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CD100 or Sema4D is a protein from the semaphorin family with important roles in the vascular, nervous and immune systems. It may be found as a membrane bound dimer or as a soluble molecule originated by proteolytic cleavage. Produced by the majority of hematopoietic cells including B and T lymphocytes, natural killer and myeloid cells, as well as endothelial cells, CD100 exerts its actions by binding to different receptors depending on the cell type and on the organism. Cell-to-cell adhesion, angiogenesis, phagocytosis, T cell priming, and antibody production are examples of the many functions of this molecule. Of note, high CD100 serum levels has been found in inflammatory as well as in infectious diseases, but the roles of the protein in the pathogenesis of these diseases has still to be clarified. Macrophages are highly heterogeneous cells present in almost all tissues, which may change their functions in response to microenvironmental conditions. They are key players in the innate and adaptive immune responses and have decisive roles in sterile conditions but also in several diseases such as atherosclerosis, autoimmunity, tumorigenesis, and antitumor responses, among others. Although it is known that macrophages express CD100 and its receptors, few studies have focused on the role of this semaphorin in this cell type or in macrophage-associated diseases. The aim of this review is to critically revise the available data about CD100 and atherosclerosis, with special emphasis on its roles in macrophages and monocytes. We will also describe the few available data on treatments with anti-CD100 antibodies in different diseases. We hope that this review stimulates future studies on the effects of such an important molecule in a cell type with decisive roles in inflammatory diseases such as atherosclerosis.
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ATHEROSCLEROSIS AND SEMAPHORINS

Atherosclerosis is one of the most prevalent diseases in the world and the main cause of myocardial infarction and stroke (1). It is a multistage chronic vascular inflammatory disease that develops at the inner curvatures and branch points of medium and large arteries, usually associated with a disturbed blood flow (2). Progressive accumulation of low density lipoprotein (LDL), fibrosis, and inflammation within the subendothelial space give rise to fatty streaks or fatty plaques, which results in the thickening of the intima layer of the arteries. Vascular inflammation is triggered by a collection of infiltrating inflammatory cells such as monocytes, macrophages, T lymphocytes and dendritic cells, in addition to vascular smooth muscle cells (VSMCs), extracellular matrix (ECM) proteins, lipids, and calcium deposits (3). The persistence of inflammatory myeloid-derived cells, especially macrophages, is common in atherosclerotic plaques (4). These cells are involved in lesion progression and plaque instability through the secretion of extracellular-degrading proteases and cytotoxic factors (4).

One of the first steps in atherogenesis is endothelial cell (EC) dysfunction and activation, which is initiated by oxidized low density lipoprotein (oxLDL), proinflammatory cytokines, oxidative stress, hypertension, hyperglycemia, aging, and shear stress (5, 6). This condition is also marked by an imbalance between vasorelaxation induced by nitric oxide and prostacyclin and vasoconstriction induced by endogenous agents such as endothelin-1 (5). Alterations of EC permeability, transport, and transcytosis lead to LDL accumulation in the intima layer, which becomes trapped to ECM proteins (7). There is also an increase in the production of reactive oxygen species (ROS), which further oxidize LDL to ox-LDL (5). All these factors lead to an increase in the expression of EC adhesion molecules such as vascular cell adhesion molecule-1, intercellular adhesion molecule 1, and selectins, which interact with monocyte and T lymphocyte surface molecules, inducing their arrest and transmigration into the arterial wall (5, 6). Monocytes are so important that for many years, the development and progression of atherosclerotic plaques have been viewed as a classical monocyte driven process (8, 9). Indeed, monocytes differentiate into macrophages and foam cells, which are the most abundant cell types in established lesions, although T cells dominate in early stages (10). Cholesterol activates the inflammasome in macrophages, leading to the secretion of active IL-1β and IL-18, which induce the release of ROS and matrix degrading enzymes, and the activation of T cells (7). Besides, activated macrophages produce ROS and are capable of up taking vast amounts of oxLDLs, originating foam cells (11). Pro-inflammatory macrophages and foam cell death within the fatty streak propagate inflammation and may induce angiogenesis, perpetuating plaque development (12).

The progression of fatty streaks to fibrous atherosclerotic plaques depends on the proliferation of VSMCs, which accumulate in the intima and produce ECM. On the other hand, vascular inflammation causes degradation of this ECM, reducing fibrous cap formation, and generating less fibrous plaques (5). The subsequent activation of the coagulation cascade causes intravascular thrombus formation and may lead to acute clinical events such as stroke (5). Besides the molecules traditionally described as implicated in atherogenesis and lesion progression, an increasing number of studies have shown the roles of microRNAs (miRNAs) in processes that are decisive in atherosclerotic lesion formation [reviewed in (13)]. In fact, miRNAs regulate pathophysiological processes and signaling pathways in endothelial cells (ECs), VSMCs, and macrophages, and affect lipid homeostasis. These miRNAs are induced in response to biomechanical or biochemical stimuli. More recently, long non-coding RNAs have also been implicated in several pro-atherosclerotic processes (13).

Semaphorins are among the molecules that can either favor or inhibit cell recruitment to atherosclerotic plaques. The semaphorin family includes more than 20 highly conserved proteins which may be secreted, transmembrane, or glycosylphosphatidylinositol-linked, all of which have a homologous extracellular Sema domain with 500 amino acids (14). They have been identified in species from invertebrates to humans and virus (14) and are grouped into eight subclasses (15). Semaphorins were first described in the nervous system, and they play important roles in processes such as migration, proliferation and cellular aggregation, cytoskeletal rearrangement, neuronal development and synaptic transmission, angiogenesis and cardiovascular development, and immune responses (14–18). Signal transduction occurs through binding to receptors such as neuropilin 1, plexins (plexins from classes A and B, plexin C1, and plexin D1), CD72, Tim-2, integrins, TREM2, and DAP12 (15, 19).

Several semaphorins are known to be involved in cardiovascular diseases, mainly Sema 3A, 3E, 4D, 5A, and 7A. The tissues and cells in which these five semaphorins have already been detected are summarized in Figure 1A, and the several functions reported for each of them are shown in Figure 1B.
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FIGURE 1. Expression and function of semaphorins 3A, 3E, 4D, 5A, and 7A, which are important in cardiovascular diseases. Expression of these semaphorins in different tissues and cells (A) and their functions in different biological processes (B). Sites and funtions exclusive for one semaphorin are shown in rectangles of the corresponding color, sites and functions shared by two or more semaphorins are depicted in white rectangles. Adapted from Yazdani and Terman (14).



These five semaphorins have been implicated in different processes associated with atherosclerosis and ischemia (20). Sema 3A is expressed by endothelial cells and inhibits monocyte migration. Pro-atherogenic conditions such as oscillatory blood flow and pro-inflammatory cytokines reduce Sema3A expression and increase adhesion of monocytes to endothelia (21). Similarly, Sema3E binding to plexin D1 reduces macrophage migration. This semaphorin is highly expressed in inflammatory M1 macrophages, and is downregulated in M2 macrophages, the subtype that predominates in regressing plaques (22). Sema3E also inhibits smooth muscle cell migration and proliferation, decreasing neointimal hyperplasia in animal model of atherosclerosis (23). Different from Sema3A and 3E, Sema7A favors atherosclerotic plaque development by increasing endothelial dysfunction in a β1 integrin-dependent manner (24). In fact, vessels under oscillatory disturbed shear stress show higher Sema7A levels, while Sema7A knockout (ko) mice have attenuated plaque formation (24).

Although Sema4D (also called CD100) is expressed in platelets, monocytes, macrophages and T cells, cell types that are pivotal in atherosclerosis, only a few studies have explored the roles of this semaphorin in the disease. The focus of this review is to critically compile the available data on the role of this molecule in atherosclerotic plaque development and progression.

MAIN ROLES OF CD100 IN DIFFERENT CELL TYPES

Semaphorin 4D, Sema4D, or CD100 (in this review referred to as CD100) belongs to semaphorin class 4 and is one of the so called “immune semaphorins” (25). It is known to be involved in the pathogenesis of several diseases such as atherosclerosis and multiple sclerosis (26), rheumatoid arthritis (27), encephalomyelitis (28), multiple myeloma (29), ANCA-associated vasculitis (30), systemic lupus erythematosus (31), and many other tumors (26). The inflammatory and pro-angiogenic components common to most of these diseases points to the important role of the molecule in the immune system and in the function of endothelial cells. Indeed, CD100 is expressed by most cells of the hematopoietic system, including lymphoid cells such as B and T lymphocytes and natural killer cells, as well as myeloid cells (neutrophils, platelets, and monocytes) and endothelial cells, and its expression usually increases upon activation (32, 33). T cells exhibit high levels of CD100 (34, 35), probably followed by neutrophils (30), platelets (36), and monocytes (37, 38).

In addition to being expressed in the membrane, CD100 is also found in a soluble form (sCD100), generated from membrane CD100 (mCD100) by proteolytic cleavage (39, 40) in an activation-dependent manner (41). Activated T and B cells are known to shed sCD100, and mice immunized with T-cell–dependent antigens or MRL/lpr mice with autoimune disease have increased sCD100 serum levels (31). Platelets also shed sCD100 as thrombus formation progresses (36), and macrophages cleave the membrane-bound molecule upon STING (“stimulator of interferon genes”) activation with agonists (42).

Both membrane and soluble CD100 have functional properties. mCD100 is involved in the interaction between different cell types. It mediates platelet-platelet and platelet EC contact, favoring thrombus formation (36); it also increases monocyte-endothelial cell interaction (both of which express CD100 and its receptors). Other examples include mCD100 participation in DC-T cell interaction increasing activation, proliferation and differentiation of T cells (31, 41, 43), as well as inducing DC maturation (31). Macrophages are also recruited to renal glomeruli in experimental glomerulonephritis based on mCD100-plexin B1 interactions. Curiously, binding of neutrophils' CD100 to endothelial cells leads to a decrease in activation of the first cells and reduced net formation (30).

The roles of sCD100 were also analyzed in several systems. The soluble molecule shed by macrophages promotes tumor angiogenesis (44), and sCD100 released by platelets in thrombus may interact with endothelial cells, monocytes and other platelets (36). In the immune system, sCD100 increases proliferation, differentiation, and IgG1 production by stimulated mouse B cells (45, 46). In monocytes and DCs, it increases IL-10 secretion and reduces IL-6, IL-8, and TNF-α (47). Besides, it inhibits migration of human B cells (48), monocytes, and immature DCs (47). We have recently shown that sCD100 affects oxLDL phagocytosis by human macrophages (32) and Leishmania internalization by mouse macrophages (49).

RECEPTORS FOR CD100: PLEXINS AND CD72

Both membrane bound CD100 dimer and sCD100 interact with specific receptors, resulting in distinct biologic activities. CD100 receptors are heterogeneously expressed depending on the cell type and organism. In humans, plexin B1 is expressed in a broad range of non-immune cells, and functions as the high affinity receptor for CD100 (50), having decisive roles in angiogenesis and in vascular diseases (32, 36, 44, 51). In the immune system plexin B1 is expressed only in follicular dendritic cells, bone marrow stromal cells and (at lower levels) in activated T cells, but not in monocytes, macrophages, other dendritic cells and quiescent T and B lymphocytes (52, 53). In mice, plexin B2 has been described in germinal center B cells (54), in epithelial γδ T cells (55) and in macrophages, conventional and plasmacytoid dendritic cells (56). In humans, plexin B2 cDNA has been found in myeloid cells (56). More recently, plexin B2 has also been identified as a putative CD100 receptor in human monocytes, macrophages and foam cells (32). CD72 is considered the major receptor for CD100 in immune cells (41), and was shown to mediate CD100 effects in murine macrophages (57), in bronchial epithelial cells, B cells, dendritic cells, fibroblasts, mast cells, and basophils (41, 52, 58, 59). Good reviews have compiled information on the structure of CD100 and its receptors plexin B1 and CD72 (30, 41, 43, 60, 61). For detailed structures, please refer to Kumanogoh and Kikutani (60).

CD100 IN ATHEROSCLEROSIS

The importance of CD100 in atherogenesis can be evidenced by the presence of both CD100 and its receptors in cell types which have been demonstrated to play crucial roles in the establishment of atherosclerotic lesions. As other semaphorins, CD100 also mediates cell-to-cell communication and adhesion in different contexts, such as in platelet-platelet interaction and in platelet and monocyte adhesion to endothelial cells, all of which will be detailed later. CD100 also affects cell activation and cytokine production, which may influence polarization of macrophages and lymphocytes.

CD100 roles in atherosclerosis were evaluated both in LDL−/− and apolipoprotein E deficient (ApoE−/−) mice models, as well as in an injury model of thrombus formation. CD100 was shown to be involved in platelet-endothelial cell interaction, an important step in thrombus formation (36, 62). Platelets were shown to express CD100 and both CD72 and plexin B1, and cell surface levels of CD100 and CD72 increase during platelet activation (36). The absence of CD100 impaired platelet responses in vitro and in vivo, indicating that CD100 is involved in platelet hyperactivity. Moreover, mice lacking CD100 showed delayed and smaller arterial occlusion after vascular injury in vivo (36). In the dyslipidemic LDL receptor negative (LDLR−/−) mice model, platelet accumulation and thrombus formation were significantly reduced in CD100−/− LDLR−/− mice, resulting in less arterial occlusion when compared to LDLR−/− mice (62). Besides, the absence of CD100 in these mice reduced lipid deposition and lesion size and decreased the frequency of arterial occlusion after feeding on a high fat diet (62). Further characterization of the double CD100−/− ApoE−/− mice model also evidenced the importance of CD100 in atherogenesis (63). The lack of CD100 in ApoE-deficient mice was found to slow the progression of atherosclerosis, resulting in decreased lipid staining, macrophage infiltration and intimal neovascularization in the aortic plaques (63). Together, these results suggest that CD100 acts as an enhancer of pathologic platelet activation and atherogenesis.

Our group demonstrated CD100 expression in human atheromas, more specifically in plaque macrophages and foam cells (38). In vitro cultured monocytes (34) and differentiated macrophages and foam cells were shown to express CD100 (38). Furthermore, sCD100 reduced oxLDL incorporation by macrophages by decreasing CD36 expression, pointing to a specific anti-atherogenic effect of the molecule (32).

The coupling of CD100 in endothelial cells to its receptor plexin B2 expressed in human monocytes, macrophages, and foam cells was also suggested as an important step for adhesion between monocytes and endothelial cells (32). In fact, we have shown that blocking of plexin B1 and B2 reduced monocyte binding to activated endothelial cells in vitro. This work proposed CD100 as a part of the wide range of adhesion molecules that promote cell-to-cell contact in monocyte-endothelial cell interaction, mediating the arrest, and migration of blood monocytes into the subendothelial space, showing another important role for CD100 in atherogenesis (32). Accordingly, it has recently been shown that macrophages display preferential adhering and spreading to a CD100-rich surface compared to a heparin coated surface (64).

On the other hand, sCD100 that is shed from activated macrophages in the tumor microenvironment induces angiogenesis (44). Although to this date the effect of sCD100 shed by macrophages in neoangiogenesis inside atherosclerotic plaques has not been addressed, we believe this may be another important outcome of this molecule in plaque development. This hypothesis is strengthened by the fact that, as already mentioned, the double KO mice for CD100 and ApoE presented less neovascularization in aortic plaques, what can be also true in human disease (63). Two independent studies of human cardiovascular diseases have described increased levels of sCD100 in the serum of patients with heart failure compared with healthy controls (65, 66), especially in those with diabetes (66). Soluble CD100 levels showed significant correlation with the levels of creatinine and brain natriuretic peptide, and rapidly decreased after clinical improvement (65). These patients also exhibited a larger population of CD100high T cells, suggesting that these cells may be involved in heart failure (66). Elevated serum levels of sCD100 were also described in patients with atrial fibrillation, the most common type of arrhythmia (67). These conditions are associated with inflammation and predispose to coagulation and thrombus formation, both of which are known to be influenced by CD100 (67).

Another effect, probably equally important, is that sCD100 may eventually alter macrophage differentiation and phenotype. As previously mentioned, human monocytes stimulated with sCD100 secrete higher levels of IL-10 and lower amounts of the proinflammatory cytokines IL-6, IL-8, and TNF-α (47). Accordingly, correlations were described between CD100 expression and M2 macrophage abundance in human ovary epithelial tumors and in the patients' ascites (68). Besides, the same study showed that monocytes stimulated with sCD100 expressed higher levels of CD163, suggesting a polarization toward the M2-like phenotype (68). Both M1 and M2 macrophage populations increase during atherogenesis, and the balance between them is dynamic over time. In fact, M1 macrophages predominate in situations of plaque progression while M2 are increased during the regression phase (69). Accordingly, M1 cells predominate in rupture-prone shoulder regions of human plaques, whereas M2 are more abundant in the adventitia and in stable areas of the plaques (69). The role of M2 macrophages in the resolution of inflammation in regressing plaques is probably due to the secretion of IL-10. Besides, these cells secrete collagen and are capable of efferocytosis, promoting remodeling of the area and clearance of apoptotic cells (69). It is still unknown whether sCD100 induces IL-10 secretion and reduces proinflammatory cytokine production by plaque macrophages, as previously shown for human blood monocytes (47). If so, CD100 would probably increase M2 cells and decrease M1. Since inflammatory monocytes and M1 macrophages show proatherogenic effector activities (12), it is possible that the reduction of these cells might diminish plaque formation.

Altogether, the studies mentioned in this review provide mechanistic links between CD100 and atherosclerosis development. Table 1 and Figure 2 summarize the potential effects described for CD100 in atherosclerosis. Proatherogenic roles of CD100 include monocyte and platelet recruitment to endothelial cells and induction of angiogenesis, while atheroprotective roles include reduction of oxLDL capture by macrophages and polarization of monocytes and macrophages to less inflammatory phenotypes. The complexity of atherogenesis and the contribution of different cell types to lesion progression may determine the balance of CD100 effects in each phase of the process and in patients individually.


Table 1. Effects of mCD100 and sCD100 in processes that may influence atherogenesis.
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FIGURE 2. CD100 is involved in many important steps of atherogenesis. CD100 binding to plexin B2 at the cell surface monocytes and to plexin B1 on endothelial cells (ECs) promotes cell adhesion (A) and may facilitate monocyte transmigration. Platelets express CD100 and receptors CD72 and plexin B1, which are directly involved in platelet binding to ECs (B) and in platelet aggregation (C) and thrombus formation. sCD100 induces angiogenesis by binding to plexin B1 in ECs (B). However, CD100 also presents atheroprotective roles, such as the reduction of oxLDL capture by macrophages through downregulation of scavenger receptor CD36 (D). References as cited in Table 1.



THERAPEUTIC STRATEGIES USING ANTI-CD100: POTENTIAL APPLICATIONS IN ATHEROSCLEROSIS?

CD100 has been recently evaluated as a target for therapeutics of inflammatory diseases and cancer. In a rheumatic arthritis mouse model (collagen-induced arthritis), disease scores were significantly lower in anti-CD100 treated mice (27). Indeed, treated mice showed reduction in inflammatory infiltration into the synovium, erosion of cartilage and bone, as well as lower TNF-α and IL-6 serum levels. Besides, these mice had less angiogenesis at sites of inflammation (27), in agreement with CD100 pro-angiogenic role. A beneficial role for anti-CD100 treatment was also reported in a mouse model of colon cancer (70). While untreated mice displayed intense CD100 expression at the invasive margins of growing tumors, tumors of anti-CD100 treated mice did not show this CD100 gradient and had intense recruitment of activated monocytes and lymphocytes (especially of CD8+ T cells) into the tumor. Treated mice developed smaller tumors and had higher survival rates, especially when anti-CD100 was associated to other immodumodulatory therapies (70).

A humanized IgG4 anti-CD100 antibody (named VX15/2503) was recently developed using a hybridoma that recognizes the murine, primate, and human CD100 molecules (71). Phase I clinical trial employed this humanized antibody in 42 patients with advanced solid tumors (72). The treatment was well-tolerated, and 19% of the patients exhibited stable disease for at least 4 months (72). More recently, the same antibody was employed in a randomized, double-blind study involving patients with multiple sclerosis (73). The treatment was again well-tolerated, few patients reported treatment–related adverse events and all of them completed the study (73).

The positive results obtained with CD100 neutralization in the inflammatory mouse arthritis model, as well as the tolerability of the humanized anti-CD100 antibody suggest that anti-CD100 treatment could be explored as a therapeutic strategy for inflammatory diseases in which CD100 plays an important role, such as atherosclerosis.

AUTHOR CONTRIBUTIONS

The structure of this review was designed by BS and modified by ML, JC-P, and MG. The text was writen mainly by BS, ML and JC-P.

FUNDING

This work was supported by FAPESP-Fundação de Amparo à Pesquisa do Estado de São Paulo (Grant No. 2011/12634-9) to BS.

ACKNOWLEDGMENTS

We would like to thank Georgia Porto for help with Figure 2.

REFERENCES

 1. Grau AJ, Weimar C, Buggle F, Heinrich A, Goertler M, Neumaier S, et al. Risk factors, outcome, and treatment in subtypes of ischemic stroke: the German stroke data bank. Stroke (2001) 32:2559–66. doi: 10.1161/hs1101.098524

 2. Hahn C, Schwartz MA. Mechanotransduction in vascular physiology and atherogenesis. Nat Rev Mol Cell Biol. (2009) 10:53–62. doi: 10.1038/nrm2596

 3. Libby P, Ridker PM, Hansson GK. Progress and challenges in translating the biology of atherosclerosis. Nature (2011) 473:317–25. doi: 10.1038/nature10146

 4. Ley K, Miller YI, Hedrick CC. Monocyte and macrophage dynamics during atherogenesis. Arterioscler Thromb Vasc Biol. (2011) 31:1506–16. doi: 10.1161/ATVBAHA.110.221127

 5. Golia E, Limongelli G, Natale F, Fimiani F, Maddaloni V, Pariggiano I, et al. Inflammation and cardiovascular disease: from pathogenesis to therapeutic target. Curr Atheroscler Rep. (2014) 16:435. doi: 10.1007/s11883-014-0435-z

 6. Hansson GK, Hermansson A. The immune system in atherosclerosis. Nat Immunol. (2011) 12:204–12. doi: 10.1038/ni.2001

 7. Raggi P, Genest J, Giles JT, Rayner KJ, Dwivedi G, Beanlands RS, et al. Role of inflammation in the pathogenesis of atherosclerosis and therapeutic interventions. Atherosclerosis (2018) 276:98–108. doi: 10.1016/j.atherosclerosis.2018.07.014

 8. Gerrity RG. The role of the monocyte in atherogenesis: I. Transition of blood-borne monocytes into foam cells in fatty lesions. Am J Pathol. (1981) 103:181–90.

 9. Woollard KJ, Geissmann F. Monocytes in atherosclerosis: subsets and functions. Nat Rev Cardiol. (2010) 7:77–86. doi: 10.1038/nrcardio.2009.228

 10. Goikuria H, Vandenbroeck K, Alloza I. Inflammation in human carotid atheroma plaques. Cytokine Growth Factor Rev. (2018) 39:62–70. doi: 10.1016/j.cytogfr.2018.01.006

 11. Weber C, Noels H. Atherosclerosis: current pathogenesis and therapeutic options. Nat Med. (2011) 17:1410–22. doi: 10.1038/nm.2538

 12. Soehnlein O, Weber C. Myeloid cells in atherosclerosis: initiators and decision shapers. Semin Immunopathol. (2009) 31:35–47. doi: 10.1007/s00281–009-0141-z

 13. Donaldson CJ, Lao KH, Zeng L. The salient role of microRNAs in atherogenesis. J Mol Cell Cardiol. (2018) 122:98–113. doi: 10.1016/j.yjmcc.2018.08.004

 14. Yazdani U, Terman JR. The semaphorins. Genome Biol. (2006) 7:211. doi: 10.1186/gb-2006-7-3-211

 15. Nishide M, Kumanogoh A. The role of semaphorins in immune responses and autoimmune rheumatic diseases. Nat Rev Rheumatol. (2018) 14:19–31. doi: 10.1038/nrrheum.2017.201

 16. Takamatsu H, Okuno T, Kumanogoh A. Regulation of immune cell responses by semaphorins and their receptors. Cell Mol Immunol. (2010) 7:83–8. doi: 10.1038/cmi.2009.111

 17. Sakurai A, Doci CL, Gutkind JS. Semaphorin signaling in angiogenesis, lymphangiogenesis and cancer. Cell Res. (2012) 22:23–32. doi: 10.1038/cr.2011.198

 18. Neufeld G, Mumblat Y, Smolkin T, Toledano S, Nir-Zvi I, Ziv K, et al. The role of the semaphorins in cancer. Cell Adh Migr. (2016) 10:652–74. doi: 10.1080/19336918.2016.1197478

 19. Zhou Y, Gunput RA, Pasterkamp RJ. Semaphorin signaling: progress made and promises ahead. Trends Biochem Sci. (2008) 33:161–70. doi: 10.1016/j.tibs.2008.01.006

 20. Cora D, Astanina E, Giraudo E, Bussolino F. Semaphorins in cardiovascular medicine. Trends Mol Med. (2014) 20:589–98. doi: 10.1016/j.molmed.2014.07.005

 21. van Gils JM, Ramkhelawon B, Fernandes L, Stewart MC, Guo L, Seibert T, et al. Endothelial expression of guidance cues in vessel wall homeostasis dysregulation under proatherosclerotic conditions. Arterioscler Thromb Vasc Biol. (2013) 33:911–9. doi: 10.1161/ATVBAHA.112.301155

 22. Wanschel A, Seibert T, Hewing B, Ramkhelawon B, Ray TD, van Gils JM, et al. Neuroimmune guidance cue Semaphorin 3E is expressed in atherosclerotic plaques and regulates macrophage retention. Arterioscler Thromb Vasc Biol. (2013) 33:886–93. doi: 10.1161/ATVBAHA.112.300941

 23. Wu JH, Li Y, Zhou YF, Haslam J, Elvis ON, Mao L, et al. Semaphorin-3E attenuates neointimal formation via suppressing VSMCs migration and proliferation. Cardiovasc Res. (2017) 113:1763–75. doi: 10.1093/cvr/cvx190

 24. Hu S, Liu Y, You T, Heath J, Xu L, Zheng X, et al. Vascular Semaphorin 7A upregulation by disturbed flow promotes atherosclerosis through endothelial beta1 integrin. Arterioscler Thromb Vasc Biol. (2018) 38:335–43. doi: 10.1161/ATVBAHA.117.310491

 25. Maleki KT, Cornillet M, Bjorkstrom NK. Soluble SEMA4D/CD100: A novel immunoregulator in infectious and inflammatory diseases. Clin Immunol. (2016) 163:52–9. doi: 10.1016/j.clim.2015.12.012

 26. Chapoval SP, Vadasz Z, Chapoval AI, Toubi E. Semaphorins 4A and 4D in chronic inflammatory diseases. Inflammation Res. (2017) 66:111–7. doi: 10.1007/s00011-016-0983-5

 27. Yoshida Y, Ogata A, Kang S, Ebina K, Shi K, Nojima S, et al. Semaphorin 4D contributes to rheumatoid arthritis by inducing inflammatory cytokine production: pathogenic and therapeutic implications. Arthritis Rheumatol. (2015) 67:1481–90. doi: 10.1002/art.39086

 28. Okuno T, Nakatsuji Y, Moriya M, Takamatsu H, Nojima S, Takegahara N, et al. Roles of Sema4D-plexin-B1 interactions in the central nervous system for pathogenesis of experimental autoimmune encephalomyelitis. J Immunol. (2010) 184:1499–506. doi: 10.4049/jimmunol.0903302

 29. Terpos E, Ntanasis-Stathopoulos I, Christoulas D, Bagratuni T, Bakogeorgos M, Gavriatopoulou M, et al. Semaphorin 4D correlates with increased bone resorption, hypercalcemia, and disease stage in newly diagnosed patients with multiple myeloma. Blood Cancer J. (2018) 8:42. doi: 10.1038/s41408-018-0075-6

 30. Nishide M, Nojima S, Ito D, Takamatsu H, Koyama S, Kang S, et al. Semaphorin 4D inhibits neutrophil activation and is involved in the pathogenesis of neutrophil-mediated autoimmune vasculitis. Ann Rheum Dis. (2017) 76:1440–8. doi: 10.1136/annrheumdis-2016-210706

 31. Wang X, Kumanogoh A, Watanabe C, Shi W, Yoshida K, Kikutani H. Functional soluble CD100/Sema4D released from activated lymphocytes: possible role in normal and pathologic immune responses. Blood (2001) 97:3498–504. doi: 10.1182/blood.V97.11.3498

 32. Luque MC, Gutierrez PS, Debbas V, Kalil J, Stolf BS. CD100 and plexins B2 and B1 mediate monocyte-endothelial cell adhesion and might take part in atherogenesis. Mol Immunol. (2015) 67(2 Pt B):559–67. doi: 10.1016/j.molimm.2015.07.028

 33. Elhabazi A, Delaire S, Bensussan A, Boumsell L, Bismuth G. Biological activity of soluble CD100. I. The extracellular region of CD100 is released from the surface of T lymphocytes by regulated proteolysis. J Immunol. (2001) 166:4341–7. doi: 10.4049/jimmunol.166.7.4341

 34. Hu Y, Hu X, Boumsell L, Ivashkiv LB. IFN-gamma and STAT1 arrest monocyte migration and modulate RAC/CDC42 pathways. J Immunol. (2008) 180:8057–65. doi: 10.4049/jimmunol.180.12.8057

 35. Li M, O'Sullivan KM, Jones LK, Lo C, Semple T, Kumanogoh A, et al. Endogenous CD100 promotes glomerular injury and macrophage recruitment in experimental crescentic glomerulonephritis. Immunology (2009) 128:114–22. doi: 10.1111/j.1365-2567.2009.03098.x

 36. Zhu L, Bergmeier W, Wu J, Jiang H, Stalker TJ, Cieslak M, et al. Regulated surface expression and shedding support a dual role for semaphorin 4D in platelet responses to vascular injury. Proc Natl Acad Sci USA. (2007) 104:1621–6. doi: 10.1073/pnas.0606344104

 37. Bougeret C, Mansur IG, Dastot H, Schmid M, Mahouy G, Bensussan A, et al. Increased surface expression of a newly identified 150-kDa dimer early after human T lymphocyte activation. J Immunol. (1992) 148:318–23.

 38. Luque MC, Gutierrez PS, Debbas V, Martins WK, Puech-Leao P, Porto G, et al. Phage display identification of CD100 in human atherosclerotic plaque macrophages and foam cells. PLoS ONE (2013) 8:e75772. doi: 10.1371/journal.pone.0075772

 39. Basile JR, Holmbeck K, Bugge TH, Gutkind JS. MT1-MMP controls tumor-induced angiogenesis through the release of semaphorin 4D. J Biol Chem. (2007) 282:6899–905. doi: 10.1074/jbc.M609570200

 40. Elhabazi A, Marie-Cardine A, Chabbert-de Ponnat I, Bensussan A, Boumsell L. Structure and function of the immune semaphorin CD100/SEMA4D. Crit Rev Immunol. (2003) 23:65–81. doi: 10.1615/CritRevImmunol.v23.i12.40

 41. Kikutani H, Kumanogoh A. Semaphorins in interactions between T cells and antigen-presenting cells. Nat Rev Immunol. (2003) 3:159–67. doi: 10.1038/nri1003

 42. Motani K, Kosako H. Activation of stimulator of interferon genes (STING) induces ADAM17-mediated shedding of the immune semaphorin SEMA4D. J Biol Chem. (2018) 293:7717–26. doi: 10.1074/jbc.RA118.002175

 43. Mizui M, Kumanogoh A, Kikutani H. Immune semaphorins: novel features of neural guidance molecules. J Clin Immunol. (2009) 29:1–11. doi: 10.1007/s10875-008-9263-7

 44. Sierra JR, Corso S, Caione L, Cepero V, Conrotto P, Cignetti A, et al. Tumor angiogenesis and progression are enhanced by Sema4D produced by tumor-associated macrophages. J Exp Med. (2008) 205:1673–85. doi: 10.1084/jem.20072602

 45. Kumanogoh A, Watanabe C, Lee I, Wang X, Shi W, Araki H, 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) 13:621–31. doi: 10.1016/S1074-7613(00)00062-5

 46. Shi W, Kumanogoh A, Watanabe C, Uchida J, Wang X, Yasui T, et al. The class IV semaphorin CD100 plays nonredundant roles in the immune system: defective B and T cell activation in CD100-deficient mice. Immunity (2000) 13:633–42. doi: 10.1016/S1074-7613(00)00063-7

 47. Chabbert-de Ponnat I, Marie-Cardine A, Pasterkamp RJ, Schiavon V, Tamagnone L, Thomasset N, et al. Soluble CD100 functions on human monocytes and immature dendritic cells require plexin C1 and plexin B1, respectively. Int Immunol. (2005) 17:439–47. doi: 10.1093/intimm/dxh224

 48. Delaire S, Billard C, Tordjman R, Chedotal A, Elhabazi A, Bensussan A, et al. Biological activity of soluble CD100. II. Soluble CD100, similarly to H-SemaIII, inhibits immune cell migration. J Immunol. (2001) 166:4348–54. doi: 10.4049/jimmunol.166.7.4348

 49. Galuppo MK, de Rezende E, Forti FL, Cortez M, Cruz MC, Teixeira AA, et al. CD100/Sema4D increases macrophage infection by Leishmania (Leishmania) amazonensis in a CD72 dependent manner. Front Microbiol. (2018) 9:1177. doi: 10.3389/fmicb.2018.01177

 50. Tamagnone L, Artigiani S, Chen H, He Z, Ming GI, Song H, et al. Plexins are a large family of receptors for transmembrane, secreted, and GPI-anchored semaphorins in vertebrates. Cell (1999) 99:71–80. doi: 10.1016/S0092-8674(00)80063-X

 51. Basile JR, Barac A, Zhu T, Guan KL, Gutkind JS. Class IV semaphorins promote angiogenesis by stimulating Rho-initiated pathways through plexin-B. Cancer Res. (2004) 64:5212–24. doi: 10.1158/0008-5472.CAN-04-0126

 52. Ishida I, Kumanogoh A, Suzuki K, Akahani S, Noda K, Kikutani H. Involvement of CD100, a lymphocyte semaphorin, in the activation of the human immune system via CD72: implications for the regulation of immune and inflammatory responses. Int Immunol. (2003) 15:1027–34. doi: 10.1093/intimm/dxg098

 53. Granziero L, Circosta P, Scielzo C, Frisaldi E, Stella S, Geuna M, et al. CD100/Plexin-B1 interactions sustain proliferation and survival of normal and leukemic CD5+ B lymphocytes. Blood (2003) 101:1962–9. doi: 10.1182/blood-2002-05-1339

 54. Yu D, Cook MC, Shin DM, Silva DG, Marshall J, Toellner KM, et al. Axon growth and guidance genes identify T-dependent germinal centre B cells. Immunol Cell Biol. (2008) 86:3–14. doi: 10.1038/sj.icb.7100123

 55. Witherden DA, Watanabe M, Garijo O, Rieder SE, Sarkisyan G, Cronin SJ, et al. The CD100 receptor interacts with its plexin B2 ligand to regulate epidermal gammadelta T cell function. Immunity (2012) 37:314–25. doi: 10.1016/j.immuni.2012.05.026

 56. Roney KE, O'Connor BP, Wen H, Holl EK, Guthrie EH, Davis BK, et al. Plexin-B2 negatively regulates macrophage motility, Rac, and Cdc42 activation. PLoS ONE (2011) 6:e24795. doi: 10.1371/journal.pone.0024795

 57. Velasquez LG, Galuppo MK, E DER, Brandao WN, Peron JP, Uliana SR, et al. Distinct courses of infection with Leishmania (L.) amazonensis are observed in BALB/c, BALB/c nude and C57BL/6 mice. Parasitology (2016) 143:692–703. doi: 10.1017/S003118201600024X

 58. Smith EP, Shanks K, Lipsky MM, DeTolla LJ, Keegan AD, Chapoval SP. Expression of neuroimmune semaphorins 4A and 4D and their receptors in the lung is enhanced by allergen and vascular endothelial growth factor. BMC Immunol. (2011) 12:30. doi: 10.1186/1471-2172-12-30

 59. Kataoka TR, Kumanogoh A, Bandara G, Metcalfe DD, Gilfillan AM. CD72 negatively regulates KIT-mediated responses in human mast cells. J Immunol. (2010) 184:2468–75. doi: 10.4049/jimmunol.0902450

 60. Kumanogoh A, Kikutani H. The CD100-CD72 interaction: a novel mechanism of immune regulation. Trends Immunol. (2001) 22:670–6. doi: 10.1016/S1471-4906(01)02087-7

 61. Nkyimbeng-Takwi E, Chapoval SP. Biology and function of neuroimmune semaphorins 4A and 4D. Immunol Res. (2011) 50:10–21. doi: 10.1007/s12026-010-8201-y

 62. Zhu L, Stalker TJ, Fong KP, Jiang H, Tran A, Crichton I, et al. Disruption of SEMA4D ameliorates platelet hypersensitivity in dyslipidemia and confers protection against the development of atherosclerosis. Arterioscler Thromb Vasc Biol. (2009) 29:1039–45. doi: 10.1161/ATVBAHA.109.185405

 63. Yukawa K, Tanaka T, Kishino M, Yoshida K, Takeuchi N, Ito T, et al. Deletion of Sema4D gene reduces intimal neovascularization and plaque growth in apolipoprotein E-deficient mice. Int J Mol Med. (2010) 26:39–44. doi: 10.3892/ijmm_00000432

 64. Cui Y, Zhou F, Bai H, Wei L, Tan J, Zeng Z, et al. Real-time QCM-D monitoring of endothelial cells and macrophages adhering and spreading to SEMA4D/heparin surfaces. Colloids and surfaces B. Biointerfaces (2018) 171:522–9. doi: 10.1016/j.colsurfb.2018.07.062

 65. Willner N, Goldberg Y, Schiff E, Vadasz Z. Semaphorin 4D levels in heart failure patients: a potential novel biomarker of acute heart failure? ESC Heart Failure (2018) 5:603–9. doi: 10.1002/ehf2.12275

 66. Lu Q, Dong N, Wang Q, Yi W, Wang Y, Zhang S, et al. Increased levels of plasma soluble Sema4D in patients with heart failure. PLoS ONE (2013) 8:e64265. doi: 10.1371/journal.pone.0064265

 67. Xiang L, You T, Chen J, Xu W, Jiao Y. Serum soluble semaphorin 4D is associated with left atrial diameter in patients with atrial fibrillation. Med. Sci. Monitor (2015) 21:2912–7. doi: 10.12659/MSM.895441

 68. Chen Y, Zhang L, Lv R, Zhang WQ. Overexpression of Semaphorin4D indicates poor prognosis and prompts monocyte differentiation toward M2 macrophages in epithelial ovarian cancer. Asian Pac J Cancer Prevent. (2013) 14:5883–90. doi: 10.7314/APJCP.2013.14.10.5883

 69. Peled M, Fisher EA. Dynamic aspects of macrophage polarization during atherosclerosis progression and regression. Front Immunol. (2014) 5:579. doi: 10.3389/fimmu.2014.00579

 70. Evans EE, Jonason AS Jr, Bussler H, Torno S, Veeraraghavan J, Reilly 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. doi: 10.1158/2326-6066.CIR-14-0171

 71. Fisher TL, Reilly CA, Winter LA, Pandina T, Jonason A, Scrivens M, et al. Generation and preclinical characterization of an antibody specific for SEMA4D. mAbs (2016) 8:150–62. doi: 10.1080/19420862.2015.1102813

 72. Patnaik A, Weiss GJ, Leonard JE, Rasco DW, Sachdev JC, Fisher TL, et al. Safety, pharmacokinetics, and pharmacodynamics of a humanized anti-semaphorin 4D antibody, in a first-in-human study of patients with advanced solid tumors. Clin Cancer Res. (2016) 22:827–36. doi: 10.1158/1078-0432.CCR-15-0431

 73. LaGanke C, Samkoff L, Edwards K, Jung Henson L, Repovic P, Lynch S, et al. Safety/tolerability of the anti-semaphorin 4D antibody VX15/2503 in a randomized phase 1 trial. Neurol. Neuroimmunol. Neuroinflammation (2017) 4:e367. doi: 10.1212/NXI.0000000000000367

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Luque, Galuppo, Capelli-Peixoto and Stolf. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fcvm-05-00136-t001.jpg
Cells D100

involved receptor
ECand Plexin B1 and
monocyte  plexin B2
Platelet- Plexin B1 and
plateletand  CD72
platelet- EC

Endothelial  Plexin B1
cells

Macrophage  Plexin B2

Effect

Increase in
adhesion

Thrombus
formation

Angiogenesis

Decrease in
oxLDL
internalization

Pro or References
antiatherogenic

Proatherogenic  (32)

Proatherogenic (36, 62)

Proatherogenic (51, 63)

Anti- (38)
atherogenic

The table includes both mouse and human receptors for CD100 in each cell type.





OPS/images/fcvm-05-00136-g001.gif





OPS/images/fcvm-05-00136-g002.gif





OPS/images/cover.jpg
’ frontiers
in Cardiovascular Medicine

CD100 Effects in Macrophages
and Its Roles in Atherosclerosis









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Cardiovascular Medicine





