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Abstract

:

The signaling lymphocytic activation molecule (SLAM) receptor family (SLAMF) consists of nine glycoproteins that belong to the CD2 superfamily of immunoglobulin (Ig) domain-containing molecules. SLAMF receptors modulate the differentiation and activation of a wide range of immune cells. Individual SLAMF receptors are expressed on the surface of hematopoietic stem cells, hematopoietic progenitor cells, B cells, T cells, NK cells, NKT cells, monocytes, macrophages, dendritic cells, neutrophils, and platelets. The expression of SLAMF receptors was studied during normal B cell maturation. Several SLAMF receptors were also detected in cancer cell lines of B-lymphoid origin and in pathological B cells from patients with B cell chronic lymphoproliferative disorders (B-CLPD), the most frequent hematological malignancies in adults. This review summarizes current knowledge on the expression of SLAMF receptors and their adaptor proteins SAP and EAT-2 in B-CLPD. Several SLAMF receptors could be regarded as potential diagnostic and differential diagnostic markers, prognostic factors, and targets for the development of novel drugs for patients with B-CLPD.
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1. Introduction


The SLAM family receptors belong to the CD2 superfamily of immunoglobulin (Ig) domain-containing molecules and are known to be widely expressed by hematopoietic cells. The SLAM family includes nine receptors: SLAMF1 (CD150, SLAM, or IPO-3), SLAMF2 (CD48, BCM1, Blast-1, or HuLy-m3), SLAMF3 (CD229 or Ly-9), SLAMF4 (CD244, 2B4, or NAIL), SLAMF5 (CD84, Ly9b, or GR6), SLAMF6 (CD352, Ly108, NTB-A, SF2000, or TCOM), SLAMF7 (CD319, CS1, CRACC, or 19A24), SLAMF8 (CD353, BLAME, or SBBI42), and SLAMF9 (CD84-H1, SF2001, or CD2F10) [1]. SLAMF2/CD48, SLAMF8/CD353, and SLAMF9/CD84-H1 can be designated as atypical SLAMF receptors due to differences in their cytoplasmic domains in comparison with the other SLAMF receptors.



The SLAMF receptors are type I glycoproteins. The extracellular ectodomain of all SLAMF receptors except SLAMF3/CD229 typically consists of two Ig-like domains: one amino terminal variable (V)-like lacking disulfide bonds followed by a truncated Ig constant 2 (C2)-like domain with two intradomain disulfide bonds (Figure 1) [2]. However, SLAMF3/CD229 possesses four Ig-like domains (two tandem repeats of V-Ig/C2-Ig sets) [3,4,5]. The intracellular tails of the typical SLAMF receptors contain multiple immunoreceptor tyrosine-based switch motifs (ITSMs) with a characteristic homology sequence TxYxxV/I/L/T (where x is any amino acid) across ITSMs [6,7]. These ITSMs bind SLAM-associated protein (SAP) and Ewing’s sarcoma transcript-2 (EAT-2) [8]. As for the atypical SLAMF receptors, SLAMF2/CD48 is embedded in the cell membrane by means of a glycosylphosphatidylinositol (GPI) anchor, and as a result, it has no cytoplasmic domain and no ITSMs [9,10]. SLAMF8/CD353 and SLAMF9/CD84-H1 have only a short cytoplasmic domain and lack ITSMs [11,12].



The majority of SLAMF receptors act as self-ligands that bind via their Ig V-like domains. In contrast, SLAMF2/CD48 binds to SLAMF4/CD244 and vice versa. SLAMF8 and SLAMF9 have no known ligands [1,13,14,15,16,17]. Upon activation of SLAMF receptors, ITSMs can bind SAP, EAT-2, or SH2 domain-containing phosphatases such as protein tyrosine phosphatases SHP-1 and SHP-2, or inositol phosphatase SHIP-1 [18,19]. SAP and the phosphatases compete for the same binding sites [5,20]. The type of cell, the type of SLAMF receptor, and the predominating ITSM-binding ligand will determine which signaling pathways will be activated or inhibited and what will be the resulting biological effect.



Most hematopoietic cells express between 3 and 5 individual SLAMF receptors [21]. The expression of SLAMF receptors by normal B cells has been comprehensively characterized by several research groups [22,23,24,25,26]. Individual SLAMF receptors display different expression patterns during B cell maturation. In general, immature B cells express low levels of SLAMF receptors and their expression gradually increases toward more mature stages, achieving its peak in plasmablasts and plasma cells (e.g., SLAMF1/CD150, SLAMF3/CD229, or SLAMF7/CD319). The expression of SLAMF2/CD48 is highest in peripheral blood B cells and unswitched memory B cells, while the lowest levels are observed in germinal center B cells and plasma cells. The expression of SLAMF5/CD84 is relatively low and stable throughout maturation while SLAMF6/CD352 expression greatly increases after mature B cells leave the bone marrow, and then it remains stably high. SLAMF4/CD244 was found to be completely absent in B cells [24].



There is only very limited data on the expression of SLAMF8/CD353 and SLAMF9/CD84-H1 in B cells. The expression of human SLAMF8/CD353 was detected by Northern blot analysis and TaqMan quantitative PCR in dendritic cells and activated monocytes but not in B cells [11]. By flow cytometry, SLAMF8/CD353 was found to be faintly expressed in B cells: only 6-21% of cells within different B cell subsets were weakly positive (in terms of their mean fluorescence intensity, MFI) [25]. Another flow cytometry study reported weak expression of SLAMF8/CD353 in a subset of mature B cells (20–40% positive cells) [27]. SLAMF9/CD84-H1 was found to be present in a fraction of peritoneal CD19+ CD11b+ B1 cells but absent in all peritoneal CD19+ CD11b− B2 cells by flow cytometry. In human PBMCs from healthy donors, a limited SLAMF9/CD84-H1 reactivity in some circulating B cells was observed [28]. As for SAP, its positive expression was detected by RT-PCR in normal B cells [29,30], by flow cytometry in peripheral blood mature B cells [31], in naïve and germinal center B cells in tonsils [32], and by immunohistochemistry in germinal centers and the interfollicular zone of reactive lymph nodes and tonsils [22]. On the other hand, ex vivo and activated B cells were SAP-negative by Western blotting [33]. While the data on SAP expression are not unambiguous, EAT-2 was found to be consistently expressed in B cells [7,31].



The aim of this paper is to provide an overview of the current knowledge on the expression of SLAMF receptors, SAP, and EAT-2 in B-CLPD. SLAMF receptors may be potentially useful as diagnostic or differentially diagnostic markers, prognostic markers, and targets for the development of new drugs for patients with B-CLPD.




2. SLAMF1/CD150 (SLAM, IPO-3)


SLAMF1/CD150 is one of the best-studied SLAMF receptors. Among different B-CLPD subtypes, the expression of SLAMF1/CD150 is the most comprehensively studied in CLL.



Yigit et al. (2016) analyzed the expression of most SLAMF receptors in CLL cells isolated from 57 patients. In the majority of cases, the expression of SLAMF1/CD150 was weak and it was present in less than 50% of cells [34].



In a cohort of 300 CLL patients, Bologna et al. (2016) observed that the expression of SLAMF1/CD150 (as analyzed by flow cytometry) was lost in a subset of patients with an aggressive CLL that was associated with a shorter time to first treatment and reduced overall survival. They showed that SLAMF1/CD150 ligation with an agonistic antibody induced autophagy in CLL cells. The molecular cascade connecting SLAMF1/CD150 to the activation of autophagy relies on the accumulation of ROS, the activation of the MAP kinases, and the phosphorylation of BCL2. This last step causes a dissociation between BCL2 and beclin1 and the consequent assembly of the autophagic macrocomplex, which contains SLAMF1 itself, beclin1, and VPS34. SLAMF1/CD150-silenced CLL-like Mec-1 cells or SLAMF1/CD150(lo) primary CLL cells were resistant to autophagy-activating therapeutic agents, such as fludarabine (a part of the FCR chemoimmunotherapy combination used for the treatment of CLL) and ABT-737, a BCL2 inhibitor. The results of Bologna et al. indicate that loss of SLAMF1/CD150 expression in CLL modulates genetic pathways that regulate autophagy and that could potentially negatively affect responses to drugs such as fludarabine or venetoclax, a BCL2 inhibitor recently approved for front-line therapy of CLL. These effects may underlie the unfavorable clinical outcomes experienced by SLAMF1/CD150(lo) patients [35].



Our group also reported the altered expression of SLAMF/CD150 receptors on pathological B cells in peripheral blood samples from 36 patients with CLL [36]. Pathological CLL B cells from patients with CLL showed significantly decreased expression of SLAMF1/CD150 in comparison with normal B cells from healthy control subjects or normal polyclonal B cells present in CLL patient samples [36].



In a series of 349 CLL patients, Rigolin et al. (2021) found that SLAMF1/CD150 downregulation was significantly associated with numerous adverse prognostic factors including highly complex karyotypes, advanced Binet clinical stage, CD38 positivity, high beta2-microglobulin levels, immunoglobulin heavy chain variable region gene (IGHV) unmutated status, 11q deletion, tumor protein p53 (TP53) disruption, and higher risk CLL-International Prognostic Index (CLL-IPI) categories. Downregulated SLAMF1/CD150 levels also had an independent negative prognostic impact on time-to-first treatment and overall survival [37].



The impact of SLAMF1/CD15 and SLAMF7/CD319 on the B cell receptor (BCR) signaling axis was studied by von Wenserski et al. (2021) [38]. They showed significantly decreased degranulation capacity of primary NK cells from CLL patients expressing low levels of SLAMF1/CD150 and SLAMF7/CD319. Overexpression of SLAMF1/CD150 or SLAMF7/CD319 in IGHV mutated CLL cell models resulted in reduced proliferation and impaired responses to BCR ligation, whereas the knockout of both receptors showed opposing effects and increased sensitivity toward inhibition of components of the BCR pathway. Consequently, high levels of SLAMF1/CD150 and SLAMF7/CD319 may lead to lesser therapeutic efficacy of the BCR pathway antagonists such as ibrutinib (or other Bruton kinase inhibitors) in CLL patients with mutated IGHV. The authors also showed that SLAMF1/CD150 and SLAMF7/CD319 receptors mediate their BCR pathway antagonistic effects via recruitment of prohibitin-2 (PHB2), thereby impairing its role in signal transduction downstream of the IGHV-mutant IgM-BCR [38].



Recently, Gordiienko et al. (2024) reported that the sSLAMF1/CD150 isoform was found in all studied plasma samples of CLL patients at different levels regardless of the cell surface SLAMF1/CD150 expression status of B cells and sSLAMF1/CD150 mRNA expression [39]. CLL cases with low levels of the cell surface SLAMF1/CD150 expression in B cells are characterized by high levels of sSLAMF1/CD150 in blood plasma in contrast to CLL cases with high cell surface SLAMF1/CD150 expression in B cells. The elevated levels of sCD150 in blood plasma are associated with a better sensitivity of malignant B cells to cyclophosphamide and bendamustine. The sCD150 isoform is actively secreted by CLL B cells with accumulation in blood plasma, which may be regarded as an additional factor in the CLL clinicopathologic variability [39].



As for other B-CLPD subtypes, Sidorenko et al. (1992), using the IPO-3 antibody, detected reactivity in a number of Burkitt lymphoma (BL) cell lines as well as in 2 out of 30 samples from CLL patients and 4 out of 7 samples from patients with hairy cell leukemia (HCL) [40]. A flow cytometry analysis of Shlapatska et al. (2001) revealed that all studied B lymphoblastoid cell lines (CESS, MP-1, T5-1, 6.16, and RPMI-1788) and cell lines from patients with XLP (IARC 739, XLP-D, XLP-8002, and XLP-8005), expressed high levels of SLAMF1/CD150. The Burkitt lymphoma cell lines Raji, Namalwa 12 (EBV+), and BJAB (EBV−) expressed SLAMF1/CD150 at a moderate level; all other B cell lines tested (REH, Ramos, B104, and RPMI-8226) were SLAMF1/CD150 negative [32]. Another flow cytometry study showed that SLAMF1/CD150 was partially positive in the Namalwa (40–60% cells positive), Raji (60–80%), and Ramos (20–40%) Burkitt lymphoma cell lines and negative only in Daudi (<20%) Burkitt lymphoma B cells [23,24]. Here, it should be noted that the expression of SLAMF1/CD150 in Burkitt lymphoma could depend on the presence of Epstein–Barr virus infection. Indeed, Takeda et al. (2014) observed SLAMF1/CD150 expression in BL-41, BJAB, and Mutu EBV-positive Burkitt lymphoma cells bearing type III latency but not in EBV-negative or type I latency BL41, Akata, BJAB, Daudi, or Mutu Burkitt lymphoma cells [41]. Also, Farage cells (an EBV-positive diffuse large B cell lymphoma (DLBCL) cell line) were found to express high levels of SLAMF1/CD150. High expression of SLAMF1/CD150 in Farage cells correlated with high expression of LMP1, an EBV latent gene. SLAMF1/CD150 (high) cells were found to be responsible for the poor response of Farage cells to CHOP combination chemotherapy [42]. Later, SLAMF1/CD150 was found to contribute to Farage cells’ survival through the Akt signaling pathway [43].



Mikhalap et al. (2004) studied the expression of SLAMF1/CD150 by immunohistochemistry in various types of chronic B cell lymphomas [22]. They found that SLAMF1/CD150 expression was positive in activated B cell DLBCL (ABC-DLBCL) (three out of three cases) but negative in germinal center DLBCL (GC-DLBCL) (nine out of nine). Two out of two cases of mantle cell lymphoma (MCL) displayed low levels of SLAMF1/CD150 expression. On the other hand, all analyzed cases of small lymphocytic lymphoma (SLL) (seven out of seven), lymphoplasmacytic lymphoma (LPL) (two out of two), and sporadic Burkitt lymphoma (three out of three) were SLAMF1/CD150-negative [22].



Fanoni et al. (2011) analyzed the expression of SLAMF1/CD150 by immunohistochemistry in 25 patients with primary cutaneous (PC) B cell lymphomas including 10 PC-follicular center lymphoma (PC-FCL), 10 PC-marginal zone lymphoma (PC-MZL), and 5 PC-DLBCL-LT (leg type) [44]. They found positive expression of SLAMF1/CD150 in PC-FCL while PC-MZL and PC-DLBCL-LT cases were negative.



The expression patterns of all SLAMF receptors, SAP, and EAT-2 are summarized in Table 1.




3. SLAMF2/CD48 (BCM1, Blast-1, HuLy-m3)


SLAMF2/CD48 was originally termed B-LAST 1 and found in B cells transformed with EBV virus and in neoplastic B cells in approximately 80% of chronic lymphocytic leukemia cases and 50% of poorly differentiated B cell lymphoma cases. It was also expressed in EBV-positive (e.g., Raji) but not EBV-negative (e.g., Ramos) Burkitt lymphoma cell lines [45]. In the study of de Salort et al. (2011), SLAMF2/CD48 was positive (80–100% positive cells) in Daudi, Namalwa, Raji, and Ramos Burkitt lymphoma B cell lines [24].



Fanoni et al. (2011) observed positive expression of SLAMF2/CD48 in PC-MZL and variable positivity in PC-DLBCL-LT while PC-FCL cases were negative by immunohistochemistry [44].



Wu et al. (2021) analyzed transcriptome data for DLBCL patients extracted from the GSE31312 and GSE10846 datasets in the Gene Expression Omnibus (GEO) database. They identified four immune-related genes (SLAMF2/CD48, IL1RL, PSDM3, and RXFP3) significantly associated with overall survival. They revealed that SLAMF2/CD48 was significantly upregulated in low-risk DLBCL patients whereas IL1RL, PSDM3, and RXFP3 were strongly elevated in high-risk DLBCL patients [46].



In CLL, SLAMF2/CD48 was found to be positive in practically 100% of CLL cells [34]. Coma et al. (2017) observed a downregulated expression of SLAMF2/CD48 in pathological CLL B cells when compared to normal B cells [36]. It is known that SLAMF2/CD48, when expressed by B cells, stimulates cytotoxic activity of NK cells and CD8+ T cells through an interaction with SLAMF4/CD244 [47]. Hence, the downregulation of CD48 may result in reduced NK and CD8+ T cell cytotoxicity and contribute to the compromised immunity observed in CLL patients. Mou et al. (2023) demonstrated that SLAMF2/CD48-expressing feeder cells can promote the proliferation of primary NK cells (which express SLAMF4/CD244) and reduce NK cell apoptosis by activating the p-ERK/BCL2 pathway both in vitro and in vivo without affecting the overall phenotype. Furthermore, NK cells expanded via the engagement of the SLAMF2/CD48-SLAMF4/CD244 axis showed stronger anti-tumor capability and infiltration ability into the tumor microenvironment, leading to an improvement in therapeutic efficiency [48].



In 1984, Greenaway et al. reported the results of a Phase I trial in which they evaluated the effects of WM63 and WM66 antibodies in seven patients with progressive CLL [49]. WM63 is a murine IgM anti-SLAMF2/CD48 antibody that is lytic with human complement. Four CLL patients received increasing daily doses of WM63 intravenously. All patients demonstrated a significant but transient reduction in the number of circulating leukocytes, and no overall effect on disease progression was observed. Three patients receiving large doses of WM63 demonstrated a decline in complement levels during treatment. Two patients developed dose-limiting side effects to WM63. No human anti-mouse antibody responses were documented [49].



Later, Sun et al. (2000) demonstrated that the i.v. injection of both chimeric cHuLym3 and mouse mHu-Lym3 anti-SLAMF2/CD48 antibodies produced significant antitumor responses in the human Raji cell severe combined immunodeficient mouse model [50]. cHuLym3 had more potent activity than mHuLym3 in ADCC assays in vitro, with human PBMCs as effectors. Up to 60% specific cell lysis was observed with cHuLym3 in ADCC assays. It was suggested that anti-SLAMF2/CD48 antibodies may be useful in the treatment of a number of diseases, including lymphoid leukemias and lymphomas [50].



A major concern regarding SLAMF2/CD48 as a therapeutic target is its broad expression by normal lymphocytes and monocytes, which may cause severe cytopenia and immunosuppression when anti-SLAMF2/CD48 mAb is used as a therapeutic drug. The potential hematological toxicity of anti-SLAMF2/CD48 mAb should therefore be very carefully tested at the pre-clinical stage [51].




4. SLAMF3/CD229 (Ly-9)


Using flow cytometry, de la Fuente et al. (2001) analyzed the expression of SLAMF3/CD229 in normal human leukocyte populations, hematopoietic cancer cell lines, and several samples from patients with B cell malignancies [52]. The Burkitt lymphoma B cell lines (Daudi and Raji) and the Epstein–Barr virus-transformed B cell lines (CESS and BEN) expressed the highest levels of SLAMF3/CD229, whereas the rest of the B cell lines expressed low levels. Among the BCLPD cases, SLAMF3/CD229 was positive in CLL (12 positive cases out of 15), MCL (5 out of 5), and HCL (1 out of 2) [52].



In the study of Bund et al. (2006), 18 out of 18 CLL patient samples were SLAMF3/CD229-positive by flow cytometry, with a median of 63% positive CLL B cells [53]. What is more, the authors demonstrated that SLAMF3/CD229 is naturally processed and presented as a tumor-associated antigen in primary CLL B cells (unstimulated or CD40L-stimulated). This enabled the expansion of functional IFN gamma-secreting autologous tumor-specific T cells. The authors suggested that SLAMF3/CD229 can be employed for the design of T cell-based immunotherapeutic strategies against CLL and other SLAMF3/CD229-expressing neoplasms [53].



Consistent with the initial observations of de la Fuente et al. (2001), Yigit et al. [34] and our group [36] also observed the positive expression of SLAMF3/CD229 on pathological CLL B cells. Our results showed that SLAMF3/CD229 is significantly upregulated in CLL in comparison with normal B cells [36]. Due to the strong expression of CD229 in CLL cells, anti-CD229 strategies may be proposed as potential treatments for CLL.



The prognostic impact of SLAMF3/CD229 in CLL was evaluated in a proteomic study by Saberi Hosnijeh et al. (2020) [54]. They analyzed the potential prognostic impact of 360 proteomic markers, including SLAMF3/CD229, on the clinical outcomes of 51 elderly patients and young frail patients with advanced CLL treated with front-line chemoimmunotherapy involving chlorambucil, rituximab, and lenalidomide. The proteomic analysis of pre-treatment serum samples revealed that patients with high levels of SLAMF3/CD229 (higher than the median) had a shorter event-free survival (EFS) than those with SLAMF3/CD229 levels below the median. SLAMF3/CD229 was identified as a promising independent prognostic proteomic marker in patients treated for CLL. However, the authors observed no significant effect of established prognostic factors (beta2-microglobulin, Rai stage, or chromosomal aberrations) on EFS, which was most likely due to the relatively small number of patients in this study [54].



SLAMF3/CD229 expression in BL cell lines was also analyzed by Romero et al. (2004) who found that SLAMF3/CD229 was positive in Daudi (75–100% positive cells) and partially positive in Namalwa (20–50%), Raji (50–75%), and Ramos (20–50%) cells [23]. Similar results were also reported by de Salort et al. (2011) who observed that SLAMF3/CD229 was positive in Daudi (80–100% positive cells) and partially positive in Namalwa (40–60%), Raji (60–80%), and Ramos (20–40%) cells [24].



In primary cutaneous B cell lymphomas, Fanoni et al. (2011) observed positive expression of SLAMF3/CD229 in all analyzed types of primary cutaneous B cell lymphomas, namely PC-FCL, PC-MZL, and PC-DLBCL-LT, by immunohistochemistry [44].



Using tumor tissue microarrays, Roncador et al. (2022) analyzed the expression of SLAMF3/CD229 in 205 patients with nine different subtypes of B-CLPD. SLAMF3/CD229 was expressed in 20% of BL cases, 52% non-GC-DLBCL, 60% FL, 66% GC-DLBCL, 70% CLL, 70% MCL, 82% nodal MZL, 86% mucosa-associated lymphoid tissue (MALT) lymphoma, and 87% splenic MZL. The expression of SLAMF3/CD229 was particularly strong in lymphomas of marginal zone origin [55].



Recently, Li et al. (2022) reported that SLAMF3 and SLAMF4 are immune checkpoints that constrain macrophage phagocytosis of hematopoietic tumors [56]. They found that SLAMF receptor deficiency triggered macrophage phagocytosis of hematopoietic cells. SLAMF3/CD229 and SLAMF4/CD244 were identified as “don’t eat me” receptors on macrophages. These receptors inhibited “eat me” signals. Their loss potently elicited macrophage rejection of hematopoietic tumors. Deletion of SLAMF receptors also significantly enhanced the phagocytosis of CD19-positive hematopoietic targets by macrophages expressing the chimeric CD19 antigen receptor. Therefore, SLAMF receptor-mediated inhibition of macrophage phagocytosis is critical to hematopoietic homeostasis, and SLAMF receptors may represent previously unknown targets for tumor immunotherapy [56].




5. SLAMF4/CD244 (2B4, NAIL)


SLAMF4/CD244 is not expressed by normal B cells. In an EBV-transformed B cell line, CESS, Romero et al. (2004) observed 20–50% SLAMF4/CD244-positive cells by flow cytometry. All analyzed Burkitt lymphoma cell lines (Raji, Daudi, Ramos, and Namalwa) were SLAMF4/CD244-negative [23]. Another flow cytometry study confirmed the absence of SLAMF4/CD244 in Daudi, Namalwa, Raji, and Ramos Burkitt lymphoma B cell lines [24].



According to our results, SLAMF4/CD244 was negative by flow cytometry in peripheral blood B cells from healthy control subjects, normal polyclonal B cells found in peripheral blood samples from CLL patients, and pathological CLL B cells from patients with CLL [36].




6. SLAMF5/CD84 (Ly9b, GR6)


Several groups analyzed the expression of SLAMF5/CD84 in CLL [34,36,57]. In the study of Binsky-Ehrenreich et al. (2014), low levels of SLAMF5/CD84 mRNA were detected in normal B cells, whereas elevated levels of SLAMF5/CD84 mRNA were observed in all of the CLL patients, regardless of the stage of disease. By flow cytometry, SLAMF5/CD84 cell surface levels were significantly higher in all CLL cells when compared with total or CD5+ normal B cells. Activation of cell surface SLAMF5/CD84 initiated a signaling cascade (involving EAT-2, Lck, Akt, Bcl-2, and Mcl-1) that enhanced CLL cell survival. Both downmodulation of CD84 expression and its immune-mediated blockade induced cell death in vitro and in vivo. The expression of SLAMF5/CD84 was found to be regulated by macrophage migration inhibitory factor (MIF) and its receptor, CD74. CLL patients from an ongoing clinical trial who were treated with humanized anti-CD74 (milatuzumab) showed a decrease in SLAMF5/CD84 mRNA and protein levels in milatuzumab-treated cells. This downregulation was correlated with a reduction in Bcl-2 and Mcl-1 expression [57]. These data show that overexpression of CD84 in CLL is an important survival mechanism that appears to be an early event in the pathogenesis of the disease.



Marom et al. (2016) studied the role of SLAMF5/CD84 in the tumor microenvironment. SLAMF5/CD84 receptors expressed by CLL cells interact with SLAMF5/CD84 expressed by cells in their microenvironment, inducing cell survival on both sides. Blocking SLAMF5/CD84 in vitro and in vivo disrupts the interaction of CLL cells with their microenvironment, resulting in induced cell death [58].



Later, Lewinsky et al. (2018) showed that cell–cell interactions mediated through human and mouse SLAMF5/CD84 upregulated PD-L1 expression in CLL cells and in their microenvironment and PD-1 expression in T cells. This resulted in the suppression of T cell responses and activity in vitro and in vivo. These results demonstrate a role for SLAMF5/CD84 in the regulation of immune checkpoints by CLL cells [59].



The upregulated expression of SLAMF5/CD84 by CLL B cells in comparison with normal B cells was also confirmed by the flow cytometric analysis of Coma et al. [36]. The above findings suggest novel therapeutic strategies for CLL based on the blockade of SLAMF5/CD84 receptors.



In Burkitt lymphoma cell lines, Romero et al. (2004) observed 75-100% SLAMF5/CD84-positivity in Raji, Daudi, Ramos, and Namalwa cells by flow cytometry. Similar results were reported by de Salort et al. (2011): SLAMF5/CD84 was positive (80–100% positive cells) in Namalwa, Raji, and Ramos, but only partially positive (40–60%) in Daudi Burkitt lymphoma cells [24].



Using single-cell RNA sequencing (scRNA-seq) and mass cytometry (CyTOF), Shi et al. (2022) identified a diagnostic biomarker panel comprising 12 biomarkers, including SLAMF5/CD84, that were overexpressed in 18 patients with relapsed/refractory DLBCL versus 5 healthy volunteers [60].




7. SLAMF6/CD352 (NTB-A, Ly108, SF2000, TCOM)


Korver et al. (2007) reported that SLAMF6/CD352 expression levels were found to be higher in B cells obtained from both CLL patients and normal volunteers compared with NK and T cells (as assessed by flow cytometry). No statistically significant difference was observed between normal B cells and CLL B cells [61]. In contrast, our group reported an increased expression of SLAMF6/CD352 in CLL B cells in comparison with normal B cells from healthy control subjects. The expression of SLAMF6/CD352 by CLL B cells was also upregulated in comparison with normal polyclonal B cells present in the samples from CLL patients [36]. Korver et al. also demonstrated that anti-SLAMF6/CD352 antibodies induce complement-dependent cytotoxicity (CDC) primarily in B cells isolated from CLL patients and B lymphoma cell lines. Furthermore, anti-SLAMF6/CD352 monoclonal antibodies demonstrated anti-tumor activity against CA46 human lymphoma xenografts in nude mice and against systemically disseminated Raji human lymphoma cells in severe combined immunodeficient mice [61]. These results validate SLAMF6/CD352 as a potential target for immunotherapy of B cell leukemias and lymphomas.



Later, Yigit et al. (2016) reported that upon transplantation of an aggressive murine B220+ CD5+ CLL cell clone, TCL1-192, into SCID mice, one injection of an anti-SLAMF6/CD352 monoclonal antibody abrogated tumor progression in the spleen, bone marrow, and blood, but not in the peritoneal cavity or omentum [34]. Similarly, the progression of a murine B cell lymphoma, LMP2A/λMyc, was also eliminated by an anti-SLAMF6/CD352 monoclonal antibody. Co-administering anti-SLAMF6/CD352 monoclonal antibody with the Bruton tyrosine kinase inhibitor, ibrutinib, synergized to efficiently eliminate the tumor cells in the spleen, bone marrow, liver, and the peritoneal cavity. Moreover, an anti-human SLAMF6/CD352 monoclonal antibody efficiently killed human CLL cells both in vitro (in combination with ibrutinib, it induced apoptosis in OSU-CLL cells) and in vivo (it reduced the growth of MEC-1 cells transplanted subcutaneously into [Rag x γc]−/− mice). The authors proposed that a combination of anti-SLAMF monoclonal antibody with ibrutinib should be considered a novel therapeutic approach for CLL and other B cell tumors [34].



Yigit et al. (2019) also assessed the role of SLAMF6/CD352 as an immune checkpoint regulator potentially capable of overcoming T-cell exhaustion in CLL [62]. Using mouse models, they observed that the transfer of SLAMF6/CD352+ Eμ-TCL1 CLL cells into SLAMF6/CD352−/− recipients, in contrast to wild-type (WT) recipients, significantly induced the expansion of a PD-1+ subpopulation among CD3+CD44+CD8+ T cells, which had impaired cytotoxic functions. Conversely, administering anti-SLAMF6/CD352 significantly reduced the leukemic burden in Eμ-TCL1 recipient WT mice concomitantly with a loss of PD-1+CD3+CD44+CD8+ T cells with significantly increased effector functions. Anti-SLAMF6/CD352 significantly reduced the leukemic burden in the peritoneal cavity, a niche where ADCC is impaired, possibly through activation of CD8+ T cells. In vitro exhausted CD8+ T cells showed increased degranulation when anti-human SLAMF6/CD352 was added to the culture. Taken together, anti-SLAMF6/CD352 both effectively corrected CD8+ T-cell dysfunction and had a direct effect on tumor progression. Targeting SLAMF6/CD352 can be suggested as a potential therapeutic strategy for CLL [62].



Korver et al. (2007) also analyzed the expression of SLAMF6/CD352 in various cell lines by Western blotting and found the highest level of SLAMF6/CD352 expression in B cell lines (CA46, Daudi, Raji, and Ramos). Lower levels were detected in Jurkat T cells, while SLAMF6/CD352 was not detected in myeloid-derived cells (THP-1, U939, and K562). By immunohistochemistry, SLAMF6/CD352 was detected in NHL samples: positive staining was observed in DLBCL, SLL, MCL, and FL samples [61]. The expression of SLAMF6/CD352 by Burkitt lymphoma cell lines was also confirmed by flow cytometry with SLAMF6/CD352 being positive on 80-100% of Daudi, Namalwa, Raji, and Ramos Burkitt lymphoma cells [24].




8. SLAMF7/CD319 (CS1, CRACC, 19A24)


Using RT-PCR, Lee et al. (2007) found that human B cells only expressed the long isoform of SLAMF7/CD319, CS1-L, which contains ITSMs in its cytoplasmic domain (the short isoform does not contain ITSMs). Its expression was upregulated upon B cell activation with various stimulators. Anti-SLAMF7/CD319 monoclonal antibody strongly enhanced the proliferation of both freshly isolated and activated B cells, especially when B cells were activated by anti-CD40 monoclonal antibodies and/or human recombinant IL-4. The effects of SLAMF7/CD319 on B cell proliferation were shown on both naive and memory B cells. SLAMF7/CD319 activation enhanced mRNA transcripts of flt3 ligand, lymphotoxin A, TNF, and IL-14. Neutralizing antibodies against lymphotoxin A, TNF-alpha, and/or flt3 ligand abolished the effect of SLAMF7/CD319 on B cell proliferation. These results suggest that activation of B cells, through surface SLAMF7/CD319, may be mediated through the secretion of autocrine cytokines and SLAM7/CD319 may play a role in the regulation of B lymphocyte proliferation during immune responses [63].



Among B-CLPD, the expression of SLAMF7/CD319 was observed in CLL, albeit weak [34,36]. By flow cytometry analysis, pathological CLL B cells showed a decreased expression of SLAMF7/CD319 in comparison with normal B cells from healthy control subjects as well as when compared with normal polyclonal B cells present in CLL patient samples [36].



SLAMF7/CD319, along with SLAMF1/CD150, was shown to affect the degranulation capacity of primary NK cells from CLL patients and have an antagonistic effect on the BCR pathway via recruitment of prohibitin-2 (PHB2) [38].



SLAMF7/CD319 was also found to be positive in Raji (80–100% positive cells) and partially positive in Daudi (40–60%), Namalwa (60–80%), and Ramos (60–80%) Burkitt lymphoma B cell lines [24].



The expression of SLAMF7/CD319 was also reported in plasmablastic lymphoma (PBL) [64]. Shi et al. (2018) used immunohistochemistry to analyze 20 PBL cases, including 11 PBL not otherwise specified (PBL NOS), 5 HIV+ PBL, 2 ALK+ large B cell lymphomas (LBCL), 1 primary effusion lymphoma, and 1 PBL with angioimmunoblastic T cell lymphoma (AITL). Overall, 85% cases were found to be positive for SLAMF7/CD319. Among PBL NOS and ALK+ LBCL, 82% and 50% of cases were SLAMF7/CD319-positive, respectively. All remaining PBL subtypes were also SLAMF/CD319-positive. The authors have also detected the expression of SLAMF7/CD319 in BC2, a PBL/PEL cell line, by flow cytometry and immunohistochemistry. The intensity of SLAMF7/CD319 expression in BC2 cells was comparable to that of OPM2 multiple myeloma cells. Elotuzumab, a therapeutic anti-SLAMF7/CD319 antibody, induced dose-dependent ADCC activity toward BC2 target cells, using PBMCs as effector cells. Elotuzumab also enhanced granzyme B release from PBMC effector cells against BC2 cells [64].



Panaampon et al. (2022) analyzed the expression of SLAMF7/CD319 by flow cytometry in a panel of primary effusion lymphoma cell lines (BCBL-1, BC-1, BC-2, BC-3, RM-P1, GTO, and TY-1), multiple myeloma cell lines (KMM-1, KMS-12-PE, RPMI-8226, U266, MM1.S, MM1.R, KMS-11, NCI-H929, JJN-3, and IM-9) and a mantle cell lymphoma (MCL) cell line (Z138) [65]. All seven PEL lines expressed consistently high levels of SLAMF7/CD319. Compared to PEL cell lines, the expression of SLAMF7/CD319 was weaker in MM cell lines and normal B cells from a healthy donor, while Z138 mantle lymphoma cells were found to be SLAMF7/CD319-negative. Furthermore, the authors showed that elotuzumab demonstrated potent ADCC against PEL using expanded NK cells as effector cells. In the process of ADCC, NK cells increased the surface expression of CD107a. Elotuzumab also enhanced the survival of PEL-bearing immunodeficient mice with the adoptive transfer of human NK cells [65].



Thus, SLAMF7/CD319 may be a useful marker for the diagnosis and characterization of PBL as well as a potential drug target in PBL. Elotuzumab could potentially be used for the treatment of SLAMF/CD319-positive chronic B cell lymphoproliferative disorders, including CLL and PBL/PEL.




9. SLAMF8/CD353 (BLAME, SBBI42)


Currently, very little data are available on the expression of SLAMF8/CD353 in B-CLPD. In two analyzed CLL cell lines, SLAMF8/CD353 was negative in MEC-1 cells, while its expression in OSU-CLL cells could be regarded as very weakly positive [34].




10. SLAMF9/CD84-H1 (SF2001, CD2F10)


The receptor SLAMF9/CD84-H1 was discovered by Zhang et al. (2001) and its expression (by Northern blot analysis) was restricted to hematopoietic tissues (spleen, lymph nodes, peripheral blood, and bone marrow). RT-PCR analysis showed the expression of SLAMF9/CD84-H1 in dendritic cells, monocytes, the THP-1 monocytic cell line, Jurkat, and HuT78 T-lymphoid cell lines as well as Raji and Ramos Burkitt lymphoma cell lines [66].




11. SAP–SLAM-Associated Protein (SH2D1A)


By Western blot analysis, all three EBV-positive type I Burkitt lymphoma cell lines (Rael, Akata and Mutu I, clones 148 and 216) were SAP positive. Four type III BL lines (Raji, Daudi, P3HR1, and Namalwa), seven EBV-negative BL lines (BL41, BL49, BL28, DG75, BL2, CA 46, and Ramos) and two EBV-negative B-cell lymphoma lines (JD38 and Bjab) were all SAP negative. The phenotypically type III convertants (BL41/95, BL28/Ak) of originally EBV-negative BL lines were SAP negative as well. The Mutu III subline expressed SAP at a low level [33].



Another Western blot analysis of whole cell lysates of 15 different B lymphoblastoid and B lymphoma cell lines revealed that SAP was expressed in two out of the five B lymphoblastoid cell lines studied, MP-1 and CESS. Flow cytometry also showed intracellular expression of SAP in MP-1, but not in the BJAB Burkitt lymphoma cell line. Immunohistochemical analysis revealed SAP expression in frozen sections from tonsils, lymph nodes, and DLBCL. Furthermore, SAP protein levels in MP-1 cells were upregulated by CD40 crosslinking, downregulated by B cell receptor ligation, and unaffected by CD150 crosslinking [32].



SAP (DSHP) expression in DLBCL was also observed by RNA in situ hybridization [30].



By immunohistochemistry, SAP was positive in 12 out of 12 analyzed DLBCL cases, including 9 GC-DLBCL and 3 ABC-DLBCL, as well as in 14 out of 14 cases of Hodgkin lymphoma. In contrast, all analyzed cases of SLL (seven patients), sporadic Burkitt lymphoma (three cases), MCL (two cases), and LPL (two cases) were SAP-negative [22].



In another immunohistochemistry study, SAP tested negative in all cases of lymphoblastic B-NHL (0 positive cases out of 11), CLL (0/20), MCL (0/20), FL grade 1, 2, and 3 (0/114), Burkitt lymphoma (0/14), nodal and splenic MZL (0/23), MALT (0/12), and HCL (0/1). In DLBCL, a sporadic expression of SAP (3/115) was observed [67].



In CLL, SAP expression could not be detected at the mRNA level [57].




12. EAT-2—Ewing’s Sarcoma Transcript-2 (EWS/FLI1-Activated Transcript 2, SH2D1B)


EAT-2 was found to be expressed in antigen-presenting cells such as B lymphocytes and macrophages. Human EAT-2 nucleotide sequences were amplified using RNA from five out of the six B lymphoma or lymphoblastoid cell lines tested (CESS, Daudi, Namalwa, Raji, and RPMI-1888) [7].



In another study, EAT-2 mRNA and protein were expressed in normal peripheral B cells as well as in CLL cells [57].




13. Conclusions


In the present paper, we have summarized the current knowledge on the expression patterns of SLAMF receptors and their adaptor proteins SAP and EAT-2 in various types of B-CLPD (Table 1). Among the SLAMF receptors, the expression of SLAMF1/CD150 can be considered the best described in B-CLPD. Its expression was detected in CLL (but not SLL), ABC-DLBCL (but not GC-DLBCL), PC-FCL, MCL, HCL, and BL, while PC-MZL and LPL were negative. SLAMF2/CD48 was positive in CLL, DLBCL, PC-MZL, and BL, while it was negative in PC-FCL. The expression of SLAMF3/CD229 was observed in CLL, DLBCL, FL, MCL, MZL, HCL, and BL. SLAMF5/CD84 was detected in CLL, DLBCL, and BL. SLAMF6/CD352 was expressed in a number of B-CLPD types including CLL, SLL, DLBCL, FL, MCL, and BL. SLAMF7/CD319 expression was found in CLL, PBL/PEL, and BL, while MCL was negative. SLAMF4/CD244 was not expressed by B cells and it was found to be negative in CLL and BL. There are currently no data on the expression of SLAMF8/CD353 in B-CLPD and SLAMF9/CD84-H1 has been analyzed only in BL. The adaptor protein SAP was detected in DLBCL and BL, but CLL, SLL, FL, MCL, MZL, LPL, and HCL were negative. EAT-2 was found to be positive in CLL and BL, and the remaining types of B-CLPD have not been tested for EAT-2.



Among the B-CLPD types, the expression patterns of SLAMF receptors are the most comprehensively characterized in CLL. Pathological CLL B cells showed weak expression of SLAMF1/CD150 and SLAMF7/CD319. The receptors SLAMF2/CD48, SLAMF3/CD229, SLAMF5/CD84, and SLAMF6/CD352 were expressed with medium to strong intensity. SLAMF1/CD150, SLAMF2/CD48, and SLAMF7/CD319 were found to be downregulated while SLAMF3/CD229, SLAMF5/CD84, and SLAMF6/CD352 were overexpressed in CLL. SLAMF5/CD84 and SLAMF7/CD319 were also upregulated in DLBCL and PBL/PEL, respectively.



An obvious limitation of the above conclusions is that the data were derived from studies that used different methods to assess the expression of SLAMF receptors. Also, the analyzed biological materials included not only B-CLPD patient samples but also B-lymphoid cancer cell lines (especially Burkitt lymphoma cell lines). Nevertheless, the observed expression patterns of SLAMF receptors might be potentially exploitable for the diagnosis or differential diagnosis of B-CLPD (e.g., strong expression of SLAMF7/CD319 was found to be typical of PBL/PEL, while MZL was characterized by its strong expression of SLAMF3/CD229). Some SLAMF receptors have been demonstrated to possess prognostic significance. For instance, in CLL, low expression of SLAMF1/CD150 by pathological B cells was associated with an adverse prognosis, whereas in DLBCL, its high expression was linked to resistance to chemotherapy. Also, CLL patients with high expression of SLAMF3/CD229 have a significantly shorter EFS. Several SLAMF receptors including SLAMF2/CD48, SLAMF5/CD84, SLAMF6/CD352, and SLAMF7/CD319 have become interesting druggable targets. Potential anti-tumor effects of anti-SLAMF antibodies against B-CLPD have been tested both in vitro and in vivo.



To conclude, more research is necessary to fully characterize the expression of SLAMF receptors, SAP, and EAT-2 in B-CLPD. In many types of B-CLPD, their expression patterns have not been analyzed yet. Nevertheless, several SLAMF receptors could be regarded as potential diagnostic and differential diagnostic markers, prognostic factors, and targets for the development of novel drugs for patients with B-CLPD.







Author Contributions


Conceptualization, M.Š.; investigation, D.K., M.H., J.S., S.K., T.G. and M.Š.; writing—original draft preparation, D.K., M.H., J.S., S.K., T.G. and M.Š.; writing—review and editing, D.K. and M.Š.; visualization, S.K.; supervision, M.Š.; funding acquisition, D.K. and M.Š. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Grant Agency of the Ministry of the Education, Science, Research, and Sport of the Slovak Republic (VEGA 1/0617/22) and an Internal Research grant from the Pavol Jozef Šafárik University in Košice (VVGS-2023-2747).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Cannons, J.L.; Tangye, S.G.; Schwartzberg, P.L. SLAM Family Receptors and SAP Adaptors in Immunity. Annu. Rev. Immunol. 2011, 29, 665–705. [Google Scholar] [CrossRef] [PubMed]

	



Davis, S.J.; Van Der Merwe, P.A. The Structure and Ligand Interactions of CD2: Implications for T-Cell Function. Immunol. Today 1996, 17, 177–187. [Google Scholar] [CrossRef] [PubMed]

	



Sandrin, M.S.; Gumley, T.P.; Henning, M.M.; Vaughan, H.A.; Gonez, L.J.; Trapani, J.A.; McKenzie, I.F. Isolation and Characterization of CDNA Clones for Mouse Ly-9. J. Immunol. 1992, 149, 1636–1641. [Google Scholar] [CrossRef] [PubMed]

	



Sandrin, M.S.; Henning, M.M.; Lo, M.F.; Baker, E.; Sutherland, G.R.; McKenzie, I.F.C. Isolation and Characterization of CDNA Clones for Humly9: The Human Homologue of Mouse Ly9. Immunogenetics 1995, 43, 13–19. [Google Scholar] [CrossRef] [PubMed]

	



Veillette, A. SLAM-Family Receptors: Immune Regulators with or without SAP-Family Adaptors. Cold Spring Harb. Perspect. Biol. 2010, 2, a002469. [Google Scholar] [CrossRef] [PubMed]

	



Sayos, J.; Wu, C.; Morra, M.; Wang, N.; Zhang, X.; Allen, D.; Van Schaik, S.; Notarangelo, L.; Geha, R.; Roncarolo, M.G.; et al. The X-Linked Lymphoproliferative-Disease Gene Product SAP Regulates Signals Induced through the Co-Receptor SLAM. Nature 1998, 395, 462–469. [Google Scholar] [CrossRef] [PubMed]

	



Morra, M.; Lu, J.; Poy, F.; Martin, M.; Sayos, J.; Calpe, S.; Gullo, C.; Howie, D.; Rietdijk, S.; Thompson, A.; et al. Structural Basis for the Interaction of the Free SH2 Domain EAT-2 with SLAM Receptors in Hematopoietic Cells. EMBO J. 2001, 20, 5840–5852. [Google Scholar] [CrossRef]

	



Sidorenko, S.P.; Clark, E.A. The Dual-Function CD150 Receptor Subfamily: The Viral Attraction. Nat. Immunol. 2003, 4, 19–24. [Google Scholar] [CrossRef] [PubMed]

	



Elishmereni, M.; Levi-Schaffer, F. CD48: A Co-Stimulatory Receptor of Immunity. Int. J. Biochem. Cell Biol. 2011, 43, 25–28. [Google Scholar] [CrossRef]

	



Staunton, D.E.; Fisher, R.C.; LeBeau, M.M.; Lawrence, J.B.; Barton, D.E.; Francke, U.; Dustin, M.; Thorley-Lawson, D.A. Blast-1 Possesses a Glycosyl-Phosphatidylinositol (GPI) Membrane Anchor, Is Related to LFA-3 and OX-45, and Maps to Chromosome 1q21-23. J. Exp. Med. 1989, 169, 1087–1099. [Google Scholar] [CrossRef]

	



Kingsbury, G.A.; Feeney, L.A.; Nong, Y.; Calandra, S.A.; Murphy, C.J.; Corcoran, J.M.; Wang, Y.; Prabhu Das, M.R.; Busfield, S.J.; Fraser, C.C.; et al. Cloning, Expression, and Function of BLAME, a Novel Member of the CD2 Family. J. Immunol. 2001, 166, 5675–5680. [Google Scholar] [CrossRef] [PubMed]

	



Fraser, C.C.; Howie, D.; Morra, M.; Qiu, Y.; Murphy, C.; Shen, Q.; Gutierrez-Ramos, J.C.; Coyle, A.; Kingsbury, G.A.; Terhorst, C. Identification and Characterization of SF2000 and SF2001, Two New Members of the Immune Receptor SLAM/CD2 Family. Immunogenetics 2002, 53, 843–850. [Google Scholar] [PubMed]

	



Mavaddat, N.; Mason, D.W.; Atkinson, P.D.; Evans, E.J.; Gilbert, R.J.C.; Stuart, D.I.; Fennelly, J.A.; Barclay, A.N.; Davis, S.J.; Brown, M.H. Signaling Lymphocytic Activation Molecule (CDw150) Is Homophilic but Self-Associates with Very Low Affinity. J. Biol. Chem. 2000, 275, 28100–28109. [Google Scholar] [CrossRef] [PubMed]

	



Romero, X.; Zapater, N.; Calvo, M.; Kalko, S.G.; de la Fuente, M.A.; Tovar, V.; Ockeloen, C.; Pizcueta, P.; Engel, P. CD229 (Ly9) Lymphocyte Cell Surface Receptor Interacts Homophilically through Its N-Terminal Domain and Relocalizes to the Immunological Synapse. J. Immunol. 2005, 174, 7033–7042. [Google Scholar] [CrossRef] [PubMed]

	



Cao, E.; Ramagopal, U.A.; Fedorov, A.; Fedorov, E.; Yan, Q.; Lary, J.W.; Cole, J.L.; Nathenson, S.G.; Almo, S.C. NTB-A Receptor Crystal Structure: Insights into Homophilic Interactions in the Signaling Lymphocytic Activation Molecule Receptor Family. Immunity 2006, 25, 559–570. [Google Scholar] [CrossRef] [PubMed]

	



Velikovsky, C.A.; Deng, L.; Chlewicki, L.K.; Fernández, M.M.; Kumar, V.; Mariuzza, R.A. Structure of Natural Killer Receptor 2B4 Bound to CD48 Reveals Basis for Heterophilic Recognition in Signaling Lymphocyte Activation Molecule Family. Immunity 2007, 27, 572–584. [Google Scholar] [CrossRef]

	



Yan, Q.; Malashkevich, V.N.; Fedorov, A.; Fedorov, E.; Cao, E.; Lary, J.W.; Cole, J.L.; Nathenson, S.G.; Almo, S.C. Structure of CD84 Provides Insight into SLAM Family Function. Proc. Natl. Acad. Sci. USA 2007, 104, 10583–10588. [Google Scholar] [CrossRef]

	



Dong, Z.; Davidson, D.; Pérez-Quintero, L.A.; Kurosaki, T.; Swat, W.; Veillette, A. The Adaptor SAP Controls NK Cell Activation by Regulating the Enzymes Vav-1 and SHIP-1 and by Enhancing Conjugates with Target Cells. Immunity 2012, 36, 974–985. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, T.J.; Garner, L.I.; Metcalfe, C.; King, E.; Margraf, S.; Brown, M.H. Fine Specificity and Molecular Competition in SLAM Family Receptor Signalling. PLoS ONE 2014, 9, e92184. [Google Scholar] [CrossRef]

	



Veillette, A. Immune Regulation by SLAM Family Receptors and SAP-Related Adaptors. Nat. Rev. Immunol. 2006, 6, 56–66. [Google Scholar] [CrossRef]

	



Wu, N.; Veillette, A. SLAM Family Receptors in Normal Immunity and Immune Pathologies. Curr. Opin. Immunol. 2016, 38, 45–51. [Google Scholar] [CrossRef]

	



Mikhalap, S.V.; Shlapatska, L.M.; Yurchenko, O.V.; Yurchenko, M.Y.; Berdova, G.G.; Nichols, K.E.; Clark, E.A.; Sidorenko, S.P. The Adaptor Protein SH2D1A Regulates Signaling through CD150 (SLAM) in B Cells. Blood 2004, 104, 4063–4070. [Google Scholar] [CrossRef] [PubMed]

	



Romero, X.; Benítez, D.; March, S.; Vilella, R.; Miralpeix, M.; Engel, P. Differential Expression of SAP and EAT-2-Binding Leukocyte Cell-Surface Molecules CD84, CD150 (SLAM), CD229 (Ly9) and CD244 (2B4). Tissue Antigens 2004, 64, 132–144. [Google Scholar] [CrossRef]

	



De Salort, J.; Sintes, J.; Llinàs, L.; Matesanz-Isabel, J.; Engel, P. Expression of SLAM (CD150) Cell-Surface Receptors on Human B-Cell Subsets: From pro-B to Plasma Cells. Immunol. Lett. 2011, 134, 129–136. [Google Scholar] [CrossRef] [PubMed]

	



Llinàs, L.; Lázaro, A.; de Salort, J.; Matesanz-Isabel, J.; Sintes, J.; Engel, P. Expression Profiles of Novel Cell Surface Molecules on B-Cell Subsets and Plasma Cells as Analyzed by Flow Cytometry. Immunol. Lett. 2011, 134, 113–121. [Google Scholar] [CrossRef]

	



Rodríguez-Bayona, B.; Ramos-Amaya, A.; Brieva, J.A. Differential Expression of SLAMS and Other Modulatory Molecules by Human Plasma Cells during Normal Maturation. Immunol. Lett. 2011, 134, 122–128. [Google Scholar] [CrossRef]

	



Matesanz-Isabel, J.; Sintes, J.; Llinàs, L.; de Salort, J.; Lázaro, A.; Engel, P. New B-Cell CD Molecules. Immunol. Lett. 2011, 134, 104–112. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, T.J.; Clare, S.; Mikulin, J.; Johnson, C.M.; Harcourt, K.; Lyons, P.A.; Dougan, G.; Smith, K.G.C. Signalling Lymphocyte Activation Molecule Family Member 9 Is Found on Select Subsets of Antigen-Presenting Cells and Promotes Resistance to Salmonella Infection. Immunology 2020, 159, 393–403. [Google Scholar] [CrossRef]

	



Coffey, A.J.; Brooksbank, R.A.; Brandau, O.; Oohashi, T.; Howell, G.R.; Bye, J.M.; Cahn, A.P.; Durham, J.; Heath, P.; Wray, P.; et al. Host Response to EBV Infection in X-Linked Lymphoproliferative Disease Results from Mutations in an SH2-Domain Encoding Gene. Nat. Genet. 1998, 20, 129–135. [Google Scholar] [CrossRef]

	



Nichols, K.E.; Harkin, D.P.; Levitz, S.; Krainer, M.; Kolquist, K.A.; Genovese, C.; Bernard, A.; Ferguson, M.; Zuo, L.; Snyder, E.; et al. Inactivating Mutations in an SH2 Domain-Encoding Gene in X-Linked Lymphoproliferative Syndrome. Proc. Natl. Acad. Sci. USA 1998, 95, 13765–13770. [Google Scholar] [CrossRef]

	



Huniadi, M.; Salanci, S.; Sykora, J.; Kurhajec, S.; Sarissky, M. Optimisation of Flow Cytometric Detection of Intracellular SLAMF Receptor-Associated Adaptor Proteins SAP and EAT-2. Eur. Pharm. J. 2022, 69, 87–89. [Google Scholar] [CrossRef]

	



Shlapatska, L.M.; Mikhalap, S.V.; Berdova, A.G.; Zelensky, O.M.; Yun, T.J.; Nichols, K.E.; Clark, E.A.; Sidorenko, S.P. CD150 Association with Either the SH2-Containing Inositol Phosphatase or the SH2-Containing Protein Tyrosine Phosphatase Is Regulated by the Adaptor Protein SH2D1A. J. Immunol. 2001, 166, 5480–5487. [Google Scholar] [CrossRef]

	



Nagy, N.; Cerboni, C.; Mattsson, K.; Maeda, A.; Gogolák, P.; Sümegi, J.; Lányi, Á.; Székely, L.; Carbone, E.; Klein, G.; et al. SH2D1A and slam protein expression in human lymphocytes and derived cell lines. J. Cancer 2000, 88, 439–447. [Google Scholar] [CrossRef]

	



Yigit, B.; Halibozek, P.J.; Chen, S.S.; O’Keeffe, M.S.; Arnason, J.; Avigan, D.; Gattei, V.; Bhan, A.; Cen, O.; Longnecker, R.; et al. A Combination of an Anti-SLAMF6 Antibody and Ibrutinib Efficiently Abrogates Expansion of Chronic Lymphocytic Leukemia Cells. Oncotarget 2016, 7, 26346–26360. [Google Scholar] [CrossRef]

	



Bologna, C.; Buonincontri, R.; Serra, S.; Vaisitti, T.; Audrito, V.; Brusa, D.; Pagnani, A.; Coscia, M.; D’Arena, G.; Mereu, E.; et al. SLAMF1 Regulation of Chemotaxis and Autophagy Determines CLL Patient Response. J. Clin. Investig. 2016, 126, 181–194. [Google Scholar] [CrossRef]

	



Coma, M.; Tothova, E.; Guman, T.; Hajikova, M.; Giertlova, M.; Sarissky, M. Altered Expression Pattern of SLAM Family Receptors on Pathological B Cells of Patients with Chronic Lymphocytic Leukemia. Leuk. Lymphoma 2017, 58, 1726–1729. [Google Scholar] [CrossRef] [PubMed]

	



Rigolin, G.M.; Saccenti, E.; Melandri, A.; Cavallari, M.; Urso, A.; Rotondo, F.; Betulla, A.; Tognolo, L.; Bardi, M.A.; Rossini, M.; et al. In Chronic Lymphocytic Leukaemia, SLAMF1 Deregulation Is Associated with Genomic Complexity and Independently Predicts a Worse Outcome. Br. J. Haematol. 2021, 192, 1068–1072. [Google Scholar] [CrossRef]

	



von Wenserski, L.; Schultheiß, C.; Bolz, S.; Schliffke, S.; Simnica, D.; Willscher, E.; Gerull, H.; Wolters-Eisfeld, G.; Riecken, K.; Fehse, B.; et al. SLAMF Receptors Negatively Regulate B Cell Receptor Signaling in Chronic Lymphocytic Leukemia via Recruitment of Prohibitin-2. Leukemia 2020, 35, 1073–1086. [Google Scholar] [CrossRef] [PubMed]

	



Gordiienko, I.; Scherbina, V.; Shlapatska, L. Soluble CD150 Isoform Level in Plasma of Chronic Lymphocytic Leukemia Patients. Exp. Oncol. 2024, 45, 457–462. [Google Scholar] [CrossRef]

	



Sidorenko, S.P.; Větrova, E.P.; Yurchenko, O.V.; Berdova, A.G.; Shlapatskaya, L.N.; Gluzman, D.F.; Kavetsky, R.E. Monoclonal Antibodies of IPO Series against B Cell Differentiation Antigens in Leukemia and Lymphoma Immunophenotyping. Neoplasma 1992, 39, 3–9. [Google Scholar]

	



Takeda, S.; Kanbayashi, D.; Kurata, T.; Yoshiyama, H.; Komano, J. Enhanced Susceptibility of B Lymphoma Cells to Measles Virus by Epstein-Barr Virus Type III Latency That Upregulates CD150/Signaling Lymphocytic Activation Molecule. Cancer Sci. 2014, 105, 211–218. [Google Scholar] [CrossRef] [PubMed]

	



Yoon, H.; Ko, Y.H. LMP1+SLAMF1high Cells Are Associated with Drug Resistance in Epstein-Barr Virus-Positive Farage Cells. Oncotarget 2017, 8, 24621. [Google Scholar] [CrossRef] [PubMed]

	



Yoon, H.; Kim, E.K.; Ko, Y.H. SLAMF1 Contributes to Cell Survival through the AKT Signaling Pathway in Farage Cells. PLoS ONE 2020, 15, e0238791. [Google Scholar] [CrossRef] [PubMed]

	



Fanoni, D.; Tavecchio, S.; Recalcati, S.; Balice, Y.; Venegoni, L.; Fiorani, R.; Crosti, C.; Berti, E. New Monoclonal Antibodies against B-Cell Antigens: Possible New Strategies for Diagnosis of Primary Cutaneous B-Cell Lymphomas. Immunol. Lett. 2011, 134, 157–160. [Google Scholar] [CrossRef] [PubMed]

	



Thorley-Lawson, D.A.; Schooley, R.T.; Bhan, A.K.; Nadler, L.M. Epstein-Barr Virus Superinduces a New Human B Cell Differentiation Antigen (B-LAST 1) Expressed on Transformed Lymphoblasts. Cell 1982, 30, 415–425. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Z.; Guan, Q.; Han, X.; Liu, X.; Li, L.; Qiu, L.; Qian, Z.; Zhou, S.; Wang, X.; Zhang, H. A Novel Prognostic Signature Based on Immune-Related Genes of Diffuse Large B-Cell Lymphoma. Aging 2021, 13, 22947–22962. [Google Scholar] [CrossRef]

	



Nakajima, H.; Cella, M.; Langen, H.; Friedlein, A.; Colonna, M. Activating Interactions in Human NK Cell Recognition: The Role of 2B4-CD48. Eur. J. Immunol. 1999, 29, 1676–1683. [Google Scholar] [CrossRef]

	



Mou, J.; Xie, L.; Xu, Y.; Zhou, T.; Liu, Y.; Huang, Q.; Tang, K.; Tian, Z.; Xing, H.; Qiu, S.; et al. 2B4 Inhibits the Apoptosis of Natural Killer Cells through Phosphorylated Extracellular Signal-Related Kinase/B-Cell Lymphoma 2 Signal Pathway. Cytotherapy 2023, 25, 1080–1090. [Google Scholar] [CrossRef] [PubMed]

	



Greenaway, S.; Henniker, A.J.; Walsh, M.; Bradstock, K.F. A Pilot Clinical Trial of Two Murine Monoclonal Antibodies Fixing Human Complement in Patients with Chronic Lymphatic Leukaemia. Leuk. Lymphoma 1994, 13, 323–331. [Google Scholar] [CrossRef]

	



Sun, H.; Biggs, J.C.; Smith, G.M. Antitumour Activity of a Chimeric Antibody against the Leucocyte Antigen CD48. Cancer Immunol. Immunother. 2000, 48, 595–602. [Google Scholar] [CrossRef]

	



Hosen, N.; Ichihara, H.; Mugitani, A.; Aoyama, Y.; Fukuda, Y.; Kishida, S.; Matsuoka, Y.; Nakajima, H.; Kawakami, M.; Yamagami, T.; et al. CD48 as a Novel Molecular Target for Antibody Therapy in Multiple Myeloma. Br. J. Haematol. 2012, 156, 213–224. [Google Scholar] [CrossRef] [PubMed]

	



De La Fuente, M.A.; Tovar, V.; Villamor, N.; Zapater, N.; Pizcueta, P.; Campo, E.; Bosch, J.; Engel, P. Molecular Characterization and Expression of a Novel Human Leukocyte Cell-Surface Marker Homologous to Mouse Ly-9. Blood 2001, 97, 3513–3520. [Google Scholar] [CrossRef] [PubMed]

	



Bund, D.; Mayr, C.; Kofler, D.M.; Hallek, M.; Wendtner, C.M. Human Ly9 (CD229) as Novel Tumor-Associated Antigen (TAA) in Chronic Lymphocytic Leukemia (B-CLL) Recognized by Autologous CD8+ T Cells. Exp. Hematol. 2006, 34, 860–869. [Google Scholar] [CrossRef]

	



Saberi Hosnijeh, F.; van der Straten, L.; Kater, A.P.; van Oers, M.H.J.; Posthuma, W.F.M.; Chamuleau, M.E.D.; Bellido, M.; Doorduijn, J.K.; van Gelder, M.; Hoogendoorn, M.; et al. Proteomic Markers with Prognostic Impact on Outcome of Chronic Lymphocytic Leukemia Patients under Chemo-Immunotherapy: Results from the HOVON 109 Study. Exp. Hematol. 2020, 89, 55–60.e6. [Google Scholar] [CrossRef] [PubMed]

	



Roncador, G.; Puñet-Ortiz, J.; Maestre, L.; Rodríguez-Lobato, L.G.; Jiménez, S.; Reyes-García, A.I.; García-González, Á.; García, J.F.; Piris, M.Á.; Montes-Moreno, S.; et al. CD229 (Ly9) a Novel Biomarker for B-Cell Malignancies and Multiple Myeloma. Cancers 2022, 14, 2154. [Google Scholar] [CrossRef]

	



Li, D.; Xiong, W.; Wang, Y.; Feng, J.; He, Y.; Du, J.; Wang, J.; Yang, M.; Zeng, H.; Yang, Y.G.; et al. SLAMF3 and SLAMF4 Are Immune Checkpoints That Constrain Macrophage Phagocytosis of Hematopoietic Tumors. Sci. Immunol. 2022, 7, eabj5501. [Google Scholar]

	



Binsky-Ehrenreich, I.; Marom, A.; Sobotta, M.C.; Shvidel, L.; Berrebi, A.; Hazan-Halevy, I.; Kay, S.; Aloshin, A.; Sagi, I.; Goldenberg, D.M.; et al. CD84 Is a Survival Receptor for CLL Cells. Oncogene 2014, 33, 1006–1016. [Google Scholar] [CrossRef]

	



Marom, A.; Barak, A.F.; Kramer, M.P.; Lewinsky, H.; Binsky-Ehrenreich, I.; Cohen, S.; Tsitsou-Kampeli, A.; Kalchenko, V.; Kuznetsov, Y.; Mirkin, V.; et al. CD84 Mediates CLL-Microenvironment Interactions. Oncogene 2017, 36, 628–638. [Google Scholar] [CrossRef]

	



Lewinsky, H.; Barak, A.F.; Huber, V.; Kramer, M.P.; Radomir, L.; Sever, L.; Orr, I.; Mirkin, V.; Dezorella, N.; Shapiro, M.; et al. CD84 Regulates PD-1/PD-L1 Expression and Function in Chronic Lymphocytic Leukemia. J. Clin. Investig. 2018, 128, 5479–5488. [Google Scholar] [CrossRef]

	



Shi, Y.; Ding, W.; Gu, W.; Shen, Y.; Li, H.; Zheng, Z.; Zheng, X.; Liu, Y.; Ling, Y. Single-Cell Phenotypic Profiling to Identify a Set of Immune Cell Protein Biomarkers for Relapsed and Refractory Diffuse Large B Cell Lymphoma: A Single-Center Study. J. Leukoc. Biol. 2022, 112, 1633–1648. [Google Scholar] [CrossRef]

	



Korver, W.; Singh, S.; Liu, S.; Zhao, X.; Yonkovich, S.; Sweeney, A.; Anton, K.; Lomas, W.E.; Greenwood, R.; Smith, A.; et al. The Lymphoid Cell Surface Receptor NTB-A: A Novel Monoclonal Antibody Target for Leukaemia and Lymphoma Therapeutics. Br. J. Haematol. 2007, 137, 307–318. [Google Scholar] [CrossRef] [PubMed]

	



Yigit, B.; Wang, N.; Hacken, E.T.; Chen, S.S.; Bhan, A.K.; Suarez-Fueyo, A.; Katsuyama, E.; Tsokos, G.C.; Chiorazzi, N.; Wu, C.J.; et al. SLAMF6 as a Regulator of Exhausted CD8+ T Cells in Cancer. Cancer Immunol. Res. 2019, 7, 1485–1496. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.K.; Mathew, S.O.; Vaidya, S.V.; Kumaresan, P.R.; Mathew, P.A. CS1 (CRACC, CD319) Induces Proliferation and Autocrine Cytokine Expression on Human B Lymphocytes. J. Immunol. 2007, 179, 4672–4678. [Google Scholar] [CrossRef] [PubMed]

	



Shi, J.; Bodo, J.; Zhao, X.; Durkin, L.; Goyal, T.; Meyerson, H.; Hsi, E.D. SLAMF7 (CD319/CS1) Is Expressed in Plasmablastic Lymphoma and Is a Potential Diagnostic Marker and Therapeutic Target. Br. J. Haematol. 2019, 185, 145–147. [Google Scholar] [CrossRef] [PubMed]

	



Panaampon, J.; Kariya, R.; Okada, S. Elotuzumab, a Potential Therapeutic Humanized Anti-SLAMF7 Monoclonal Antibody, Enhances Natural Killer Cell-Mediated Killing of Primary Effusion Lymphoma Cells. Cancer Immunol. Immunother. 2022, 71, 2497–2509. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.; Wan, T.; Li, N.; Yuan, Z.; He, L.; Zhu, X.; Yu, M.; Cao, X. Genetic Approach to Insight into the Immunobiology of Human Dendritic Cells and Identification of CD84-H1, a Novel CD84 Homologue. Clin. Cancer Res. 2001, 7, 822s–829s. [Google Scholar]

	



Roncador, G.; Verdes-Montenegro, J.F.G.; Tedoldi, S.; Paterson, J.C.; Klapper, W.; Ballabio, E.; Maestre, L.; Pileri, S.; Hansmann, M.L.; Piris, M.A.; et al. Expression of Two Markers of Germinal Center T Cells (SAP and PD-1) in Angioimmunoblastic T-Cell Lymphoma. Haematologica 2007, 92, 1059–1066. [Google Scholar] [CrossRef]








[image: Ijms 25 04014 g001] 





Figure 1. The schematic structure of SLAM family receptors. 
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Table 1. Summary of the expression of SLAMF receptors, SAP, and EAT-2 in chronic lymphoproliferative disorders (based on data from flow cytometry, immunohistochemistry, Western blotting, and mRNA expression studies in cancer cell lines and samples