs) recruited from the bone marrow are educated by cancer
cells to exert pro-tumorigenic functions, such as sustaining tumor growth, immunosuppression,
angiogenesis, and metastatic dissemination [5-7]. This alternative phenotype of TAMs is often
indicated as M2, by contrast to M1-differentiation state, which is more typical of inflammation
elicited by external pathogens. M2-type macrophages are also found in tissues affected by chronic
inflammation, and are considered potential drivers of the development of tumor foci in this context [8].
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Notably, even if cancer cells often express aberrant proteins (e.g., due to genomic mutations), the
antigen-specific adaptive immune response is also hindered in the tumor microenvironment, as soluble
cytokines prevent T cell infiltration and cell surface signals are tuned to inhibit lymphocyte-mediated
killing activity [4]. In addition, a subset of T regulatory lymphocytes (Treg) can suppress the function
of T cytotoxic and T helper cells, the presence of which is instead associated with better prognosis.
In fact, therapeutic strategies such as immune checkpoint blockade and immunomodulatory molecules
seek to counteract the activity of suppressor cells and promote anti-tumor immune response [9].

Accumulating evidence indicates that diverse members of the Semaphorin family are involved in
virtually all phases of physiological and pathological immune responses [10] (Figure 1). Semaphorins
actually constitute a large family of conserved proteins, subdivided on the basis of structural and
sequence similarity [11,12]. Among mammalian family members, class 3 semaphorins are secreted,
whereas classes 4-6 are transmembrane proteins, and semaphorin 7A (Sema7A) is linked to the plasma
membrane via a glycophosphatidylinositol (GPI) anchor; moreover, membrane-bound semaphorins
can be proteolytically cleaved to generate soluble proteins. Semaphorin signaling is mainly mediated
by Plexin and Neuropilin receptors [13]. Plexins comprise nine transmembrane receptors, subdivided
into four classes, A-D.
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Figure 1. Highlighted in the cartoon are major semaphorin signals potentially relevant for the regulation
of diverse inflammatory and immune cells found in the tumor microenvironment. Semaphorins are
in fact produced by both cancer cells and cells recruited from the circulation in the inflammatory
process. Dotted connecting lines indicate semaphorin molecules secreted or proteolytically shed from
the cell surface. Ligand-engaged transmembrane receptors illustrate known autocrine/paracrine
signaling mechanisms. Membrane anchored semaphorins might provide juxtacrine proximity signals
to neighboring cells (not depicted in the cartoon, for sake of simplicity). A very complex network of
signals between different cells in the tumor microenvironment is therefore envisaged. The drawing also
summarizes several evidences about semaphorin signaling in normal immune response, the relevance
of which in cancer context needs to be assessed. Notably, while for Sema4D there is a consensus on
its pro-tumorigenic role, and the multifaceted activity of Sema3A in the tumor microenvironment is
under intense investigation, for other immuno-semaphorins, more experimental data are warranted to
understand whether they act in cancer-related inflammation as promoters or suppressors.

Originally identified as signaling cues for axonal navigation, semaphorins were later found
to be involved in the regulation of diverse biological and pathological processes, developmental
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angiogenesis, bone homeostasis and, indeed, immune response [14]. Some family members can
promote the immune response, while others suppress immune cell activation and proliferation.
These so-called “immuno”-semaphorins are acquiring increasing importance in the pathogenesis,
as well as therapeutic targets, in several immunological diseases such as asthma, psoriasis, and
systemic lupus erythematosus [10]. In this context, semaphorin signaling, either provided by cancer
cells or by stromal and infiltrating cells in the tumor microenvironment, can skew the inflammatory
landscape towards a tumor-promoting or a tumor-suppressive milieu. Moreover, the expression
of semaphorins and their receptors is deregulated in tumors, where they can in fact promote or
inhibit tumor progression [14,15]. Here, we review the current knowledge on semaphorin signals in
cancer-associated inflammation, and discuss the emerging role of semaphorins in tuning the immune
response elicited in the tumor microenvironment.

2. Semaphorin 4D

Semaphorin 4D (SEMA4D) was originally described in immune cells as CD100 antigen [16]
and was the first semaphorin found to have immunoregulatory activity. SEMA4D exists either as a
150-kDa transmembrane full-length isoform, or as a 120-kDa soluble molecule originating from type 1
metalloprotease-mediated proteolytic cleavage of the former. PlexinB1, PlexinB2 and CD72 are the three
known receptors for SEMA4D. SEMAA4D is broadly expressed in the embryonic nervous tissue and
on resting T cells, macrophages, NK cells and neutrophils [17]. The functional receptor for SEMA4D
in immune cells is CD72; this is a negative regulator of B cell activation and its signaling cascade is
turned off by SEMA4D [18]. Moreover, SEMAA4D is required for dendritic cells (DC) activation, in turn
regulating T cell functions [19,20].

SEMAA4D expression in the tumor microenvironment has been shown to promote tumor
progression [21]. Both cancer cells and TAMs have been found to express and release SEMA4D in the
tumor microenvironment [21,22]. Notably, TAM-derived SEMAA4D is critical for tumor angiogenesis
and pericytes recruitment [22]. Moreover, Younis et al. showed that tumor cell-derived SEMA4D could
polarize myeloid cells towards MDSC phenotype (CD33*,CD11b*, HLA-DR/1°%), with a concomitant
reduction in T cell proliferation and IFNy production [23]. Furthermore, SEMA4D was found to
promote the production of immunosuppressive cytokines, whereas its inhibition rescued T cell function,
led to increased number of effector T cells and decreased suppressive Tregs. In the same line, Evans et
al. demonstrated that SEMA4D expression at the invasive tumor edge creates a barrier to immune
infiltration, while antibody-mediated neutralization of SEMA4D could restore the immune response in
the TME of murine models of colon cancer and an ERBB2* mammary carcinoma [24]. In particular,
SEMA4D-blockade led to a larger number of activated CD86* APCs, CD8* cytotoxic T cells and
increased Teffector/Treg ratio, with a concomitant decrease in CD11b* Gr1* MDSCs and in the density
of CD206" M2 macrophages. Moreover, the combination with anti-SEMA4D antibodies enhanced the
efficacy of immunomodulatory therapies [24].

3. Semaphorin 3A

Secreted SEMA3A is probably the best studied semaphorin; its typical receptor complex
contains Neuropilin-1 (NRP1) and members of the Plexin-A subfamily. In cancer context, SEMA3A
plays pleiotropic activities controlling tumor cells, tumor vessels and infiltrating inflammatory
cells. Several data support a vessel-regulating and tumor suppressor function of SEMA3A, but
there are discordant findings [25,26]. Indeed, SEMAB3A expression was found to decrease in
advanced stage tumors, but other studies correlated high tumor levels of SEMA3A with poor
outcome [27,28]. In particular, while it has been shown by different groups that SEMA3A can attract
NRP1-expressing tumor-infiltrating monocytes, data diverge on the functional role of these cells.
For example, upon SEMA3A overexpression in tumor cells, it selectively expanded the population
of M1-like pro-inflammatory macrophages derived from NRP1+ monocytes, which further led to the
recruitment of NK and CD8+ cytotoxic T cells [29]. However, in murine models deprived of NRP1+
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monocytes, tumor growth and metastatic progression were actually inhibited [30]. It was found that
SEMAB3A can attract tumor-infiltrating macrophages into the hypoxic tumor core, where they are
induced to differentiate towards the M2 immune-suppressive and cancer promoting phenotype [30].
These apparent discrepancies probably reflect the multiplicity of SEMA3A-receptor complexes and
signaling cascades in different cell types. In particular, the functional role of NRP1 receptor in tumors
is very complicated, as it can participate in different signaling complexes [31,32]. Moreover, it was
demonstrated that SEMA3A can also have distinctive NRP1-independent activities. For example,
SEMAB3A acted as inhibitor of the migration of NRP1-deficient myeloid cells, via PlexinA4 [30].
Moreover, recently Gioelli et al. showed that a modified SEMA3A devoid of NRP1-binding can
effectively inhibit tumor growth and metastatic dissemination via PlexinA4 [33], expressed in both
tumor vessels and immune cells.

In addition to monocytes and TAMs, SEMAB3A also regulates T cell function. For instance,
SEMAQ3A signaling has been shown to inhibit T cell activation by eliciting TCR redistribution on the
cell surface [34]. Moreover, it was recently shown that SEMA3A can associate with B7-H4, a known
inhibitor of TCR-induced proliferation of CD4+ and CD8+ cells; according to this study, SEMA3A
mediates B7-H4 immunosuppressive activity by engaging a NRP1/PlexinA4 receptor complex and
enhancing the activity of T regulatory cells [35]. However, in other studies, SEMA3A is considered a
positive mediator of inflammatory response [36]. Whether SEMAS3A can also directly control T cell
function in the tumor context awaits clarification; however, as discussed above, its regulatory activity
on macrophages and dendritic cells is likely to impact adaptive anti-tumor immune response.

4. Semaphorin 4A

SEMAA4A is a transmembrane semaphorin, reported to interact with different Plexins, as well as
with NRP1, Tim-2, and ILT-4 receptor molecules [37]. In the immune system, SEMA4A is expressed
in dendritic cells and B lymphocytes, and it can enhance the activation and differentiation of T cells
and the generation of antigen-specific T cells in vivo [38]. In particular, SEMA4A knock-out results
in compromised CD8+ T cells activation and differentiation, and impaired in vivo pathogen-specific
response [39]. However, while in murine models SEMA4A was shown to induce Thl immune
responses, the human SEMA4A was rather found to elicit robust Th2 responses, with the production
of cytokines IL-4, IL-5, and IL-13 [40]. Moreover, another report showed that SEMA4A on the
surface of immune cells engaged in trans with NRP1 expressed on Treg lymphocytes, promoting
their immunosuppressive activity [41]. SEMA4A also contains an intracellular domain that can
mediate reverse signaling cascades into dendritic cells, for instance controlling their migration [42].
The role of SEMA4A in cancer context is still unclear. According to some reports, it could have a
promoting effect, possibly acting on inflammatory and immune cells and turning on their activity to
foster tumor progression [43].

5. Semaphorin 3E

SEMAG3E and its receptor PlexinD1 are expressed in both cancer cells and diverse stromal cell
populations in the TME. In certain tumors, SEMAS3E has been associated with progression due to
distinctive signaling cascades promoting cancer cell invasiveness and metastatic spreading [44-46].
On the other hand, SEMAB3E is also known to restrict vessel development and tumor
angiogenesis [47,48]. Even though little is known about the role of SEMAS3E in the regulation of
tumor-infiltrating immune cells, suggestions for further investigation came from recent reports
addressing its role in inflammatory cells [49]. For instance, Wanschel and colleagues showed that
SEMA3E mRNA is expressed in macrophages of advanced atherosclerotic plaques in mice and it is
highly expressed in inflammatory M1-type, but not anti-inflammatory M2-type macrophages [50].
Moreover, SEMA3E has been found to regulate NK-cell migration, and NK-DC interactions in
particular. In fact, mouse NK cells express SEMAS3E receptors PlexinD1 and NRP1, and in vitro
cell migration assays showed that SEMAS3E (released by immature, but not activated DC) inhibits NK
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cell migration [51]; this could provide a safeguard mechanism preventing NK function in the absence
of an active immune response. Moreover, SEMA3E/PlexinD1 signaling was found to negatively
regulate the immunological synapse and antigen-specific thymocyte maturation [52,53]. Whether the
above mechanisms can also be relevant in response to SEMAS3E found in the tumor microenvironment
awaits experimental proof.

6. Semaphorin 6D

Although SEMAG6D expression has been associated with tumor progression and angiogenesis
in gastric cancer [54,55], a specific role in the regulation of tumor-associated inflammation has not
been investigated. Actually, SEMAG6D is a transmembrane semaphorin known to be expressed in
lymphocytes, and SEMA6D/PlexinAl signaling has been implicated in DC-induced T cell function [56],
as well as late-stage activation and selection of long-lived lymphocytes [57]. On the other hand,
SEMAG6D reverse signaling, triggered by PlexinA4 and mediated by Abl kinase associated to its
cytoplasmic tail, has been found to reprogram macrophage polarization towards an anti-inflammatory

phenotype [58].
7. Semaphorin 7A

The GPI-membrane-anchored protein SEMA7A has been found to signal in trans through PlexinC1
and beta-integrins in several systems [59]. Notably, SEMA7A expression is upregulated in breast
cancers and is associated with poor overall and distant metastasis-free survival [60], consistent with a
pleiotropic tumor-promoting role, potentially including the regulation of inflammatory cells. In the
immune system, SEMAT7A is expressed on activated T cells and it signals to promote the production
of inflammatory cytokines in monocytes and macrophages [61]. Moreover, it has been shown that
SEMA7A can prompt TAMs to produce pro-angiogenic molecules such as CXCL2 and MIP-2 [62].

8. Overall Conclusion and Future Directions

Cancer-associated immune response is a major player in the tumor microenvironment, controlling
cancer cell growth and metastatic dissemination. While many of the implicated mechanisms have not
been fully elucidated, the overall picture features the normal function of diverse immune cells being
hijacked and distorted by conditioning signals generated by cancer cells. Innate immunity is torn
to suppress adaptive response, and instead to promote tumor angiogenesis and cancer progression,
by releasing signals typically seen during tissue regeneration. Dendritic cells and lymphocytes are
often unable to mount an efficient response against tumor cells, as the latter deploy mechanisms to
prevent antigen recognition and suppress cell killing. However, this field is also emerging as a pivotal
arena for innovative anti-cancer drugs; for instance, in several cases, immune checkpoint inhibitors
succeed in counteracting cancer-induced immune suppressive mechanisms, leading to reinstatement
of lymphocyte-mediated tumor cell killing and long-term clearance.

Semaphorins are among major regulatory signals in the tumor microenvironment, and semaphorin
receptors are well expressed by all cells involved in the immune response. Indeed, aberrant semaphorin
function has been found to sustain autoimmune diseases, and emerging data show the relevance of
semaphorin signals in cancer-associated inflammation and immune response. Thus, semaphorins
and their receptors are considered novel potential therapeutic targets for the treatment of immune
diseases, as well as for re-conditioning the tumor microenvironment in cancer-suppressive, instead of
cancer-promoting, mode of action. For instance, the activity of semaphorins controlling M2-type TAMs
and Treg lymphocytes could be targeted, such as Sema3A and Sema4D. Future studies are warranted
to extensively test this hypothesis in appropriate preclinical models, and eventually transfer putative
novel drugs to the clinics.



Int. ]. Mol. Sci. 2019, 20, 377 60f9

Funding: We are grateful to all Tamagnone lab members for advice and discussion. The research activity
of the authors is supported by the Italian Association for Cancer Research (AIRC-IG # 2017-19923 to
L.T.) and the Fondazione Piemontese per la Ricerca sul Cancro (Grants FPRC-5perMille-MIUR-2013 and
FPRC-5perMille-MinSal-2014 to L.T.).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Colotta, F.; Allavena, P.; Sica, A.; Garlanda, C.; Mantovani, A. Cancer-related inflammation, the seventh
hallmark of cancer: Links to genetic instability. Carcinogenesis 2009, 30, 1073-1081. [CrossRef] [PubMed]

2.  Galdiero, M.R;; Bonavita, E.; Barajon, I.; Garlanda, C.; Mantovani, A.; Jaillon, S. Tumor associated
macrophages and neutrophils in cancer. Immunobiology 2013, 218, 1402-1410. [CrossRef]

3.  Gajewski, T.E; Schreiber, H.; Fu, Y.X. Innate and adaptive immune cells in the tumor microenvironment.
Nat. Immunol. 2013, 14, 1014-1022. [CrossRef] [PubMed]

4. Qu, X,; Tang, Y.; Hua, S. Immunological Approaches Towards Cancer and Inflammation: A Cross Talk.
Front. Immunol. 2018, 9, 563. [CrossRef] [PubMed]

5. Jinushi, M.; Komohara, Y. Tumor-associated macrophages as an emerging target against tumors: Creating a
new path from bench to bedside. Biochim. Biophys. Acta 2015, 1855, 123-130. [CrossRef] [PubMed]

6. Katoh, H.; Watanabe, M. Myeloid-Derived Suppressor Cells and Therapeutic Strategies in Cancer.
Mediat. Inflamm. 2015, 2015, 159269. [CrossRef] [PubMed]

7.  Szebeni, G.J.; Vizler, C.; Kitajka, K.; Puskas, L.G. Inflammation and Cancer: Extra- and Intracellular
Determinants of Tumor-Associated Macrophages as Tumor Promoters. Mediat. Inflamm. 2017, 2017, 9294018.
[CrossRef]

8. Parisi, L.; Gini, E.; Baci, D.; Tremolati, M.; Fanuli, M.; Bassani, B.; Farronato, G.; Bruno, A.; Mortara, L.
Macrophage Polarization in Chronic Inflammatory Diseases: Killers or Builders? J. Immunol. Res. 2018, 2018,
8917804. [CrossRef]

9. Cook, K.W,; Durrant, L.G.; Brentville, V.A. Current Strategies to Enhance Anti-Tumour Immunity.
Biomedicines 2018, 6. [CrossRef]

10. Vadasz, Z.; Toubi, E.; Smith, E.P,; Shanks, K.; Lipsky, M.M.; DeTolla, L.J.; Keegan, A.D.; Chapoval, S.P.
Semaphorins: Their dual role in regulating immune-mediated diseases. Clin. Rev. Allergy Immunol. 2014, 47,
17-25. [CrossRef]

11.  Neufeld, G.; Shraga-Heled, N.; Lange, T.; Guttmann-Raviv, N.; Herzog, Y.; Kessler, O. Semaphorins in cancer.
Front. Biosci. 2005, 10, 751-760. [CrossRef] [PubMed]

12. Goodman, CS.; Kolodkin, A.L.; Luo, Y.; Pueschel, AW.; Raper, J.A. Unified nomenclature for the
semaphorins/collapsins. Semaphorin Nomenclature Committee. Cell 1999, 97, 551-552. [CrossRef]

13. Tamagnone, L.; Artigiani, S.; Chen, H.; He, Z.; Ming, G.I,; Song, H.; Chedotal, A.; Winberg, M.L.;
Goodman, C.S.; Poo, M,; et al. Plexins are a large family of receptors for transmembrane, secreted, and
GPI-anchored semaphorins in vertebrates. Cell 1999, 99, 71-80. [CrossRef]

14.  Rehman, M.; Tamagnone, L. Semaphorins in cancer: Biological mechanisms and therapeutic approaches.
Semin. Cell Dev. Biol. 2013, 24, 179-189. [CrossRef] [PubMed]

15. Battistini, C.; Tamagnone, L. Transmembrane semaphorins, forward and reverse signaling: Have a look both
ways. Cell. Mol. Life Sci. 2016, 73, 1609-1622. [CrossRef] [PubMed]

16. Bougeret, C.; Mansur, I.G.; Dastot, H.; Schmid, M.; Mahouy, G.; Bensussan, A.; Boumsell, L. Increased surface
expression of a newly identified 150-kDa dimer early after human T lymphocyte activation. J. Immunol. 1992,
148, 318-323. [PubMed]

17.  Wu, M,; Li, ].; Gao, Q.; Ye, E. The role of Sema4D/CD100 as a therapeutic target for tumor microenvironments
and for autoimmune, neuroimmune and bone diseases. Expert Opin. Ther. Targets 2016, 20, 885-901.
[CrossRef] [PubMed]

18. Parnes, J.R; Pan, C. CD72, a negative regulator of B-cell responsiveness. Immunol. Rev. 2000, 176, 75-85.

19. Kumanogoh, A.; Watanabe, C.; Lee, I.; Wang, X.; Shi, W.; Araki, H.; Hirata, H.; Iwahori, K.; Uchida, J.;

Yasui, T.; et al. Identification of CD72 as a lymphocyte receptor for the class IV semaphorin CD100: A novel
mechanism for regulating B cell signaling. Immunity 2000, 13, 621-631. [CrossRef]


http://dx.doi.org/10.1093/carcin/bgp127
http://www.ncbi.nlm.nih.gov/pubmed/19468060
http://dx.doi.org/10.1016/j.imbio.2013.06.003
http://dx.doi.org/10.1038/ni.2703
http://www.ncbi.nlm.nih.gov/pubmed/24048123
http://dx.doi.org/10.3389/fimmu.2018.00563
http://www.ncbi.nlm.nih.gov/pubmed/29662489
http://dx.doi.org/10.1016/j.bbcan.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25595840
http://dx.doi.org/10.1155/2015/159269
http://www.ncbi.nlm.nih.gov/pubmed/26078490
http://dx.doi.org/10.1155/2017/9294018
http://dx.doi.org/10.1155/2018/8917804
http://dx.doi.org/10.3390/biomedicines6020037
http://dx.doi.org/10.1007/s12016-013-8360-4
http://dx.doi.org/10.2741/1569
http://www.ncbi.nlm.nih.gov/pubmed/15569615
http://dx.doi.org/10.1016/S0092-8674(00)80766-7
http://dx.doi.org/10.1016/S0092-8674(00)80063-X
http://dx.doi.org/10.1016/j.semcdb.2012.10.005
http://www.ncbi.nlm.nih.gov/pubmed/23099250
http://dx.doi.org/10.1007/s00018-016-2137-x
http://www.ncbi.nlm.nih.gov/pubmed/26794845
http://www.ncbi.nlm.nih.gov/pubmed/1530858
http://dx.doi.org/10.1517/14728222.2016.1139083
http://www.ncbi.nlm.nih.gov/pubmed/26732941
http://dx.doi.org/10.1016/S1074-7613(00)00062-5

Int. ]. Mol. Sci. 2019, 20, 377 7of 9

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Kumanogoh, A.; Suzuki, K.; Ch'ng, E.; Watanabe, C.; Marukawa, S.; Takegahara, N.; Ishida, I.; Sato, T.;
Habu, S.; Yoshida, K.; et al. Requirement for the lymphocyte semaphorin, CD100, in the induction of
antigen-specific T cells and the maturation of dendritic cells. J. Immunol. 2002, 169, 1175-1181. [CrossRef]
Zhou, H.; Binmadi, N.O.; Yang, Y.H.; Proia, P; Basile, ].R. Semaphorin 4D cooperates with VEGF to promote
angiogenesis and tumor progression. Angiogenesis 2012, 15, 391-407. [CrossRef] [PubMed]

Sierra, J.R.; Corso, S.; Caione, L.; Cepero, V.; Conrotto, P.; Cignetti, A.; Piacibello, W.; Kumanogoh, A.;
Kikutani, H.; Comoglio, PM.; et al. Tumor angiogenesis and progression are enhanced by Sema4D produced
by tumor-associated macrophages. J. Exp. Med. 2008, 205, 1673-1685. [CrossRef] [PubMed]

Younis, RH.; Han, K.L.; Webb, T.J. Human Head and Neck Squamous Cell Carcinoma-Associated
Semaphorin 4D Induces Expansion of Myeloid-Derived Suppressor Cells. J. Immunol. 2016, 196, 1419-1429.
[CrossRef] [PubMed]

Evans, E.E.; Jonason, A.S,, Jr.; Bussler, H.; Torno, S.; Veeraraghavan, J.; Reilly, C.; Doherty, M.A; Seils, J.;
Winter, L.A.; Mallow, C.; et al. Antibody Blockade of Semaphorin 4D Promotes Immune Infiltration into
Tumor and Enhances Response to Other Immunomodulatory Therapies. Cancer Immunol. Res. 2015, 3,
689-701. [CrossRef] [PubMed]

Eissler, N.; Rolny, C. The role of immune semaphorins in cancer progression. Exp. Cell Res. 2013, 319,
1635-1643. [CrossRef]

Nasarre, P.; Gemmill, R.M.; Drabkin, H.A. The emerging role of class-3 semaphorins and their neuropilin
receptors in oncology. Oncol. Targets Ther. 2014, 7, 1663-1687.

Jiang, H.; Qi, L.; Wang, E; Sun, Z.; Huang, Z.; Xi, Q. Decreased semaphorin 3A expression is associated
with a poor prognosis in patients with epithelial ovarian carcinoma. Int. J. Mol. Med. 2015, 35, 1374-1380.
[CrossRef] [PubMed]

Hu, Z.Q.; Zhou, S.L.; Zhou, Z.].; Luo, C.B.; Chen, E.B.; Zhan, H.; Wang, P.C.; Dai, Z.; Zhou, |.; Fan, J.; et al.
Overexpression of semaphorin 3A promotes tumor progression and predicts poor prognosis in hepatocellular
carcinoma after curative resection. Oncotarget 2016, 7, 51733-51746. [CrossRef]

Wallerius, M.; Wallmann, T.; Bartish, M.; Ostling, J.; Mezheyeuski, A.; Tobin, N.P.; Nygren, E.; Pangigadde, P;
Pellegrini, P.; Squadrito, M.L.; et al. Guidance Molecule SEMAB3A Restricts Tumor Growth by Differentially
Regulating the Proliferation of Tumor-Associated Macrophages. Cancer Res. 2016, 76, 3166-3178. [CrossRef]
[PubMed]

Casazza, A.; Laoui, D.; Wenes, M.; Rizzolio, S.; Bassani, N.; Mambretti, M.; Deschoemaeker, S.; van
Ginderachter, J.A.; Tamagnone, L.; Mazzone, M. Impeding macrophage entry into hypoxic tumor areas by
Sema3A /Nrpl signaling blockade inhibits angiogenesis and restores antitumor immunity. Cancer Cell 2013,
24, 695-709. [CrossRef]

Guo, H.E,; Vander Kooi, C.W. Neuropilin Functions as an Essential Cell Surface Receptor. J. Biol. Chem. 2015,
290, 29120-29126. [CrossRef] [PubMed]

Rizzolio, S.; Tamagnone, L. Neuropilins as Signaling Hubs, Controlling Tyrosine Kinases and Other Cell
Surface Receptors. In The Neuropilins: Role and Function in Health and Disease; Neufeld, G., Kessler, O., Eds.;
Springer Nature Series; Springer: Gewerbestrasse, Switzerland, 2017. [CrossRef]

Gioelli, N.; Maione, E; Camillo, C.; Ghitti, M.; Valdembri, D.; Morello, N.; Darche, M.; Zentilin, L.;
Cagnoni, G.; Qiu, Y.; et al. A rationally designed NRP1-independent superagonist SEMA3A mutant is
an effective anticancer agent. Sci. Transl. Med. 2018, 10. [CrossRef] [PubMed]

Lepelletier, Y.; Moura, I.C.; Hadj-Slimane, R.; Renand, A.; Fiorentino, S.; Baude, C.; Shirvan, A ; Barzilai, A.;
Hermine, O. Immunosuppressive role of semaphorin-3A on T cell proliferation is mediated by inhibition of
actin cytoskeleton reorganization. Eur. J. Immunol. 2006, 36, 1782-1793. [CrossRef] [PubMed]

Podojil, ].R.; Chiang, M.Y; Ifergan, I.; Copeland, R.; Liu, L.N.; Maloveste, S.; Langermann, S.; Liebenson, D.;
Balabanov, R.; Chi, H.; et al. B7-H4 Modulates Regulatory CD4(+) T Cell Induction and Function via Ligation
of a Semaphorin 3a/Plexin A4/Neuropilin-1 Complex. J. Immunol. 2018, 201, 897-907. [CrossRef]

Wen, H,; Lei, Y.; Eun, S.Y.; Ting, ].P. Plexin-A4-semaphorin 3A signaling is required for Toll-like receptor-
and sepsis-induced cytokine storm. J. Exp. Med. 2010, 207, 2943-2957. [CrossRef]

Ito, D.; Kumanogoh, A. The role of Sema4A in angiogenesis, immune responses, carcinogenesis, and retinal
systems. Cell Adhes. Migr. 2016, 10, 692-699. [CrossRef]


http://dx.doi.org/10.4049/jimmunol.169.3.1175
http://dx.doi.org/10.1007/s10456-012-9268-y
http://www.ncbi.nlm.nih.gov/pubmed/22476930
http://dx.doi.org/10.1084/jem.20072602
http://www.ncbi.nlm.nih.gov/pubmed/18559453
http://dx.doi.org/10.4049/jimmunol.1501293
http://www.ncbi.nlm.nih.gov/pubmed/26740106
http://dx.doi.org/10.1158/2326-6066.CIR-14-0171
http://www.ncbi.nlm.nih.gov/pubmed/25614511
http://dx.doi.org/10.1016/j.yexcr.2013.04.016
http://dx.doi.org/10.3892/ijmm.2015.2142
http://www.ncbi.nlm.nih.gov/pubmed/25812535
http://dx.doi.org/10.18632/oncotarget.10104
http://dx.doi.org/10.1158/0008-5472.CAN-15-2596
http://www.ncbi.nlm.nih.gov/pubmed/27197153
http://dx.doi.org/10.1016/j.ccr.2013.11.007
http://dx.doi.org/10.1074/jbc.R115.687327
http://www.ncbi.nlm.nih.gov/pubmed/26451046
http://dx.doi.org/10.1007/978-3-319-48824-0
http://dx.doi.org/10.1126/scitranslmed.aah4807
http://www.ncbi.nlm.nih.gov/pubmed/29794061
http://dx.doi.org/10.1002/eji.200535601
http://www.ncbi.nlm.nih.gov/pubmed/16791896
http://dx.doi.org/10.4049/jimmunol.1700811
http://dx.doi.org/10.1084/jem.20101138
http://dx.doi.org/10.1080/19336918.2016.1215785

Int. ]. Mol. Sci. 2019, 20, 377 80of9

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Kumanogoh, A.; Marukawa, S.; Suzuki, K.; Takegahara, N.; Watanabe, C.; Ch'ng, E.; Ishida, I.; Fujimura, H.;
Sakoda, S.; Yoshida, K.; et al. Class IV semaphorin Sema4A enhances T-cell activation and interacts with
Tim-2. Nature 2002, 419, 629-633. [CrossRef]

Ito, D.; Nojima, S.; Nishide, M.; Okuno, T.; Takamatsu, H.; Kang, S.; Kimura, T.; Yoshida, Y.; Morimoto, K;
Maeda, Y.; et al. mTOR Complex Signaling through the SEMA4A-Plexin B2 Axis Is Required for Optimal
Activation and Differentiation of CD8+ T Cells. J. Immunol. 2015, 195, 934-943. [CrossRef]

Lu, N.; Li, Y,; Zhang, Z.; Xing, J.; Sun, Y; Yao, S.; Chen, L. Human Semaphorin-4A drives Th2 responses by
binding to receptor ILT-4. Nat. Commun. 2018, 9, 742. [CrossRef]

Delgoffe, G.M.; Woo, S.R.; Turnis, M.E.; Gravano, D.M.; Guy, C.; Overacre, A.E.; Bettini, M.L.; Vogel, P.;
Finkelstein, D.; Bonnevier, J.; et al. Stability and function of regulatory T cells is maintained by a
neuropilin-1-semaphorin-4a axis. Nature 2013, 501, 252-256. [CrossRef]

Sun, T.; Yang, L.; Kaur, H.; Pestel, J.; Looso, M.; Nolte, H.; Krasel, C.; Heil, D.; Krishnan, R.K.; Santoni, M.J.;
et al. A reverse signaling pathway downstream of Sema4A controls cell migration via Scrib. J. Cell Biol. 2017,
216, 199-215. [CrossRef] [PubMed]

Meda, C.; Molla, F; De, PM.; Regano, D.; Maione, F,; Capano, S.; Locati, M.; Mantovani, A.; Latini, R.;
Bussolino, F,; et al. Semaphorin 4A Exerts a Proangiogenic Effect by Enhancing Vascular Endothelial Growth
Factor-A Expression in Macrophages. J. Immunol. 2012, 188, 4081-4092. [CrossRef] [PubMed]

Casazza, A.; Finisguerra, V.; Capparuccia, L.; Camperi, A.; Swiercz, ].M.; Rizzolio, S.; Rolny, C,;
Christensen, C.; Bertotti, A.; Sarotto, I.; et al. Sema3E-Plexin D1 signaling drives human cancer cell
invasiveness and metastatic spreading in mice. J. Clin. Investig. 2010, 120, 2684-2698. [CrossRef] [PubMed]
Tseng, C.H.; Murray, K.D.; Jou, M.E,; Hsu, S.M.; Cheng, H.].; Huang, P.H. Sema3E/plexin-D1 mediated
epithelial-to-mesenchymal transition in ovarian endometrioid cancer. PLoS ONE 2011, 6, €19396. [CrossRef]
[PubMed]

Luchino, J.; Hocine, M.; Amoureux, M.C.; Gibert, B.; Bernet, A.; Royet, A.; Treilleux, I.; Lécine, P,; Borg, ].P;
Mehlen, P; et al. Semaphorin 3E suppresses tumor cell death triggered by the plexin D1 dependence receptor
in metastatic breast cancers. Cancer Cell 2013, 24, 673-685. [CrossRef] [PubMed]

Tamagnone, L.; Mazzone, M. Semaphorin signals on the road of endothelial tip cells. Dev. Cell 2011, 21,
189-190. [CrossRef]

Casazza, A.; Kigel, B.; Maione, F.; Capparuccia, L.; Kessler, O.; Giraudo, E.; Mazzone, M.; Neufeld, G.;
Tamagnone, L. Tumour growth inhibition and anti-metastatic activity of a mutated furin-resistant
Semaphorin 3E isoform. EMBO Mol. Med. 2012, 4, 234-250. [CrossRef]

Shimizu, I; Yoshida, Y., Moriya, J.; Nojima, A.; Uemura, A.; Kobayashi, Y.; Minamino, T.
Semaphorin3E-induced inflammation contributes to insulin resistance in dietary obesity. Cell Metab. 2013,
18, 491-504. [CrossRef]

Wanschel, A.; Seibert, T.; Hewing, B.; Ramkhelawon, B.; Ray, T.D.; van Gils, ].M.; Rayner, K.J.; Feig, ].E.;
O’Brien, E.R,; Fisher, E.A; et al. Neuroimmune guidance cue Semaphorin 3E is expressed in atherosclerotic
plaques and regulates macrophage retention. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 886-893. [CrossRef]
Alamri, A.; Rahman, R.; Zhang, M.; Gounni, A.S.; Kung, S.K.P. Semaphorin-3E Produced by Immature
Dendritic Cells Regulates Activated Natural Killer Cells Migration. Front. Immunol. 2018, 9, 1005. [CrossRef]
Choi, Y.I; Duke-Cohan, ].S.; Ahmed, W.B.; Handley, M.A.; Mann, E; Epstein, J.A.; Clayton, L.K.; Reinherz, E.L.
PlexinD1 glycoprotein controls migration of positively selected thymocytes into the medulla. Immunity 2008,
29, 888-898. [CrossRef] [PubMed]

Ueda, Y.; Kondo, N.; Ozawa, M.; Yasuda, K.; Tomiyama, T.; Kinashi, T. Sema3e/Plexin D1 Modulates
Immunological Synapse and Migration of Thymocytes by Rap1 Inhibition. J. Immunol. 2016, 196, 3019-3031.
[CrossRef] [PubMed]

Zhao, X.Y.; Chen, L.; Xu, Q.; Li, Y.H. Expression of semaphorin 6D in gastric carcinoma and its significance.
World J. Gastroenterol. 2006, 12, 7388-7390. [CrossRef] [PubMed]

Lu, Y,; Xu, Q.; Chen, L.; Zuo, Y,; Liu, S.; Hu, Y;; Li, X,; Li, Y.; Zhao, X. Expression of semaphorin 6D and its
receptor plexin-Al in gastric cancer and their association with tumor angiogenesis. Oncol. Lett. 2016, 12,
3967-3974. [CrossRef]

Takegahara, N.; Takamatsu, H.; Toyofuku, T.; Tsujimura, T.; Okuno, T.; Yukawa, K.; Mizui, M.; Yamamoto, M.;
Prasad, D.V,; Suzuki, K,; et al. Plexin-A1 and its interaction with DAP12 in immune responses and bone
homeostasis. Nat. Cell Biol. 2006, 8, 615-622. [CrossRef]


http://dx.doi.org/10.1038/nature01037
http://dx.doi.org/10.4049/jimmunol.1403038
http://dx.doi.org/10.1038/s41467-018-03128-9
http://dx.doi.org/10.1038/nature12428
http://dx.doi.org/10.1083/jcb.201602002
http://www.ncbi.nlm.nih.gov/pubmed/28007914
http://dx.doi.org/10.4049/jimmunol.1101435
http://www.ncbi.nlm.nih.gov/pubmed/22442441
http://dx.doi.org/10.1172/JCI42118
http://www.ncbi.nlm.nih.gov/pubmed/20664171
http://dx.doi.org/10.1371/journal.pone.0019396
http://www.ncbi.nlm.nih.gov/pubmed/21559368
http://dx.doi.org/10.1016/j.ccr.2013.09.010
http://www.ncbi.nlm.nih.gov/pubmed/24139859
http://dx.doi.org/10.1016/j.devcel.2011.07.017
http://dx.doi.org/10.1002/emmm.201100205
http://dx.doi.org/10.1016/j.cmet.2013.09.001
http://dx.doi.org/10.1161/ATVBAHA.112.300941
http://dx.doi.org/10.3389/fimmu.2018.01005
http://dx.doi.org/10.1016/j.immuni.2008.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19027330
http://dx.doi.org/10.4049/jimmunol.1502121
http://www.ncbi.nlm.nih.gov/pubmed/26921307
http://dx.doi.org/10.3748/wjg.v12.i45.7388
http://www.ncbi.nlm.nih.gov/pubmed/17143962
http://dx.doi.org/10.3892/ol.2016.5208
http://dx.doi.org/10.1038/ncb1416

Int. ]. Mol. Sci. 2019, 20, 377 90f9

57.

58.

59.

60.

61.

62.

O’Connor, B.P; Eun, S.Y.; Ye, Z.; Zozulya, A.L; Lich, ].D.; Moore, C.B.; Iocca, H.A.; Roney, K.E.; Holl, EK.;
Wu, Q.P; et al. Semaphorin 6D regulates the late phase of CD4+ T cell primary immune responses. Proc. Natl.
Acad. Sci. USA 2008, 105, 13015-13020. [CrossRef]

Kang, S.; Nakanishi, Y.; Kioi, Y.; Okuzaki, D.; Kimura, T.; Takamatsu, H.; Koyama, S.; Nojima, S.;
Nishide, M.; Hayama, Y.; et al. Semaphorin 6D reverse signaling controls macrophage lipid metabolism and
anti-inflammatory polarization. Nat. Immunol. 2018, 19, 561-570. [CrossRef] [PubMed]

Zhou, Y,; Gunput, R.A.; Pasterkamp, R.J. Semaphorin signaling: Progress made and promises ahead.
Trends Biochem. Sci. 2008, 33, 161-170. [CrossRef] [PubMed]

Black, S.A.; Nelson, A.C.; Gurule, N.J.; Futscher, B.W.; Lyons, T.R. Semaphorin 7a exerts pleiotropic effects to
promote breast tumor progression. Oncogene 2016, 35, 5170-5178. [CrossRef]

Suzuki, K.; Okuno, T.; Yamamoto, M.; Pasterkamp, R.J.; Takegahara, N.; Takamatsu, H.; Kitao, T.; Takagi, J.;
Rennert, P.D.; Kolodkin, A.L.; et al. Semaphorin 7A initiates T-cell-mediated inflammatory responses through
alphalbetal integrin. Nature 2007, 446, 680—-684. [CrossRef]

Garcia-Areas, R.; Libreros, S; Amat, S.; Keating, P; Carrio, R.; Robinson, P; Blieden, C,;
Iragavarapu-Charyulu, V. Semaphorin7A promotes tumor growth and exerts a pro-angiogenic effect in
macrophages of mammary tumor-bearing mice. Front. Physiol. 2014, 5, 17. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1073/pnas.0803386105
http://dx.doi.org/10.1038/s41590-018-0108-0
http://www.ncbi.nlm.nih.gov/pubmed/29777213
http://dx.doi.org/10.1016/j.tibs.2008.01.006
http://www.ncbi.nlm.nih.gov/pubmed/18374575
http://dx.doi.org/10.1038/onc.2016.49
http://dx.doi.org/10.1038/nature05652
http://dx.doi.org/10.3389/fphys.2014.00017
http://www.ncbi.nlm.nih.gov/pubmed/24550834
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Cancer-Associated Immune Response and Semaphorin Signals 
	Semaphorin 4D 
	Semaphorin 3A 
	Semaphorin 4A 
	Semaphorin 3E 
	Semaphorin 6D 
	Semaphorin 7A 
	Overall Conclusion and Future Directions 
	References

