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Abstract

treatments.

The signaling lymphocytic activation molecule family (SLAMF) consists of nine distinct cell surface receptors predomi-
nantly expressed on immune cells, each characterized by unique structural features, expression patterns, downstream
signaling pathways, and biological functions. These receptors play critical roles in modulating various immune cell
activities within the tumor microenvironment, thereby shaping immune responses in cancer. Although accumulating
evidence demonstrates their value as therapeutic targets for developing cancer immunotherapies, the full spec-

trum of SLAMF receptors in cancer remains incompletely understood. This review aims to provide a comprehensive
overview of the molecular characteristics and immunomodulatory functions of each SLAMF receptor, underscoring
their pivotal contributions to cancer progression. Furthermore, we also highlight their potential as promising targets
for advancing cancer immunotherapeutic strategies. Finally, we discuss clinical trials evaluating the efficacy and safety
of SLAMF receptor-based immunotherapies, emphasizing their translational relevance in the development of cancer
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Introduction

Between 1992 and 2002, scientists discovered a group
of membrane receptors that play crucial roles in trans-
mitting signals to immune cells (Fig. 1) [1-9]. These
observations provided initial insights into the signal-
ing lymphocytic activation molecule family (SLAMEF)
receptors, which are also closely related to X-linked lym-
phoproliferative (XLP) disease [6, 10-12].
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SLAMEF receptors, comprising nine members, SLAMF1
(SLAM, CD150) [7, 13], SLAMF2 (CD48, BALST-1) [4],
SLAMF3 (CD229, Ly9) [8, 14, 15|, SLAMF4 (CD244,
2B4) [3, 16, 17], SLAMF5 (CD84) [2], SLAME6 (CD352,
NTB-A/SF2000 in human, Lyl08 in mouse) [1, 9, 18],
SLAMEF7 (CD319, CRACC, CS1) [19], SLAMF8 (CD353,
BLAME) [20], and SLAMF9 (CD84H, SF2001) [9], are
widely expressed on various hematopoietic cells. Despite
their similarities, these receptors have distinct structures,
ligands, expression profiles, and intracellular signaling
networks.

Downstream signaling components of SLAMF recep-
tors involve intracellular adaptor proteins and protein
tyrosine kinase (PTK), in which SLAMF-associated pro-
tein (SAP) families including SAP, EWS/Fli 1-activated
transcript-2 (EAT-2), and EAT-2 related transducer
(ERT) play important roles [6, 21-26]. Of note, variations
in SLAMEF receptor expression and associated proteins
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Fig. 1 The molecular structures of SLAMF receptors and their respective initial discoveries. Abbreviation: Ig, immunoglobulin; NK, natural killer;
[TSM, immunoreceptor tyrosine-based switch motif; SH2, Src homology 2; EBV, Epstein-Barr virus; SLAMF, signaling lymphocytic activation molecule
family; IgV, immunoglobulin variable; IgC2, immunoglobulin constant 2; CD, cluster of differentiation. The figure is created with BioRender.com

across different immune cells lead to a broad spectrum of
signaling outcomes.

The abnormal expression or activation of SLAMF
receptors will disrupt the immune homeostasis, influenc-
ing the progression of cancer and other immune diseases,
such as genetic diseases, infectious diseases, and auto-
immune diseases [27-29]. Mechanistically, dysregulated
SLAMEF receptor activity profoundly affects immune
responses by altering cell activation, differentiation,
adhesion, and responses against antigens [30—33].

The tumor microenvironment (TME) is a complex eco-
system, consisting of multiple cells, extracellular matrix
components, and signaling mediators [34]. Signal trans-
duction is indispensable for regulating tumor progression
and immune responses, partially relying on the ligand-
receptor interactions during cell-to-cell contact [35].
Membrane receptors play essential roles in transmitting
signals to cells, thereby regulating their development,
maintenance, and diverse functions [15].

Given their important immunoregulatory functions,
SLAMEF receptors are critically involved in regulating

immune responses within the TME, where they con-
tribute to both immune evasion and anti-tumor immu-
nity. Studies investigating the regulatory roles of SLAMF
receptors in solid tumor progression have emerged, not
as the previous studies that mainly focus on hematologi-
cal malignancies.

Cancer immunotherapies, such as engineered lym-
phocyte therapy and immune checkpoint inhibitor (ICI)
therapy, have achieved success in treating many cancer
patients, yet some individuals remain unresponsive [36].
Therefore, it is urgent to discover novel therapeutic tar-
gets. Significant progression has been made in develop-
ing immunotherapies targeting SLAMF receptors, with
some already under clinical evaluation. Delving into the
underlying mechanisms of immune cell development,
their functional processes, and their involvement in
cancer pathogenesis helps identify key stages at which
SLAMEF receptors exert critical effects, providing a solid
foundation for validating their therapeutic potential.

While considerable advancements have been made,
a comprehensive review that integrates the extensive
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involvements of SLAMF receptors in regulating cancer-
associated immune cell functions and cancer progression
is lacking. Our study aims to consolidate current insights
on SLAMF receptors, offering an in-depth elucida-
tion of their structural features, signaling networks, and
their influence on immune cell behaviors. Additionally,
we underscore the significant contributions of SLAMF
receptors in regulating tumor progression. Ultimately, we
propose that SLAMF receptors have considerable prom-
ise not only as biomarkers for cancer patient prognosis
but also as viable immunotherapeutic targets.

SLAMF receptors and their downstream signaling
pathway

Molecular structures of SLAMF receptors

SLAMF receptors comprise nine distinct members, all
of which are encoded by genes located on human chro-
mosome 123 and mouse chromosome 1H2 [37]. The
canonical structure of SLAMF receptors includes three
domains: an extracellular domain, a transmembrane
domain, and an intracellular domain. However, the spe-
cific structural features vary among the different SLAMF
members (Fig. 1) [38].

Extracellular domain

Except for SLAMF2, which is anchored to the cell mem-
brane in the lipid raft region via a glycosylphosphati-
dylinositol (GPI) tail and lacks the transmembrane
domain, the remaining SLAMF receptors are the type I
transmembrane glycoproteins belonging to the immuno-
globulin CD2 superfamily [39, 40].

The extracellular domain of SLAMF receptors gener-
ally consists of two regions: a membrane-distal amino-
terminal immunoglobulin variable (IgV)-like domain and
a membrane-proximal Ig constant 2 (C2)-like domain
[41]. The IgV-like domain lacks canonical disulfide bonds
and exhibits strong self-affinity, enabling ligand or anti-
body binding. In contrast, the C2-like domain houses
two disulfide bonds, which contribute to maintaining
the structural stability of SLAMF receptors [41]. Nota-
bly, SLAME3 is an exception with duplicated IgV-C2-like
sequences, resulting in an extracellular domain contain-
ing four Ig-like domains [8, 14].

Intracellular domain

The intracellular domain of SLAMF receptors possess a
cytoplasmic tail containing an immunoreceptor tyrosine-
based switch motif (ITSM), with the canonical ITSM
sequence being TxYxxV/I (where x represents any amino
acid) [38]. This motif is crucial for transmitting signaling
downstream of SLAMEF receptors, as its activation facili-
tates the recruitment of SH2 domain-containing pro-
teins. Most SLAMF receptors feature two ITSMs in their
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intracellular domains. However, some members, such as
SLAMF?2, lack a cytoplasmic domain and tyrosine resi-
dues, while SLAMF8 and SLAMF9 have short cytoplas-
mic domains that lack ITSMs. These features distinguish
SLAMF2, SLAMEF8 and SLAME9 as atypical members in
SLAMEF receptors [20, 21, 38].

The structural variations among SLAMEF receptors are
significant for determining the specificity of downstream
signaling pathway. A deeper understanding of their struc-
tural differences is essential for unraveling their special
roles in regulating cell activities and functions, as well as
in the development of diseases, such as cancer [37].

Signaling mediated by SLAMF receptors

Activation of SLAMF receptors

SLAMEF receptors are primarily expressed on the surface
of hematopoietic cells, though SLAMF3 is also present
on hepatocytes [42].

Engagement of SLAMF receptors with ligands or
antibodies initiates either positive or negative signaling
pathways within cells. Most SLAMF receptors are homo-
philic, as they exhibit self-ligand interactions [37]. How-
ever, SLAMF2 interacts with SLAMF4 and CD2, with
SLAMF4 exclusively binding SLAMEF?2 [43, 44].

Studies using surface plasmon resonance have shown
that SLAMF1 forms the homodimers via interactions
between the IgV-like domains located at the distal end
of the membrane [45]. SLAMEF3 also interacts with its
self-ligand through the IgV-like domain, which has been
confirmed by introducing point mutations in its IgV-like
domains [46]. The self-ligand interaction is also observed
in SLAMF4, SLAMF5, and SLAMF6, as confirmed
through crystallographic studies [38, 47, 48]. In addition,
flow cytometry analysis has also shown that SLAMF7
combines with its self-ligands via an IgV-like domain
[49]. However, the ligands for SLAMF8 and SLAMF9 are
yet to be fully defined, and these receptors may be acti-
vated by other mechanisms.

Intracellular proteins downstream of SLAMF receptors
Engagement of SLAMF receptors triggers intricate intra-
cellular signaling networks through the recruitment of
adaptor proteins and PTKs. These pathways regulate a
variety of biological events, including immune cell activa-
tion and function (Fig. 2) [50].

Key adaptor proteins involved in SLAMF-receptor
mediated signaling pathways include SAP, EAT-2, and
ERT, which contain the SH2 domains that interact
with the phosphorylated ITSMs of SLAMF receptors
[41]. SH2D1A (encodes human SAP) and Sh2dla
(encodes murine SAP) are located on chromosome
X, whereas SH2DIB (encodes human EAT-2), Sh2d1b
(encodes murine EAT-2), and Sb2dic (encodes murine
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Fig. 2 Roles of signaling networks downstream of SLAMF receptors in regulating immune cells. The homophilic interaction of SLAMF receptors
between immune cells and target cells will trigger a cascade of downstream protein activation. Most signaling transmitted by SLAMF receptors
needs the involvement of the SAP adaptor family having an SH2 domain, like SAP, EAT-2, and ERT. In contrast, some SLAMF receptors transmit
signals in the SAP adaptors-independent manner but recruit inhibitory phosphatases containing the SH2 domain, such as SHIP, SHP-1, and SHP-2.
Finally, these signaling pathways downstream of SLAMF receptors play different roles in regulating immune cells. However, the specific mechanisms
of some roles are still unclear. The graph on the left shows the SAP-dependent signaling pathway of SLAMF receptors and their corresponding

roles. The graph in the middle shows the SAP adaptors-independent signaling networks and their roles in regulating immune cells. The graph

on the right shows the EAT-2-dependent signaling pathway of SLAMF receptors and their corresponding roles. Abbreviation: SAP, SLAMF-associated
protein; EAT-2, Ewing's sarcoma-associated transcript-2; ERT, EAT-2 related transducer; Th2, T helper 2; PKC6, protein kinase C-theta; NF-kB, nuclear
factor-kappa B; IFN-y, interferon y; Ca, calcium; c-CBL, c-Casitas B-lineage lymphoma; PLC-y, phospholipase C gamma; Erk, extracellular signal-related
kinase; SHIP, SH2-domain-containing inositol-5-phosphatase; SHP, SH2 domain-containing protein tyrosine phosphatases; Csk, C-terminal Src kinase.

The figure is created with BioRender.com

ERT) are found on chromosome 1 [38, 51]. In addition, a
recent study has identified a novel adaptor protein, SH2
domain-containing adaptor protein B (SHB), which inter-
acts with SLAMEF?7 through its cytoplasmic 304 tyrosine
sites [52].

Except for combining SAP families, SLAMF recep-
tors also recruit SH2 domain-containing enzymes, such
as  SH2-domain-containing  inositol-5-phosphatase
(SHIP), SH2 domain-containing protein tyrosine phos-
phatases (SHP), docking protein 1 (DoK1), DoK2 and
RAS-GTPase-activating protein (RAS-GAP) [50, 53—
56]. Notably, SAP and EAT-2 can sterically shield their
ITSMs from combining with other phosphatases, thus

preventing dephosphorylated [23, 57, 58]. Of note, the
distribution of these intracellular proteins varies across
different hematopoietic cells, with distinct patterns
observed between humans and mice, highlighting the
complexity and cell-type specificity of SLAMF receptor-
mediated signalings [41].

SAP-dependent signaling transmitted by SLAMF receptors

SAP is a 128 amino acids (14 kDa) intracellular adap-
tor protein featuring a single SH2 domain [38]. The SH2
domain of SAP binds to the ITSM of SLAMF receptors,
recognizing a phosphorylated tyrosine and a hydrophobic
binding pocket, with a preference for the TIYxxV/I/L/T
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motif [59]. Upon binding to the ITSMs, SAP recruits
Src-related kinases, including the lymphocyte-specific
protein tyrosine kinases (LCK) and proto-oncogene
tyrosine-protein kinase (Fyn), which phosphorylates
other remaining tyrosine residues in the cytoplasmic
ITSMs of SLAMF receptors, further activating the down-
stream pathways [26].

The SAP-recruited kinases then SAP interacts with the
SH3 domain of protein tyrosine kinase and Fyn, without
affecting the SLAMF binding sites [60]. The mutation
of arginine (R) 78 residue in SAP disrupts the following
signaling transduction mediated by the combination of
SLAMEF receptor activation [60, 61]. Therefore, the R32
residue within the SH2 domain of SAP interacts with the
ITSM of SLAMEF receptors, while the R78 residue binds
to the SH3 domain of Fyn, forming a trimolecular com-
plex [60, 61]. Although the SH2 domain of SAP typically
engages with phosphorylated tyrosine residues, it can also
combine with the non-phosphorylated tyrosine residues
of SLAMF1 via a three-pronged binding mechanism [62].

Studies have identified that SAP exists in thymocytes,
T cells, B cells, NK cells, natural killer T (NKT) cells,
eosinophils, and platelets but is absent in neutrophils,
monocytes, and dendritic cells (DCs) [6]. The SLAMF
receptor-SAP axis plays significant roles in cellular func-
tions, with the presence or absence of SAP greatly influ-
encing the signals transmitted by the SLAMF receptors
[63]. For instance, SLAMF1 phosphorylation in thymo-
cytes necessitates SAP, which links SLAMF1 to Fyn [61].
Moreover, engagement of SLAMF1 potentiates the SAP-
mediated signaling pathway in wild-type mice, but not in
Sh2d1a-deficient mice [64].

SLAME receptor-SAP axis regulates various cellular
processes (Fig. 2). In T cells, this signaling cascade leads
to the recruitment of protein kinase C-theta (PKCBO) to
the immune synapse, which triggers nuclear factor-kappa
B (NF-kB) activation and GATA-3 induction. This occurs
through a cascade of protein tyrosine phosphorylation
involving SHIP, DoK1, DoK2, and Ras-GAP, ultimately
causing decreased interferon (IFN)-y production and
increased interleukin (IL)—4 production [64]. Therefore,
the SLAME-SAP axis plays a pivotal role in regulating the
helper T (Th) 2 cytokine production and T cell develop-
ment [65, 66]. Other studies also indicate that SLAMF1-
SAP axis-mediated pathways are important for NKT cell
development [67, 68]. Additionally, the SAP-dependent
SLAMEF receptor-mediated pathway influences B cell
activation through regulating the SHIP/PI3K/AKT axis
[69, 70], or the SHIP/Ras/Raf/mitogen-activated protein
kinase (MAPK)-extracellular-signal-regulated kinase
(Erk) kinase (MEK)/ Erk signaling pathway [71, 72]. Fur-
thermore, SLAMF5 and SLAMF6 enhance T-B cell inter-
actions in an SAP-dependent manner, as well as SLAMF4
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modulates the cytotoxic effects of NK cells and CD8*T
cells also require SAP existence [54, 73].

Besides lymphocytes, the SLAMF4-SAP axis aids
the activation and cytokine production of eosinophils
[74]. SLAMF5 contributes to platelet aggregation and
functions in an SAP-dependent manner [75]. Thus,
the SLAMEF-SAP axis is crucial in regulating both lym-
phoid and non-lymphoid hematopoietic cells. Beyond
the important roles of SAP in the hematopoietic system,
it also has potential implications for studying the nerv-
ous system. Specifically, SAP was reported to bind to the
phosphorylated tyrosine 674 on tropomyosin receptor
kinase receptors, inhibiting the signaling transmitted by
the interaction of neurotrophins and tropomyosin recep-
tor kinase receptors [76]. These findings underscore the
need for further investigation into the roles of SAP across
various biological systems.

EAT-2 or ERT-dependent signaling transmitted by SLAMF
receptors

EAT-2 is a 132 amino acid protein expressed in NK cells,
DCs, CD8™T cells, macrophages, B cells, and platelets. It
also contains a single SH2 domain that interact with the
ITSMs of several SLAMF receptors, including SLAMF1,
SLAMEF3, SLAMF4, SLAMF5, SLAMF6 and SLAMF7
[23, 77].

EAT-2 is similar to SAP structurally, and its free SH2
domain also binds to the intracellular tail of the phospho-
rylated SLAMF receptor, but not to the non-phospho-
rylated receptor [23]. In contrast to SAP, EAT-2 is most
inclined to bind the TEYxxV/I/L/T motif of SLAMF7
[78]. In addition, EAT-2 lacks the binding region of
kinase Fyn, so the kinases they recruit are not identical
to SAP, following the signal transduction ways of EAT-2
are distinct from SAP [41]. Evidence from overexpression
studies and Biacore binding assays indicates that Fyn can
bind to phosphorylated tyrosine residues in EAT-2 [21,
79], although yeast two-hybrid analysis suggests a direct
interaction between EAT-2 and the catalytic domain of
Src family kinases [23]. The precise mechanisms remain
unresolved.

EAT-2-mediated signaling pathways downstream
of SLAMF receptors play various roles in regulat-
ing cell activities (Fig. 2). For instance, SLAMF1 is an
activator, and SLAMF4 acts as an inhibitor in regu-
lating lymphocyte autophagy [80, 81]. Specifically,
the SLAMF4-EAT-2 axis plays a bidirectional role in
modulating NK cell cytotoxicity by initiating differ-
ent downstream proteins [30, 82, 83]. Furthermore,
combining EAT-2 with either SLAMF5, SLAMF®6, or
SLAMEF7 can enhance NK cell cytotoxicity [23, 77, 78,
84, 85]. Additionally, the SLAMF1-EAT-2 signaling
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pathway is crucial for augmenting macrophage phago-
cytic activity [86].

ERT, expressed exclusively in mouse NK cells and
functioning as a pseudogene in humans. Both EAT-2
and ERT can transmit negative signals downstream
of SLAMF4 in NK cells, suppressing their cytotoxic
functions, whereas SAP typically exerts a positive
effect [21, 30]. However, the current knowledge about
ERT remains limited, and ERT’s preferential binding
sequence is yet to be elucidated.

In summary, while EAT-2 and ERT, along with SAP,
interact with various SLAMF receptors and pro-
tein kinases across different cell types, each of them
uniquely contributes to the regulation of the SLAMF
receptor-mediated intracellular signaling pathways,
illustrating the complex roles of adaptor proteins in
balancing immune responses.

Adaptor-independent signaling transmitted by SLAMF
receptors

In addition to interacting with SH2 domain-containing
adaptor proteins, SLAMF receptors can also transmit
signals by directly recruiting the SH2 domain-contain-
ing inositol and tyrosine phosphatase, particularly in
the absence or abnormal expression of adaptor pro-
teins (Fig. 2).

SAP has been demonstrated as a natural inhibitor of
the SHP-2 phosphatase [16]. In SAP-deficient B cells,
SHP-2 can directly bind to SLAMF1 and in turn, asso-
ciate with Grb2, leading to the activation of the Ras/
Raf/MEK/Erk signaling cascade, which plays a crucial
role in regulating cell development [87, 88]. SLAMF4
and SLAMF6, on the other hand, mediate inhibitory
signals by recruiting SHP-1, SHP-2, SHIP, and inhibi-
tory kinases C-terminal Src kinase (Csk), leading to
the suppression of lymphocyte functions [54, 89].
Additionally, SLAMF3 and SLAMF4 can inhibit mac-
rophage functions by recruiting SHP-1 and SHP-2 [90].

In the absence of SAP and EAT-2, SLAMF5 inhibits
mast cell function [91, 92], while SLAMEF7 contributes
to the suppression of proinflammatory cytokine pro-
duction by LPS-induced activated monocytes [93]. In
addition, SLAMF?7 also binds to a novel adaptor, SHB,
which further recruits SHIP-1, ultimately suppressing
the MAPK/ATEF-2 signaling pathway and inhibiting
CCL2 transcription [52].

Above all, these observations underscore the impor-
tance of adaptor-independent signaling in fine-tuning
immune response, especially in cells where classical
adaptor proteins are absent or mutated.
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The competition between SLAMF receptor-associated
intracellular proteins

In addition to the points discussed above, we are inter-
ested in understanding which adaptor-SAP or EAT-2 will
bind to SLAMF receptors first when both are present in
the same cell, and how to explain the competitive rela-
tionship between these intracellular SH2 domain-con-
taining proteins.

The most straightforward explanation lies in the dis-
tinct localization of these adaptors and phosphatases
across different cell types. Moreover, the competition
between intracellular adaptors may also be influenced
by cell states. For instance, EAT-2 preferentially binds
SLAMF4 in resting and immature NK cells, whereas
SAP predominantly associates with SLAMF4 during NK
cell activation and maturation [84]. This difference in
binding preference is a reflection of the dynamic regula-
tion of immune responses during cell development and
activation.

Many studies have highlighted the competitive nature
of SAP and EAT-2 binding to SLAMF receptors. For
instance, EAT-2 exhibits a higher binding affinity for the
second ITSM of SLAMF7 compared to SAP, as shown
in NK92 cells [94]. Despite SAP being present at con-
centrations more than four times higher than EAT-2,
EAT-2 binds SLAMF7 with significantly greater affinity
(Kp=0.003 uM) than SAP (K, =0.44 uM). Furthermore,
both SAP and EAT-2 demonstrate binding affinities for
SLAMF4 ITSMs that are ten to a hundred times stronger
than those of SHIP [94]. These findings indicate that the
relative concentrations and binding kinetics of SAP and
EAT-2 play a pivotal role in determining which adap-
tor binds first and their competition with intracellular
SH2 domain-containing proteins for ITSMs of SLAMF
receptors.

SAP and EAT-2 exhibit a steric hindrance effect, pre-
venting inhibitory phosphatases from interacting with
ITSMs. When the adaptors are absent or present at low
concentrations, phosphatases are more likely to bind to
ITSMs, albeit competing with each other. In the presence
of SAP, SLAMF1 preferentially recruits SHIP while also
combining with SHP-2 in SAP-deficient cells. Notably,
the combination of SHP-2 with SLAMF1 is more pro-
nounced in SAP-low B cell lines compared to SAP-high B
cell lines [87]. This may be influenced by the B cell recep-
tor (BCR) and CD40 signaling. Long-term BCR signal-
ing enhances SAP expression, while short-term signals
inhibit the interaction between SLAMF1 and SHIP. Addi-
tionally, the binding of SAP to the ITSM of SLAMF1 at
Y281 can hinder the recruitment of SHP-2 to Y279, with-
out affecting SHIP binding [87]. This finding suggests a
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finely tuned regulation of protein interactions within
SLAMEF receptor signaling, where SAP’s binding can
selectively modulate the recruitment of other signaling
proteins.

Overall, the complex interplay between adaptor con-
centrations, binding affinities, and cellular context
critically governs the intracellular signaling pathways
downstream of SLAMF receptors, underscoring the sig-
nificant role of adaptor proteins.

Roles of SLAMF receptors on cancer-associated
immune cells

Immune cells play indispensable roles in regulating
tumor progression, with SLAMF receptors being critical
contributors in this process. This section will explore the
specific roles of SLAMEF receptors on different immune
cell types, focusing on their impact on immune cell
development, maintenance, and activation (Fig. 3).

Lymphoid-lineage immune cells

Tcell

T cells, which mainly include both classical afT cells and
unconventional T cells (e.g., YOT cells and NKT cells),
play robust killing effects on autologous malignant cells
[95]. Almost every member of the SLAMF receptors is
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expressed on T cells, where they influence T cell in multi-
ple ways [96-98].

T cell development T cell development primarily occurs
in the thymus, where T cells undergo selection and line-
age commitment to acquire specific phenotypes. SLAMF
receptors and intracellular adaptor proteins significantly
participate in regulating the development of T cells
[99-101].

SLAMEF receptors regulate T cell development through
functioning as co-receptors to regulate T cell receptor
(TCR)-mediated signaling. The different degrees of TCR
activation can shift the relative contribution of SLAMF1
signals during T cell development [101].

SLAMEF receptor signaling is particularly important
in the development of NKT cells, which require posi-
tive selection through interactions with CD1d-express-
ing thymocytes before exiting the thymus [102]. In mice
lacking SLAMF1 and SLAMF6, NKT cell numbers are
markedly reduced, indicating that these receptors medi-
ate the essential homophilic interactions between NKT
cells and double-positive thymocytes during positive
selection [103, 104]. Moreover, the absence of SLAMF
receptors impairs NKT cell survival and cytotoxic
responses to CD1d-restricted antigens, likely due to the

Lymphoid immune cells

Myeloid immune cells
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Fig. 3 Regulation s of SLAMF receptors on immune cells. SLAMF receptors are predominantly expressed on immune cells, including lymphoid
and myeloid lineage immune cells. This figure shows the involvement of SLAMF receptors in regulating these cells in many aspects. Abbreviation:
RICD, restimulation-induced cell death; DC, dendritic cell. The figure is created with BioRender.com
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increased expression of inhibitory receptors such as pro-
grammed cell death-1 (PD-1) and lymphocyte activation
gene 3 [105]. Conversely, SLAMF3 can restrict NKT cell
development by limiting IL-4 production, a cytokine cru-
cial for NKT cell maturation [106]. However, whether
SLAMEF receptors integrate with TCR signals to regulate
NKT cell homeostasis remains unknown, and whether
elevated inhibitory receptor expression could fully com-
pensate for SLAMF receptor deficiencies has yet to reach
a consensus. Investigating these questions will provide
the deeper insights into the role of SLAMF receptors in
modulating NKT cell biology.

Beyond NKT cells, SLAMF receptor expression profiles
also define specific stages and subsets of y§T cells [107].
For example, immature y8T cells co-express SLAMF1
and SLAMF6 in the thymus, whereas mature subsets
express only one or neither receptor. Scientists have also
found that distinct SLAMF receptor expression patterns
correlate with the functional outputs of y8T cells. For
instance, lung-SLAMF1*SLAMF6 y8T cells resemble
IL-17-producing subsets, while SLAMF1~SLAMF61y8T
cells preferentially secrete IFN-y [107]. In agreement
with these findings, SAP-deficient mice exhibit greatly
impaired development and function of y8T cells, high-
lighting the critical implications of SLAMF receptor
signaling in shaping these unconventional T cell com-
partments [107].

Taken together, SLAMF receptors and their intracel-
lular signaling cascades are pivotal in orchestrating the
development and functions of T cells.

T cell activation and homeostasis SLAMF receptors
serve as co-receptors that can either potentiate or mod-
ulate TCR-mediated signals, thereby influencing T cell
activation. For example, SLAMF1 delivers co-stimulatory
signals crucial for naive T cell activation [87]. Moreover,
SLAME®6 recruits LCK via SAP to connect the SLAMF6
signal to proximal TCR pathway, resulting in the phos-
phorylation of the CD3( chain of TCR and subsequent
recruitment of zeta-chain-associated protein kinase 70
(ZAP-70), effectively amplifying TCR signaling [108].
Additionally, SLAMF5 also augments TCR signaling in
an SAP-independent manner [109, 110].

In addition to promoting T cell activation, SLAMF
receptors play key roles in regulating T cell homeosta-
sis. SLAMF®6 gets involved in the activation-induced cell
death and restimulation-induced cell death (RICD) in
CDS8'T cells. Its binding with SHP-1 can prevent CD8T
cells from overaction [10]. Aberrant SLAMF6/SAP sign-
aling during infections (e.g., tuberculous) leads to the
preferential recruitment of Fyn instead of LCK, impairing
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Th2 differentiation and IL-2 production, which is indis-
pensable for the RICD of T cells [111, 112]. FOXP3 is
a transcription factor (TF) that suppresses SH2D1A
expression, also modulates susceptibility to RICD in reg-
ulatory T (Treg) cells, highlighting the regulatory role of
SLAMEF receptors and SAP in maintaining T cell homeo-
stasis [112, 113].

T cell cytokine production

Cytokine production is a central function of T cells,
in which SLAMF receptors are significantly involved.
SLAMF1 inhibition has been shown to amplify T cell
cytotoxicity, strengthen IFN-y production, and pro-
mote T cell proliferation while inhibiting Th2 responses
[114-116]. However, some studies indicate the positive
roles of SLAMF1 in regulating T cell cytotoxicity, which
is potentially linked to the magnitude of SLAMF1-SAP
signaling, whereas others report opposite views, under-
scoring the context-dependent complexity of SLAMF1
functions [117-119]. A growing body of evidence has
demonstrated that the SLAMF1-SAP axis predominately
initiates Th2 responses while suppressing IFN-y produc-
tion, as evidenced by findings in mouse models lacking
SAP, SLAMF], or FynT, and in XLP1 patients [25, 64,
104, 120, 121]. In contrast, the SLAMF6-CD3 cross-talk
in T cells elevates IFN-y production and promotes pro-
liferation by activating the downstream GTPase RAS
and Rapl1 [55, 98].

CDS8*T cells are crucial in controlling tumor progres-
sion by performing cytotoxic functions. The roles of
SLAMEF receptors on CD8™T cells have been extensively
studied, with some receptors exhibiting dual functional-
ity [33]. For instance, SLAMF2-SLAMF4 interactions
provides co-stimulatory signals to strengthen the pro-
liferation and cytotoxic molecule production of CD8*T
cells [122—-124]. The involvement of SLAMF7 enhances
the cytotoxic effects of CD8'T cells in multiple myeloma
(MM) [125, 126]. Nonetheless, some SLAMF receptors
transmit inhibitory signals for CD8*T cells [127]. For
example, the SLAMF4-EAT-2 axis suppresses expansion
and cytotoxicity of intra-epithelial CD8™T cells, prevent-
ing excessive inflammation and maintaining homeostasis
in the small intestine [128].

As for CD4*T cells, SLAMF1, SLAMF2, and SLAMF3
contribute to their proliferation and cytokine secretion,
whereas SLAMF7 exerts negative regulatory effects. [31,
129-131] Notably, SAP expression in CD4T cells signif-
icantly affects GC formation, independent of Fyn recruit-
ment, and is distinct from the Th1/Th2 differentiation
mechanisms driven by the SLAM-SAP-Fyn axis [132]. In
general, these findings indicate the multifaceted influence
of SLAMF receptors on T cell cytokine production and
their relevance to cancer immunity.
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Bcell

B cells are integral to humoral immunity, expressing
nearly all SLAMF receptors, which regulate B cell acti-
vation, differentiation, and antibody production. Owing
to the distinct expression patterns of SLAMF receptor
across B cell developmental and activation status [133],
SLAMEF receptors participate in various B cell-related
processes, including humoral responses, germinal center
(GC) formation, B cell activation, and maintenance. They
also get involved in B cell-derived malignancies such as
chronic leukemia (CLL), MM, and Hodgkin’s lymphoma
(HL) [134].

After activation by antigen-specific CD8*T cells and
DCs, CD4™Th cells migrate into the follicles and GCs,
where they differentiate into follicular helper T (Tpy)
cells that drive B cell maturation and antibody produc-
tion [135]. The interplay between T cells and B cells is
essential for the formation of GCs and the subsequent
humoral immune response [134].

Roles of SLAMF receptors in B cell activation and anti-
body production SLAMEF receptors play critical roles in
promoting humoral immunity by enhancing the survival
and function of antigen-specific B cells, upregulating pro-
survival molecules such as BCR and Bcl2, and increasing
antibody production [136].

SLAMEF]1 has been demonstrated to promote the pro-
liferation and immunoglobulin production of activated
B lymphocytes [137], and its blockade can inhibit B
cell proliferation and differentiation [138]. Moreover,
SLAMF2 and SLAMEF3 also contribute to B cell activa-
tion and antibody production against T-independent
antigens [139, 140]. In mice, SLAMF2-CD2 interactions
protect B cells from apoptosis and enhance human B
cell responsiveness to IL-4 or IL-10 when co-stimulated
via CD40-CD40L [4]. In contrast, SLAMF6 can recruit
SHP-1 in the absence of SAP, hindering T-B cell interac-
tion [141].

SLAMEF receptors in Try-B cell interactions and GC reac-
tions SLAMF1, SLAMF5, and SLAMF6 are expressed
on both Ty cells and GC B cells. Although SLAMF6
has been implicated as a negative regulator of humoral
immunity, the activation of SLAMF5 and SLAMF6 can
also prolong Ty -GC B cell interactions in an SAP-
dependent manner [73].

Intriguingly, triple knockout mice lacking Slamfl,
Slamf5, and Slamf6 exhibit enhanced antigen-specific
humoral immunity, including increased antibody produc-
tion [142]. However, Zhong et al. reported that knock-
ing out these three genes impaired antibody production
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but did not affect GC formation [136]. The reasons for
the variability in these outcomes are unknown. A study
even showed normal GC response despite the absence
of seven SLAMF receptors [143]. But the SAP expres-
sion increases in Tpy cells [144], and its deficiency dis-
rupts the recruitment of CD4*Th cells, further breaking
down interactions between CD4"Th cells and cognate B
cells, impeding GC formation and antibody production
by reducing Th2-type cytokines [50]. Therefore, SAP in
B cells appears more essential for sustaining normal GC
reaction and effective humoral response.

Studying SLAMF receptor cross-linking in B cells is
complicated by the close genomic proximity of SLAMF
receptor genes on the same chromosome, making it tech-
nically challenging to generate multi-knockout models
[145]. This constraint hinders efforts to fully dissect how
overlapping or synergistic signals among various SLAMF
receptors govern B cell function and humoral immunity.

NK cell

NK cells can non-specifically eliminate target cells
without prior sensitization, playing critical roles in
diverse immune processes [146]. They express all SAP
family adaptors, and both SLAMF receptors and SAP
families greatly participate in regulating NK cell biol-
ogy [147, 148].

NK cell development and education During NK cell
development, SLAMEF receptor expression patterns vary
across different stages. In mice, SLAMF1 and SLAMF6
levels gradually decreases, with SLAMF1 ultimately dis-
appearing, whereas SLAMF4, SLAMF5, and SLAMF7
remain highly expressed throughout NK cell develop-
ment [58, 149]. Therefore, each SLAMF receptor may
exert its specific effects on NK cell maturation.

NK cell education refers to the process by which inter-
actions between MHC-I or other molecules expressed on
target cells and NK cell inhibitory receptors enable NK
cells to acquire specific functions and self-tolerance [150,
151]. Recent evidence suggests that SLAMEF receptors
can also function as activating receptors in NK cell edu-
cation, and the persistent activation of SLAMEF receptors
will increase NK cell tolerance, contributing to the patho-
genesis of XLP1 [149, 152].

Mechanisms of SLAMF receptor-mediated NK cell activa-
tion Most SLAMF receptors transmit activating signals
for NK cells in an SAP-dependent manner. Upon SLAMF
receptor engagement, SAP and Fyn kinase are recruited to
phosphorylated ITSM, driving the Vav-1 phosphorylation
and facilitating immunological synapse formation between
NK cells and hematopoietic target cells [53, 147, 153].
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SAP-Fyn interactions can also trigger the PLCy
phosphorylation following the MAPK signaling acti-
vation and Ca2* flux, all of which support cytotoxic
effector functions [53, 154]. For instance, SLAMF4
relies on SAP-Fyn-dependent phosphorylation event
to further phosphorylate Vavl and c-Casitas B-lineage
lymphoma (c-CBL), thereby enhancing NK cell cyto-
toxicity [38, 58, 155].

Beyond SAP, EAT-2 can also transduce positive sig-
nals mediated by SLAMF receptors. EAT-2 serves as
an intermedium that connects the ITSM of SLAMF4
with the PLCy, promoting the Ca*" influx and further
Erk phosphorylation, facilitating NK cell activation by
accelerating granulation and polarization, distinct from
SAP-driven adhesion to target cells [30, 83, 89]. Addi-
tionally, SLAMF2-SLAMF4 interactions can reduce
NK cell apoptosis via activating Erk/ Bcl-2 signaling,
thereby enhancing anti-tumor activity [82].

Other SLAMF receptors also engage EAT-2 to drive
NK cell cytotoxicity. For instance, SLAMF5 homophilic
interactions between NK cells and tumor cells enhance
NK cell cytotoxicity through Vav-1 activation [85]. The
combination of SLAMF6 with EAT-2 also promotes NK
cell cytotoxicity and avoid the binding of SH2-domain-
containing phosphatase [23, 77]. Similarly, SLAMEF7
augments NK cell cytotoxicity by recruiting EAT-2 to
activate PI3K, PLCy, and Erk pathways [78, 84].

Interestingly, SLAMF4 also combines with other
adaptors to regulate NK cell functions. They promote
the cytotoxicity of NK cells by activating the adaptor
3BP2 and downstream PI3K, Vav-1, PKC, and PLC-y
signaling cascades, illustrating the context-dependent
nature of SLAMEF receptor function [156].

Mechanisms of SLAMF receptor-mediated NK cell inhi-
bition EAT-2 can also transmit inhibitory signals for
NK cells under certain conditions. For example, EAT-
2-deficient NK cells produce more IFN-y and IL-12
downstream of the SLAMF4 engagement, whereas the
EAT-2 existence suppresses protein tyrosine phospho-
rylation triggered by proximal activating receptors [30].
Additionally, some SLAMEF receptor-mediated inhibi-
tory pathways proceed independently of SAP families
in NK cells, instead relying on SH2-domain-containing
phosphatases [58].

In SAP-deficient NK cells, the SLAMF4-mediated NK
cell cytotoxicity is significantly impaired by combining
inhibitory phosphatases SHIP, SHP-1, SHP-2, or inhibi-
tory kinase Csk with their intracellular ITSM. Genetic
ablation of SHIP1, SHP-1, and SHP-2 can reverse this
inhibition, underscoring crucial roles of phosphatases in
NK cell suppression [53, 54].
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Bidirectional roles and therapeutic implications Over-
all, SLAMEF receptors impact both NK cell development
and effector functions through multiple signaling net-
works [32].

For the same SLAMF receptor, the signaling nature
depends on which adaptor proteins or phosphatases
the receptor recruits. For example, the SLAMF4-SAP
axis typically transmits positive signals, whereas the
SLAMF4-EAT-2 axis inhibits NK cell activation [30,
83]. The competition between SLAMF4 and CD2 for
SLAMF2 also contributes to SLAM4-mediated inhibi-
tory signalings [157]. Furthermore, for the same intra-
cellular adaptor, the different outcomes of intracellular
signaling may be influenced by SLAMF receptor cat-
egories, such as their ITSM affinity and ligation. For
instance, SLAMF6 and SLAMEF7 generally transmit
positive signals for NK cells by recruiting EAT-2 [23,
77, 158] whereas SLAMF4 commonly engages SAP for
activation but switches to EAT-2 for inhibitory effects
[30, 155].

Collectively, SLAMF receptors exhibit bidirectional
influences on NK cell biology, making them promising
targets for exploring NK cell-related pathologies and
developing potential immunotherapeutic interventions.
Elucidating the molecular basis of these dual roles may
pave the way for precision therapies that harness NK
cells to combat cancer and other diseases.

Myeloid-lineage immune cells

Macrophages

Macrophages are the key members of the innate immune
system and play an indispensable role in defending
against pathogens and clearing aberrant host cells [159].
They express SLAMF1, SLAMF3, SLAMF5, SLAMF6,
SLAMFS8, and SLAMF9 [160] each influencing mac-
rophages in many aspects.

Phagocytosis is the central capability of macrophages,
and multiple SLAMF receptors modulate this process
under pathological conditions. For example, SLAMF1
enhances the phagocytotic ability of macrophages, and
their expression is positively associated with IL-12 pro-
duction by macrophages [86, 104]. In contrast, SLAMF3
and SLAMF4 expressed on hematopoietic cells can
inhibit macrophage phagocytosis via inhibiting the LRP1/
Syk/mTORCI signaling pathway in an SAP-independent
manner but recruiting SHP-1 and SHP-2 [90]. Further-
more, chimeric antigen receptor macrophages (CAR-Ms)
lacking SLAMF receptors show enhanced phagocytic
abilities on CD19*hematopoietic cells [90]. SLAMF5
mediates the production of pro-inflammatory cytokines
like TNF-a and MCP-1 through intracellular MAPK and
NK-kB signaling in macrophages [161]. Moreover, the
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silenced expression of SLAMF8 and SLAMF9 down-
regulates Toll-like receptor (TLR) 4 expression and sub-
sequently impairs the production of pro-inflammatory
cytokines [160]. SLAMF9 is found to be expressed on
tumor-associated macrophages (TAMs) in B16F1 mouse
model, and SLAMF9" TAMs are also found in most
human melanomas [162]. Although SLAMF9 can pro-
mote TNF-a production by macrophages and curb their
migration upon LPS stimulation, its specific roles in reg-
ulating tumorigenesis are undefined [162].

S1PRa is an inhibitory receptor expressed on mac-
rophages, and its ligand CD47 is expressed on tumor cells
[163]. Blocking the CD47-S1RPa axis can increases mac-
rophage phagocytosis of tumor cells, especially hemat-
opoietic malignancies [164]. However, knocking out all
SLAMEF receptors in macrophages counteracts the pro-
phagocytic benefic of CD47 blockade [165], suggesting
that SLAMEF receptor expression on hematopoietic cells
is pivotal for macrophage-mediated clearance of hemat-
opoietic tumors. Among the five SLAMEF receptors (1, 3,
4, 5, 7) expressed on macrophages, the loss of SLAMF7
profoundly impairs macrophage phagocytotic capacity,
and the reinstatement of SLAMF7 expression restores
tumor engulfment [165]. Hence, SLAMF?7 plays an indis-
pensable role in the phagocytosis of hematopoietic tumor
cells by macrophages.

Altogether, SLAMF receptors can both promote and
inhibit macrophage activation and function, but the pre-
cise mechanisms warrant further investigation.

Granulocytes

According to the staining properties of the particles on
the pigment, granulocytes are divided into three types,
including neutrophils, eosinophils, and basophils. They
play vital roles in pathogen defense and tumor immunity
[166-168].

Neutrophils are the most abundant population among
leukocytes, and they kill infectious pathogens or abnor-
mal cells by degranulation [169]. SLAMF1 expression
on human neutrophils increases upon the tuberculosis
infection, and the SLAMF1 inhibition enhances neu-
trophil autophagy [170]. Moreover, neutrophil oxidative
burst is crucial for early defense against invading micro-
organisms [171]. In mice lacking intact SLAMEF6 expres-
sion, neutrophils fail to produce oxidative bursts against
bacterial infection, highlighting SLAMF6 as an important
regulator of neutrophil function [103].

Eosinophils are an indispensable player in parasitic
infections and allergic inflammation. They express
SLAMF2, SLAMF4, SLAMF5, SLAMF6, and SLAMEFS,
whereas SLAMF®6 is absent in basophils [43, 74]. SLAMF2
can serve as an activating receptor on eosinophils, its
ligation with exotoxins and S.aureus enhances eosinophil
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degranulation [172]. Additionally, SLAMF2 expressed
on eosinophils promotes inflammatory processes dur-
ing allergic response [173], and the interaction between
SLAMF4 on eosinophils and SLAMF2 on mast cells fur-
ther exacerbate allergic pathology by promoting eosino-
phil survival [174]. Cross-linking SLAMF4 can induce
IFN-y and eosinophil peroxidase production through the
Erk signaling pathway, enabling eosinophils to kill both
mouse mastocytoma cells and EBV-infected B cells [74].

Above all, the expression of SLAMF receptors on
granulocytes broadens our understanding of their roles
in immune-related pathologies. Nonetheless, their spe-
cific contributions to tumor immunity need to be further
studied.

Dendritic cells

DCs are the most potent antigen-presenting cells, and
they play indispensable roles in triggering anti-tumor
immune responses. They express SLAMF1, SLAMES3,
and SLAMF®6, with EAT-2 as their principal intracellular
adaptor [50, 175, 176].

IL-1 stimulation induces the SLAMF1 expression on
DCs, and SLAMF1 serves as a maturity marker [175].
Moreover, homophilic SLAMF1-SLAMF1 interactions
can disrupt CD40L-CD40-induced production of IL-12,
IL-6, and TNF-a by DCs, thereby weakening Thl dif-
ferentiation [177]. The SLAMF2-SLAMF4 interaction
between DCs and CD8*T cells can contribute to main-
taining the long-term survival of DCs. After this con-
junction, DCs will produce the granzyme B (GZMB)
inhibitor protease inhibitor-9, which decreases the cyto-
toxicity of GZMB secreted by CD8T cells. Correspond-
ingly, the absence of the SLAMF2-SLAMF4 interactions
can promotes DC apoptosis via GZMB production and
autocrine IFN-f [178].

In CLL, bone marrow-derived dendritic cells (BMDCs)
accumulate in the TME and facilitate tumor progression
[179]. SLAMF4 can inhibit DC-mediated T and NK cell
activation [180]. SLAMF5 promotes monocyte-derived
DC autophagy and regulates cytokine production by
preventing the degradation of interferon regulatory fac-
tor 8, a key molecule in the autophagic process, which is
distinct from the mechanisms of lymphocytic autophagy
mediated by SLAMF1 and SLAMF4 [80, 81, 181]. In
the TCL-1 transgenic mouse model, SLAMF5 is over-
expressed on BMDCs, extending CLL cell survival via
homophilic interactions. The SLAMF5 engagement
upregulates exhaustion markers on T cells and immune
checkpoint molecules on CLL cells, ultimately hamper-
ing anti-tumor immunity [179].

SLAMEF receptors have also been found to exist in non-
immune cells, such as platelets and red blood cells, and
even non-hematopoietic cells [75, 182-184]. A study
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first reported that the individual expression of SLAMF3
on hepatocytes and identified the significant roles of
SLAMEF3 in suppressing hepatocellular carcinoma
(HCC) progression [185]. Furthermore, the expression of
SLAMES3 on hepatocytes also increases cell susceptibility
to hepatitis C virus infection, leading to liver inflamma-
tion. [42] Moreover, SLAMEFS is detected on rheumatoid
arthritis pathological synovial fibroblasts, where it fos-
ters cell proliferation, invasion, and migration [186, 187].
These findings highlight that SLAMF receptors extend
far beyond hematopoietic cells, indicating a need for
deeper exploration of their roles in other cell types and
diverse pathophysiological events, such as tumors.

SLAMF receptors orchestrate tumor progression
The TME is a complex ecosystem consisting of various
cells, signaling molecules, and their intricate interac-
tions. Signal transduction plays an indispensable role in
regulating immune cell functions within the TME and
modulating tumor immunity [188]. While extensive stud-
ies have focused on the involvement of SLAMF recep-
tors in hematologic malignancies such as CLL, MM, and
HL [189-191], emerging studies have shed light on their
regulatory roles in solid tumors like breast cancer, liver
cancer, colorectal cancer (CRC), and others [185, 192,
193]. This section will explicitly discusses the dual roles
of SLAMEF receptors in hematopoietic and solid tumors,
emphasizing their potential as therapeutic targets in
these malignancies (Fig. 4 and Table 1).

Hematopoietic tumors

Leukemia

Leukemia originates from the uncontrolled proliferation
of malignant hematopoietic stem cells, and is categorized
into chronic leukemia and acute leukemia based on dis-
ease progression [80, 211].

Chronic leukemia CLL is characterized by the clonal
expansion of monoclonal, malignant CD5'B cells [212].
Studies have indicated that SLAMF1, SLAMF3, SLAMEF5,
SLAMF6, and SLAMF7 play complicated roles in CLL
progression [49, 189, 213, 214].

SLAMF1 engagement induces ROS production and
autophagosome formation in CLL cells, potentially
attenuating CLL progression by triggering autophagic
cell death [80]. Notably, clinical data also suggests that
SLAMEF]1 expression on CLL cells is correlated with bet-
ter outcomes of patients, indicating that SLAMF1 may
function as a positive prognostic biomarker [80]. Moreo-
ver, SLAMF]1 ligation enhances CLL cells susceptibility to
chemotherapy, such as bendamustine and fludarabine, by
reducing IL-10 production and facilitating drug-induced
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autophagy [80, 200]. Beyond SLAMF1, SLAMEF3 can
act as a tumor-associated antigen (TAA) in primary
CLL, promoting antigen-specific T cell expansion and
enhancing IFN-y production, underscoring potential
of SLAMF3 for immunotherapeutic applications [201].
Similarly, SLAMF4 co-stimulates TCR-mediated signal-
ing and boosts T-cell cytotoxicity against leukemia cells
[215, 216]. Furthermore, SLAMF7-SLAMF7 interaction
between NK cells and leukemia cells has also been shown
to augment NK cell-mediated cytotoxicity [49]. Collec-
tively, these findings highlight the significant potential of
leveraging SLAMF receptors as powerful tools for treat-
ing leukemia.

Conversely, SLAMF5 plays a negative regulatory role
in CLL progression. Interaction between SLAMF5 and
its ligand increases CCL3 production and CCL3-induced
cytokine secretion, thereby supporting CLL survival
and maintenance [214]. Additionally, SLAMF5 activa-
tion promotes immune evasion by upregulating PD-L1
on CLL cells and PD-1 on T cells, which ultimately
impairs T cell-mediated cytotoxicity [217]. In parallel,
the application of anti-SLAMF6 mAb performs com-
plement-dependent cytotoxicity against CLL cells [189].
Altogether, SLAMF5 and SLAMF®6 could serve as prom-
ising targets for developing therapies for CLL.

Acute leukemia In contrast to chronic leukemia, the
disease progression of acute leukemia is more rapid and
its malignant cell components are mainly immature cells
[211].

Decreased expression of SLAMF2 on acute myeloid
leukemia (AML) cells greatly impairs NK cell-mediated
cytotoxicity by disrupting the SLAMF2-SLAMF4 inter-
action [218]. Additionally, epigenetic modification can
downregulate SLAMF2 expression, further diminish-
ing AML cell susceptibility to NK cell killing [198]. The
application of hypomethylating agents restores SLAMF2
expression, thereby reversing the compromised anti-
tumor immune response [198].

In summary, SLAMF receptors are emerging as both
predictive biomarkers and therapeutic targets in leuke-
mia. However, while some SLAMF receptors can enhance
anti-tumor immunity, others facilitate immune suppres-
sion. Therefore, it is important to explore specific roles of
SLAMEF receptors in different subtypes of leukemia.

Multiple myeloma

MM is characterized by an accumulation of monoclo-
nal plasma cells in the bone marrow. These malignant
plasma cells can produce large amounts of monoclo-
nal immunoglobulin that contribute to osteolytic lei-
sions [219]. Classical manifestations of MM include
pain, bone fractures, renal dysfunction, hypercalcemia,
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Fig. 4 SLAMF receptors modulate cancer progression. The regulatory roles of SLAMF receptors in cancer depend on both the specific types

of SLAMF receptors and the type of cancer. a The homophilic interaction of SLAMF3 between leukemia cells and T cells contributes to activating

T cells, and the SLAMF2-SLAMF4 interaction between them initiates cytotoxic anti-tumor effects mediated by T cells. However, the homophilic
interaction of SLAMF7 between NK cells and leukemia cells inhibits the tumor killing effects mediated by NK cells. Moreover, SLAMF5 expressed
on leukemia cells promote tumor progression by upregulating the PD-1 expression on effective T cells as well as the PD-L1 expression

on leukemia cells. b The homophilic interaction of SLAMF7 between NK cells and MM cells or T cells and MM cells inhibits the anti-tumor
responses mediated by NK cells or T cells. SLAMF3 expressed on MM cells also promotes tumor progression by activating the RASAL3-RAS-Erk
signaling pathway. Moreover, other immune cells infiltrated in TME contributes to MM progression. SLAMF7*Treg cells can inhibit the function

of T cells, and SLAMF5*MDSCs can induce immunosuppressive signaling pathways. € The interaction of SLAMF4 and SLAMF2 expressed on NK
cells and lymphoma cells respectively enhance the anti-tumor effects mediated by NK cells. In addition, the activation of SLAMF8 expressed

on lymphoma cells promote cancer progression, but the specific mechanisms are unknown. d In CRC, the interaction of SLAMF4 and SLAMF2
between NK cells and target tumor cells enhances cytotoxic effects. However, SLAMF8*macrophages and SLAMF4*MDSCs promote tumor
progression. @ The homophilic combination of SLAMF3 expressed on HCC cells and adjacent hepatocytes can promote tumor apoptosis

while inhibiting cancer progression. Moreover, SLAMF7* macrophages can inhibit MAPK-ATF-2-mediated CCL2 production, which further inhibit
the formation and migration of type 2 macrophages. In contrast, the SLAMF2 stimulated by growth differentiation factor 15 can promote tumor
progression by inhibiting ERK-AP-1 signaling pathway. f The combination of SLAMF4 and SLAMF?2 respectively expressed on NK cells and melanoma
cells enhances killing effects, which can be impaired by their homophilic SLAMF7 combination. The red lines represent the positive roles of SLAMF
receptors in inhibiting cancer progression, while the purple lines indicate their negative roles in cancer progression. Abbreviation: MM, multiple
myeloma; HCC, hepatocellular carcinoma; NSCLC, non-small cell lung cancer; CRC, colorectal cancer; PD-1, programmed cell death protein-1;
PD-L1, programmed cell death protein-1-ligand-1; Treg, regulatory T; MDSC, myeloid-derived suppressor cell; RAS, rat sarcoma; RASAL3, RAS protein
activator like 3; ERK; extracellular signal-regulated kinase; AP-1, activator protein 1; MAPK, mitogen-activated protein kinase; ATF-2, activating
transcription factor 2; CCL, C-C motif chemokine ligand 2. The figure is created with BioRender.com

anemia, and recurrent infection [220]. SLAMEFI1,
SLAMF2, SLAMF3, SLAMF5, SLAMF6, and SLAMF7
are expressed on MM cells and influence disease pro-
gression in various ways [104, 105, 203-205]. With

the deeper understanding of critical roles of SLAMF
receptors in MM, multiple immunotherapies targeting
SLAMTF receptors have been developed for MM [206,
208, 221].
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SLAME3 is expressed in various B-cell malignancies,
including MM and lymphoma [209]. It delivers pro-sur-
vival signals for MM cells by activating the MAPK/Erk
signaling pathway. Knocking down SLAMEF3 suppresses
MM progression and increases their susceptibility to
drug-induced apoptosis, suggesting SLAMF3 is a posi-
tive regulator of MM [195]. Another study also indicates
that SLAMF3 promotes MM cell proliferation through
the RAS protein activator like the 3/RAS/Erk signaling
pathway, with higher SLAMF3 expression observed in
high-risk MM patients [194]. Additionally, the serum level
of soluble SLAMES3 positively correlates with both tumor
burden and disease severity in MM, underscoring its
prognostic value and potential as a target for developing
novel therapies [190, 195].

SLAMF5 is minimally expressed on MM cells but is
highly expressed on MDSCs within the MM TME [196].
MDSC:s are the key contributor to shaping immunosup-
pressive TME, and SLAMF5 has been demonstrated to
facilitate their accumulation and augment their immuno-
suppressive pathways, promoting T cell exhaustion and
tumor progression [196, 222, 223]. In addition, SLAMF7
also contributes to MM progression by dampening the
cytotoxic activities of NK cells and T cells while enhanc-
ing immunosuppressive functions of Treg cells [224—
227]. Therefore, targeting SLAMF5 and SLAMF7 may
present novel strategies for reversing immunosuppres-
sion in MM.

Above all, the multifaceted immune modulation exhib-
its critical roles of SLAMF receptors in MM, highlighting
their great potential to offer targeted options for optimiz-
ing immunotherapies.

Lymphoma

Lymphoma is a group of hematological malignancies
arising from aberrant lymphocytes proliferation, broadly
subdivided into HL and non-Hodgkin’s lymphoma (NHL)
[228].

Some HL patients show better prognosis following
measles virus (MV) infection or measles vaccination
[229, 230]. Pathologically, HL is characterized by mono-
nuclear Hodgkin’s cells and multinuclear Reed-Sternberg
(HRS) cells, both of which highly express SLAMF1 [69,
231]. Therefore, SLAMF1 may play an important role
in regulating HL. However, the involvement of other
SLAMEF receptors in HL remains largely unexplored.
Moreover, there are limited studies regarding SLAMEF
receptors in NHL subtypes.

In cutaneous T-cell lymphoma, SLAMF1 is signifi-
cantly expressed on malignant T cells, which promotes
their susceptibility to MV infection. Administration of
recombinant MV vaccine has demonstrated anti-tumor
activity in vitro and in vivo [232]. However, other roles of

Page 16 of 29

SLAMFT1 in regulating cutaneous T-cell lymphoma pro-
gression are less clearly defined.

By contrast, SLAMF2 expression on adult T cell lym-
phoma (ATLL) cells appears inversely correlated with
disease progression, partly by increasing susceptibility of
malignant T cells to NK cell-mediated cytotoxicity [191].
Scientists also identified the existence of SLAMF?7 in the
plasmablastic lymphoma (PBL) cell line BC2, which are
vulnerable to elotuzumab-mediated killing via increased
GZMB production by effector cells in an antibody-
dependent cellular cytotoxicity (ADCC) manner [28].
Meanwhile, knocking out SLAMF8 expressed on ana-
plastic large cell lymphoma (ALCL) cells inhibits ALCL
cell proliferation, implying SLAMF8 may become a novel
therapeutic target [199].

Collectively, these findings demonstrate the diverse
roles of SLAMF receptors across hematopoietic malig-
nancies, underscoring their potential as prognostic bio-
markers or therapeutic targets. However, evidence is
limited in certain subtypes and the precise mechanisms
need to be further elucidated in future research.

Solid tumors

Previous studies predominantly focus on exhibiting the
importance of SLAMF receptors in hematopoietic malig-
nancies. However, advanced technologies such as tran-
scriptomic and proteomic analyses reveal that SLAMF
receptors are also present on various immune cells within
the TME of solid tumors, and they exert significant roles
in regulating tumor progression [233].

CRC

Single-cell RNA sequencing analysis has shown that
SLAMF]1 expression is upregulated in ILCs derived
from both the peripheral blood and tumor tissues of
CRC patients, relative to healthy counterparts. Moreo-
ver, SLAMF1*ILCs appear more prevalent in tumor tis-
sues than in adjacent normal tissues, correlating with
improved survival [234]. Therefore, SLAMF1 may func-
tion as a favorable positive biomarker in CRC, although
the underlying molecular mechanism remain to be fur-
ther elucidated.

Peritoneal metastasis often occurs in advanced
CRC and correlates with poor patient outcomes. In
murine CRC models, peritoneal dissemination is asso-
ciated with an increase in intra-peritoneal polymor-
phonuclear MDSCs (PMN-MDSCs) [193]. Notably,
SLAMF4TPMN-MDSCs exhibit a stronger capacity to
suppress CD8'T cell proliferation and function compared
to SLAMF4 PMN-MDSCs, indicating that SLAMF4 may
be able to predict the CRC progression [193]. On the
other hand, alloferin treatment upregulates SLAMF4
expression on NK cells, boosting their production of
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IEN-y, TNF-a and cytotoxic molecules, which in turn
restricts CRC cell growth [235]. These distinct outcomes
mediated by SLAMF4 may be context-dependent.

Scientists have identified that high SLAMFS8 expres-
sion on macrophages is associated with poor prognosis
of CRC patients and elevated PD-L1 expression [192].
Intriguingly, another study indicates that SLAMEFS
expression is positively correlated with the response to
anti-PD-1 treatment in murine models [236]. These find-
ings suggest the complicated roles of SLAMES in tumor
immunity. On the one hand, SLAMF8*macrophages
may foster an inflamed and immunosuppressive TME,
thereby contributing to poor clinical outcomes. On the
other hand, high SLAMF8-associated PD-L1 upregula-
tion and immunological activation could render CRC
cells more susceptible to anti-PD-1 treatment. Further
studies are warranted to dissect the precise mechanisms
by which SLAMES influences CRC progression and treat-
ment responsiveness.

HCC

The interaction between SLAMF2 expressed on Tregs
and growth differentiation factor 15 enhances Treg cell
functions by inhibiting SLAMF2-mediated Erk/activa-
tor protein-1 (AP-1) signaling, which upregulates FOXP3
levels and fosters HCC progression [237]. In parallel, sci-
entists have noted that among SLAMF receptors, only
SLAMES3 is expressed on hepatocytes, prompting investi-
gations into its roles in liver cancer [185].

Ingrid. et al. found that SLAMEF3 expression is lower
in HCC tissues compared with healthy livers. Elevated
SLAMES3 expression suppresses HCC cell proliferation
and migration by inhibiting the MAPK/Erk, JNK, and
mTOR pathways, and it promotes HCC cell apoptosis
[185]. Although these findings highlight tumor-suppres-
sive roles of SLAMEFS3, its correlations with clinical out-
come remain to be further explored.

A recent study indicates that anti-PD-1 therapy-
responsive HCC patients perform the higher serum
SLAME?7 levels and better prognosis than non-respon-
sive patients [52]. Mechanistically, tumor cell-intrin-
sic SLAMF7 hinders HCC progression by regulating
immune cells within the TME. Knockdown of Slamf7
results in a more immunosuppressive TME, character-
ized by increased M2-like macrophages and exhausted
CDS8'T cells with elevated expression of immune check-
points [52]. Hence, SLAMF7 may serve as a positive bio-
marker for HCC.

Lung cancer

Although immunotherapy has achieved remarkable suc-
cess in treating lung cancer, therapy resistance and lim-
ited efficacy underscore the essential for exploring novel
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therapeutic targets [238]. Recent findings suggest that
multiple SLAMF receptors play important roles in lung
cancer progression and they may further refine existing
therapeutic strategies.

For example, interfering with SLAMF2 expression
on non-small cell lung cancer (NSCLC) cells enhances
their physical contact with NK cells, thereby promoting
NK cell-mediated cytotoxic killing effects [202]. In addi-
tion, chimeric TCR-engineered NK92 cells containing an
intracellular SLAMF4 co-stimulatory domain increase
IFN-y production and enhanced anti-tumor efficacy in
both primary lung cancer cells and xenograft models
[239]. Notably, in a sepsis animal model with pre-estab-
lished lung cancer, SLAMF4 serves as a novel checkpoint
and the anti-SLAMF4 treatment greatly prolongs animal
survival and promotes T-cell activation [240]. Addition-
ally, SLAMF5 appears to mark circulating PMN-MDSCs
in NSCLC, but its precise role in tumor immunity are
undefined [242].

Together, these studies illustrate the multifaceted
contributions of SLAMF receptors to the immuno-
oncological landscape of lung cancer, emphasizing their
potential as direct therapeutic targets or in combination
with established immunotherapies to improve patient
outcomes.

Other solid tumors

Although SLAMF receptors have been studied most
extensively in CRC, HCC and lung cancer, emerging evi-
dence suggests SLAMF receptors also play less-defined
roles in other solid tumors.

SLAMEF]1 expression has been demonstrated in multi-
ple human central nervous system (CNS) tumors, includ-
ing glioblastoma, anaplastic astrocytoma, and others
[243]. It appears in a novel isoform in glioma cells, but its
specific roles are unclear [243]. Moreover, high SLAMF8
expression contributes to enhancing immunosuppres-
sion in gioma [234]. In addition, the SLAMF5-SHP-2 axis
promotes M2-like polarization of TAMs in glioma, con-
tributing to immune evasion [244]. Therefore, developing
therapies targeting SLAMF5 and SLAMES has the poten-
tial to attenuate glioma progression.

In cervical cancer (CC), SLAMF2 functions as a tumor
suppressor, and its expression is negatively related to CC
progression [96]. By contrast, head and neck squamous
cell carcinoma (HNSCC) models with Slamf4 knock-
out reveal reduced tumor growth compared to wild-
type controls, and the SLAMF4 expression increases on
MDSCs in both HNSCC patients and murine models.
Consequently, SLAMF4 appears to promote tumor pro-
gression by establishing immunosuppressive TME, sug-
gesting its potential as a therapeutic target in HNSCC
[29].
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Regulatory B cells (Breg cells) are an immunosuppressive
cell population that greatly facilitates breast cancer pro-
gression [245]. In triple-negative breast cancer (TNBC),
homophilic SLAMFS5 interactions between tumor cells and
B cells increases Breg cell expansion through activating the
[B-catenin/Tcf4 complex and subsequent IL-10 produc-
tion in B cells, thereby promoting immune evasion. There-
fore, targeting SLAMF5 may be beneficial for overcoming
immune tolerance in TNBC [246].

The higher SLAMEF?7 expression correlates with the bet-
ter survival of serous ovarian cancer (OC) patients, and
SLAME?7 partially contributes to modulating T cell activ-
ity [247]. However, the specific mechanisms of SLAMF7
in regulating OC immunity are undefined. Moreover, ele-
vated SLAMF3 expression level can predict OC patients
who benefits from Poly (ADP-ribose) polymerase inhibi-
tors [241]. Therefore, SLAMF receptors may provide
novel targets for predicting the progression and out-
comes of OC patients.

In melanoma, SLAMF7 inhibits NK cell-mediated
immune surveillance in an SAP-independent manner
[78]. Additionally, the engagement of SLAMF2 on mel-
anoma cells suppresses cytotoxicity of NK cells and T
cells [248]. Moreover, SLAM4 contributes to shaping the
immunosuppressive phenotypes of monocytes, which
significantly promotes melanoma progression by inhibit-
ing the maturation and functions of macrophages [249].
In addition, the knockdown of SLAMF9 in B16F10 cell
lines reduces tumor volume and increases the CD8*T
cell infiltration, suggesting SLAMF9 may contribute to
inducing immunosuppression [245]. Taken together,
these SLAMF receptors may serve as targets for develop-
ing novel therapies for melanoma.

In summary, these studies indicate that individual
SLAMEF receptor can display diverse and context-
dependent roles in modulating tumor progression.
Although numerous studies have underscored the signifi-
cant potential of SLAMF receptors as novel therapeutic
targets in solid tumors, the underlying mechanisms by
which they operate remain incompletely understood.
Moreover, additional work is required to unravel the clin-
ical feasibility of SLAMF receptor-directed interventions.

Cancer immunotherapies targeting SLAMF
receptors

SLAMEF receptors play important roles in regulating
tumor progression and anti-tumor immune responses,
making them attractive therapeutic targets. Scien-
tists have developed various immunotherapies tar-
geting SLAMF receptors, including engineered CAR
lymphocyte therapies and monoclonal antibody therapies
(Fig. 5).
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CAR-T and NK cell-based immunotherapy

Engineered CAR-T and CAR-NK cell therapies have
achieved remarkable success in treating certain hema-
tological malignancies. However, not all patients can
benefit from them [250]. With the advancement of tech-
nologies, numerous innovative CAR products have been
invented to amplify their antigen-specificity and tumor-
killing efficacy, often by inducing more potent co-stimu-
latory signaling pathways.

SLAMF4-engineered co-stimulation in CAR therapies

Given that SLAMF4 functions as a costimulatory recep-
tor in T cells, enhancing TCR-mediated signaling, sci-
entists constructed a recombinant chimeric receptor
that links TAA-specific extracellular single-chain vari-
able fragment (scFv) domains to the signaling motifs of
SLAMF4 [251, 252]. The chimeric SLAMF4-TCR recep-
tor drives antigen-specific T cell expansion and strength-
ens NK cell cytotoxicity against autologous leukemia cells
[251, 252].

CAR-NK cell therapy has also been applied to treat
T-cell malignancies. For example, CD5-targeted CAR-
NK cells equipped with intracellular SLAMF4 costimu-
latory domain exhibit stronger cytotoxic effects against
CD5™T cell in acute lymphoblastic leukemia than CAR-
NK cells equipped with classical 4-1BB domain [197].
Similarly, claudin-6-targeted CAR-NK cells incorporat-
ing SLAMF4 domains demonstrate improved anti-tumor
efficacy against ovarian cancer compared to CAR-NK
cells with classical designs, highlighting the advantages of
leveraging SLAMF4-mediated self-activation [253].

Single SLAMF-targeted CAR therapies

Based on the tumor-promoting roles of SLAMF3 in
MM, scientists have developed the engineered SLAMF3-
targeted CAR-T cells that display effective roles against
MM cells, including MM-propagating cells, both in vitro
and in vivo, without causing severe adverse effects like
T-cell fratricide [254]. However, due to the low SLAMF3
expression on normal lymphocytes, scientists fine-tuned
the CAR binding affinity by substituting a single amino
acid and overexpressing c-Jun, a protein that naturally
exists in CAR-T cells. Eventually, the improved SLAMF3-
targeted CAR-T product displayed potent cytotoxicity
against MM cells while protecting normal cells [255].
However, the clinical validation of this novel therapy
needs to be further confirmed.

In addition, SLAMF7 represents another promising
target in MM. Chu et al. demonstrated that CAR-NK
cells targeting SLAMEF?7 significantly exhibit potent anti-
MM effects, including increased IFN-y production and
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The combination of Elotuzumab can enhance activation state of NK cells and initiate their anti-tumor effects in an ADCC-dependent manner.
Moreover, Elotuzumab also induces phagocytotic functions of macrophages on MM cells or Treg cells in an ADCP-dependent manner. In addition,
the blockade of SLAMF2 expressed on MM cells by anti-SLAMF2 mAb can inhibit cancer progression. b The structure of engineered CAR-T products
against leukemia cells includes the CD19/GD2 targeting ScFv in the extracellular domain, and the intracellular signaling domain of SLAMF4

is combined with CD3C of TCR. Extracellular domain of BCMA-SLAMF7 bispecific CAR-T cells contain SLAMF7-targeting scFv and BCMA-targeting
scFv derived from their respective molecule-targeting antibodies, and the extracellular domain of SLAMF3-targeted CAR-T cells include
SLAMF3-targeting ScFv. Their intracellular domains are composed of co-stimulatory domain and activation domain. Abbreviation: mAb, monoclonal
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ScFv, single-chain variable fragment; BCMA, B cell maturation antigen; CAR, chimeric antigen receptor. The figure is created with BioRender.com

enhanced tumor cell cytolysis [256]. Nevertheless, the
potential of designing CAR products targeting other
SLAME receptors continue to be explored in the future.

Bispecific CAR therapies
Tumor cells can avoid immune killing through down-
regulating antigen expression, which limits the efficacy of
single-target CAR therapies [257]. To remove this obsta-
cle, scientists have designed bispecific CAR therapies
incorporating SLAMF receptors alongside other tumor
antigens.

Bispecific CAR-T therapy targeting B cell maturation
antigen (BCMA) and SLAMF7 has revolutionized MM
treatment [258-260]. However, its long-term clinical

efficacy is restricted to increasing BCMA loss, but sci-
entists found the expression of SLAMF7 remains in MM
patients treated with BCMA-targeted therapy [261].
Therefore, the bispecific BCMA-SLAMF7 CAR-T ther-
apy significantly compensates for the shortcomings of
single-target CAR-T therapy and highlights their efficacy
in treating heterogeneous MM [262].

The combination of bispecific BCMA-SLAMF7 CAR-T
therapy with anti-PD-1 antibodies accelerates early
tumor control [258]. A phase I clinical trial reports that
the administration of bispecific BCMA-SLAMF7 CAR-T
therapy can improve outcomes of RRMM patients,
including those who have been treated with BCMA-tar-
geted CAR-T therapy [126]. Similarly, another research
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constructed a dual CAR-T cell product targeting CD38
and SLAMF7, exhibiting enhanced efficacy and safety
in treating preclinical MM models [263]. Given that
SLAMEF?7 also plays significant roles in regulating NK
cell functions in MM, targeting SLAMF7 with CAR-NK
cells may also offer therapeutic potential for melanoma
treatment.

Fratricide remains a major challenge upon apply-
ing CAR-T therapy. One study shows that the deletion
of SLAMF7 in T cells prior to constructing IgV-domain
of SLAMF7 (Luc90)-targeted CAR-T cells can mitigate
CDS8*T cell fratricide while preserving potent anti-MM
activity [264]. Additionally, in RRMM patients previously
treated with BCMA-targeted CAR-T therapy, T-cell dys-
function is frequently observed. SLAMF4 is found to be
upregulated on these dysfunctional T cells, but whether
it contributes to compromising the therapeutic efficacy of
BCMA-targeted CAR-T therapy remains unclear [265].

Integrating SLAMF signaling elements, whether as
costimulatory domains or direct CAR targets, offering
novel insights into developing CAR therapies, particu-
larly in hematopoietic malignancies. Additional clinical
trials are also required to validate the safety and efficacy
of advanced CAR therapies and to refine personalized
approaches, ultimately expanding the potential of apply-
ing SLAMF-focused immunotherapies.

Antibody-based targeted immunotherapy

Monoclonal antibody therapies targeting tumor-asso-
ciated antigens have achieved success in optimizing
cancer treatment. Given their universal expression on
tumor-associated immune cells and immunoregulatory
functions, SLAMF receptors offer promising targets for
antibody-based interventions, potentially complement-
ing existing immunotherapies.

Targeting SLAMF2 and SLAMF5 in MM
SLAMEF2 is prominently expressed on MM plasma
cells, and the administration of anti-SLAMF2 mAbs can
deplete MM cells via ADCC and robust complement-
dependent cytotoxicity [266]. Daratumumab is an anti-
CD38 mAb that plays an effective role in treating MM. A
study indicates that the SLAMF2 expression on MM cells
increases their susceptibility to Daratumumab-mediated
ADCC by activating NK cells, implying the potential of
SLAME?2 as a adjuvant therapeutic target [266, 267].
Furthermore, the tumor-promoting roles of SLAMEF5
in MM can be reversed by blocking SLAMF5 in both
human MM patient samples and murine models [196].
Additionally, depleting MDSCs significantly enhances
the sensitivity of melanoma mouse models to anti-PD-1
therapy. Based on the pivotal roles of SLAMEF5 in driv-
ing MDSC accumulation within the TME, SLAMEF5 may
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serve as a promising target for overcoming anti-PD-1
resistance [268].

Elotuzumab and other SLAMF7-directed therapies in MM
SLAMF7 is highly expressed on MM cells and has
become a key target for antibody-based therapy. The
humanized mAb Elotuzumab (Huluc63) is the official
product that is specifically developed to combine with
SLAME?7 in treating MM [269].

Elotuzumab drives significant anti-MM effects through
multiple mechanisms, including inhibiting MM cell
adhesion to bone marrow stromal cells [236]; triggering
ADCC and enhance NK cell cytotoxicity via Fc compo-
nent of Elotuzumab binding on NK cells and intracellu-
lar EAT-2/Erk signaling activation [237]; and enhancing
macrophage-mediated phagocytosis. Moreover, scientists
have also found that Elotuzumab can augment SLAMEF7-
SLAMEF?7 interactions between NK cells and targeted
MM cells, further boosting NK cell cytotoxicity [158].

Beyond NK cells, other immune cells existing in the
TME are also involved in Elotuzumab-mediated anti-
tumor effects. For instance, Elotuzumab promotes deple-
tion of SLAMF7*CD8*Treg cells, primarily via triggering
the macrophage-mediated antibody-dependent cellular
phagocytosis (ADCP) [238, 270]. Approved in combina-
tion with lenalidomide and dexamethasone for RRMM
patients, Elotuzumab is being tested in multiple clinical
trials to refine its optimal use [271-274].

Expanding SLAMF-targeted antibody therapies

With the rapid development of cancer treatment, tar-
geted radionuclide therapy has attracted many scientists
[275].

In 5T33MM (MM cell line) models, a single-domain Ab
against SLAMEF? labeled with actinium-225 ([***Ac]-sdAb1)
exerts potent anti-tumor activity, enhancing CD8*T cell
infiltration and prolonging murine survival [125].

In addition, scientists have also constructed a novel
product called SLAMEF7-Bispecific T-cell engagers
(BiTE), a bispecific single-chain antibody consisting of
a-Slamf7 and a-CD3 Fv fragments joined through a Gly-
Ser linker. Although the SLAMEF7-BiTE effectively killed
MPC-11 cells in vitro [276], they performed more sig-
nificant side effects than SLAMF7 mAb and SLAMF7-
targeted CAR-T cells in vivo syngeneic model [276].
Therefore, striking the right balance of efficacy and safety
remains a challenge.

SLAMF-targeted antibody therapies in solid tumors
Although antibody-based SLAMEF receptor therapies
have primarily targeted hematological tumors, emerging
studies suggest their roles in solid tumors.
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Table 2 Therapies targeting SLAMF receptors for cancer treatment in clinical trials

NCT Number Study Status Implications Interventions Phases Enrollment
NCT01441973 COMPLETED High-risk smoldering MM patients Elotuzumab 2 41
NCT02420860 ACTIVE_NOT_RECRUITING MM patients treated with ASCT Elotuzumab + Lenalidomide 2 113
NCT03713294 COMPLETED RRMM patients Dexamethasone + Elotuzumab +Pomalidomide 2 41
NCT02279394 COMPLETED High-risk smoldering MM patients  Elotuzumab + Lenalidomide + Dexamethasone 2 51
NCT01478048 COMPLETED RRMM patients Elotuzumab + Bortezomib + Dexamethasone 2 185
NCT02843074 COMPLETED MM patients treated with ASCT Elotuzumab + Lenalidomide + Dexamethasone 2 53
NCT02252263 COMPLETED MM patients Elotuzumab + Lirilumab + Urelumab 1 44
NCT02495922 COMPLETED MM patients Elotuzumab + Lenalidomide + Dexametha- 3 564
sone + Bortezomib +ASCT
NCT02655458 COMPLETED MM patients treated with ASCT Elotuzumab + Lenalidomide 1 15
NCT05002816 RECRUITING RRMM patients Elotuzumab + Belantamab mafodotin 1/2 24
NCT04835129 RECRUITING RRMM patients Isatuximab + Pomalidomide + Elotu- 2 53
zumab + Dexamethasone
NCT01335399 COMPLETED MM patients Lenalidomide + Dexamethasone + Elotuzumab 3 748
NCT05560399 RECRUITING RRMM patients Iberdomide + Elotuzumab + Dexamethasone 1 6
NCT03155100 COMPLETED RRMM patients Elotuzumab + Dexamethasone + Carfilzomib 2 15
NCT02654132 COMPLETED RRMM patients Elotuzumab + Pomalidomide + Dexamethasone 2 17
NCT02612779 COMPLETED RRMM patients Elotuzumab + Pomalidomide + Dexametha- 2 74
sone + Nivolumab
NCT01239797 COMPLETED RRMM patients Lenalidomide + Dexamethasone +Elotuzumab 3 646
NCT03030261 ACTIVE_NOT_RECRUITING RRMM patients Elotuzumab + Pomalidomide + Dexamethasone 2 25
NCT06185751 RECRUITING MM patients WS-CART-CS1 1 25
NCT03778346 UNKNOWN RRMM patients CAR-T 1 30
NCT04156269 UNKNOWN MM patients BCMA-CST compound CART 1 12
NCT04662099 RECRUITING RRMM patients BCMA-CS1 compound CART 1 24
NCT04499339 ACTIVE_NOT_RECRUITING MM patients CS1 Targeted CAR T-cells 1/2 38
NCT03958656 COMPLETED MM patients CS1 Targeted CAR T-cells 1 13
NCT02954796 TERMINATED MM patients SGN-CD352A 1 27

ASCT autologous stem cell transplantation, CAR chimeric antigen receptor, BCMA B-cell maturation antigen

In a HNSCC murine model, anti-SLAMF4 mAb
increases CD8'TIL accumulation and reduces tumor
growth [29]. Moreover, SLAMF4 expression is positively
correlated with the production of suppressive molecules
by intra-tumoral DCs and MDSCs, such as arginase-1,
IL-10, and TGF-B1 [29]. Therefore, SLAMF4 plays an
immunosuppressive role in HNSCC and may serve as a
promising antibody-based therapeutic target.

However, due to restricted studies on investigating
SLAMEF receptors in solid tumors, the development of
antibody-based therapies targeting SLAMF receptors for
treating solid tumors still at an early stage.

SLAMF receptor-targeted therapies in clinical trials
Given the bright promise of SLAMF receptor-targeted
immunotherapies in treating cancer patients, such as
mAbs and CAR products, numerous clinical trials have
been initiated to evaluate their safety and efficacy. This

section presents representative SLAMF-focused clinical
trials and highlights their significance (Table 2).

SLAMF receptor-targeted mAbs

Improving MM in early stages

High-risk-smoldering MM (HR-SMM) is an early,
asymptomatic form of MM that is preferential to pro-
gress to active MM. Early pharmacological interven-
tion can attenuate this progression [277]. In HR-SMM
patients treated with different doses of Elotuzumab, sci-
entists observed a negative correlation between CD564™
NK cell proportion and the reductions in serum mono-
clonal protein, suggesting immune function may influ-
ence effectiveness of Elotuzumab (ClinicalTrials.gov
Identifier: NCT01441973). Moreover, the higher dose
of Elotuzumab showed a better long-term therapeutic
potential, but it raised safety concerns that merit addi-
tional research. Additionally, the combined Elotuzumab,
Dexamethasone, and Lenalidomide strategy significantly
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increased the objective response rates of HR-SMM
patients, though cytotoxic side effects warrant further
attention (Clinical Trials.gov Identifier: NCT02279394).

Reducing recurrence

Disease recurrence remains a major obstacle for MM
management, but combination therapies have shown
potential to improve that.

For MM patients resistant to Daratumumab, scientists
tried to explore the therapeutic potential of combining Dexa-
methasone, Elotuzumab, and Pomalidomide (ClinicalTrials.
gov Identifier: NCT03713294, NCT03030261), as well as
the regimens such as “Isatuximab+Pomalidomide+ Elo-
tuzumab+ Dexamethasone”  (ClinicalTrials.gov Identifier:
NCT04835129), “Carfilzomib+ Elotuzumab+ Dexametha-
sone” (ClinicalTrials.gov Identifier: NCTO03155100), and
“Iberdomide + Elotuzumab + Dexamethasone”  (Clinical Tri-
als.gov Identifier: NCT05560399). Moreover, additional tri-
als repot that Elotuzumab contributes to improving RRMM
patient prognosis when added to “Bortezomib + Dexametha-
sone” (Clinical Trials.gov Identifier: NCT01478048) or “Lena-
lidomide+Dexamethasone”  (ClinicalTrials.gov Identifier:
NCT01239797) [226]. In one study, the combination of Elotu-
zumab with Pomalidomide and Dexamethasone significantly
lowered mortality and disease progression of RRMM patients
resistant to Lenalidomide and proteasome inhibitors (Clini-
calTrials.gov Identifier: NCT02654132) [227]. In contrast, a
phase 3 clinical trial indicated the addition of Elotuzumab to
Lenalidomide and Dexamethasone provided limited benefit
in improving the prognosis of newly diagnosed MM patients
(ClinicalTrials.gov Identifier: NCT01335399) [278], suggest-
ing patient status and disease stage significantly influence
treatment outcomes.

SGN-CD352A is an antibody—drug conjugate target-
ing SLAMF®6, was evaluated in MM or RRMM patients
but the study terminated without publicy stated reasons
(ClinicalTrials.gov Identifier: NCT02954796). This exam-
ple illustrates the challenges in advancing novel SLAME-
targeted therapies to later clinical stages.

Combining ASCT and Elotuzumab

ASCT is an effective approach for MM patients. How-
ever, ASCT-treated MM patients often need additional
therapies to maintain therapeutic efficacy and prevent
recurrence [279].

Scientists have investigated Elotuzumab in combina-
tion with Lenalidomide in the post-ASCT setting. (Clini-
calTrials.gov Identifier: NCT02420860, NCT02655458)
Moreover, the combination of Elotuzumab, Lenalido-
mide, and Dexamethasone had been demonstrated to
improve the overall response rate and (progression-free
survival) PFS in ASCT-treated MM patients, albeit with
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universal adverse events, implying the cytotoxicity of this
strategy (ClinicalTrials.gov Identifier: NCT02843074).

However, a phase 3 trial indicated the addition of Elo-
tuzumab neither enhanced induction and consolidation
therapy with Bortezomib, Lenalidomide, and Dexameth-
asone, nor improved maintenance efficacy of Lenalido-
mide for newly diagnosed ASCT-eligible MM patients
(ClinicalTrials.gov Identifier: NCT02495922) [272].
These divergent findings highlight the complexity of inte-
grating Elotuzumab into ASCT regimens.

Combining SLAMF receptor-targeted antibodies with other
immunotherapeutic agents

In addition to chemotherapy, scientists have also investi-
gated the therapeutic efficacy of combining Elotuzumab
with immunotherapeutic agents in clinical trials. For
instance, a phase 1 trial assessed Elotuzumab co-admin-
istered with Lirilumab or Urelumab in MM patients,
aiming to define safety, tolerability, and the maximally
tolerated dose, though no results have been posted to
date (ClinicalTrials.gov Identifier: NCT02252263).

ICIs have shaped the immunotherapeutic landscape
of cancer patients, particularly anti-PD-1 antibodies like
Nivolumab [280]. The addition of Nivolumab to “Elotu-
zumab + Pomalidomide + Dexamethasone” regimen was
established to evaluate the therapeutic efficacy in RRMM
patients (ClinicalTrials.gov Identifier: NCT02612779).
Belantamab Mafodotin is an approved antibody-drug
conjugate and shows effective anti-MM responses by spe-
cifically targeting the BCMA, which is highly expressed
on MM cells [281]. Scientist also explored whether the
combination of Belantamab Mafodotin and Elotuzumab
can strengthen therapeutic efficacy in RRMM patients
(ClinicalTrials.gov Identifier: NCT05002816).

SLAMF receptor-targeted CAR-T therapy

In addition to administrating molecule-targeted thera-
pies, scientist have also generated CAR-T cell products
targeting SLAMF receptors, predominantly focused on
SLAMEF?7.

A series of clinical trials have been conducted to evalu-
ate the efficacy and safety of SLAMF7-targeted CAR-T
therapies (ClinicalTrials.gov Identifier: NCT06185751,
NCT04499339). One study observed that all participants
receiving SLAMEF7-targeted CAR-T therapy showed
Grade 2 or the lower adverse events, while participants
in the higher dose group encountered severe toxic-
ity. Although efficacy was limited, the safety profile of
this therapy was deemed acceptable (ClinicalTrials.
gov Identifier: NCT03958656). In addition, SLAMF7-
targeted CAR-T products may also perform effective-
ness by combining with other molecule-targeted CAR-T
products (ClinicalTrials.gov Identifier: NCT03778346).
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Beyond single SLAMF7-targeted CAR-T products, the
BCMA-SLAMF7 compound CAR-T products have also
entered clinical testing to assess its safety and toler-
ability in RRMM patients (ClinicalTrials.gov Identifier:
NCT04156269, NCT04662099). Despite this progress,
SLAMF7-targeted CAR-T therapies remain largely
confined to MM, with limited data on their potential
in other malignancies. Nevertheless, there is a signifi-
cant lack of clinical trials evaluating therapies targeting
other SLAMF receptors, such as SLAMF3, SLAMF4 and
SLAMES5. Elucidating the broader translational impact of
SLAMTF receptor-directed immunotherapies will require
more preclinical research and well-designed trials.

Conclusion

In this review, we have presented a comprehensive over-
view of current discoveries on SLAMF receptors, focus-
ing on their structural features, downstream signaling
networks in tumor-associated immune cells, roles in reg-
ulating tumor progression, and related immunotherapeu-
tic strategies under clinical evaluation.

The specific signals transmitted by SLAMF receptors
are contingent upon the ligand types, cellular contexts,
and intracellular protein components. Acting as adhe-
sion molecules, co-stimulatory factors, or even inhibi-
tory receptors, SLAMF receptors coordinate immune
responses by bridging innate and adaptive immunity [41,
51, 98, 105, 145, 282, 283]. Of note, SAP families and
SH2-domain-containing phosphatases critically shape
these pathways, influencing SLAMF-mediated functions
[43, 53, 284, 285].

Although early studies focused on roles of SLAMF
receptors in hematopoietic malignancies, mounting
evidence now supports SLAMF receptor involvement
across a broad range of solid tumors. [192, 286] Owing to
homophilic interaction characteristics and tissue-specific
expression patterns, SLAMF receptors represent prom-
ising targets for developing novel cancer immunothera-
pies. Numerous therapeutic strategies targeting SLAMF
receptors have been investigated, including CAR-based
therapies (CAR-T cell, CAR-NK cell, bispecific CAR-T
cell), monoclonal antibodies (e.g., Elotuzumab), and vari-
ous combination regimens, with some already in clinical
trials [126, 254, 255, 261, 264, 265, 272].

In conclusion, SLAMF receptors exert key roles in reg-
ulating immune cells by transmitting context-dependent
signals, largely mediated by intracellular SH2-domain
containing proteins. They significantly regulate tumor
progression through various mechanisms and have
emerged as both predictive biomarkers for improv-
ing cancer diagnosis and as targets for developing novel
immunotherapies. In addition, evidence from clinical
studies shows that some SLAMF-targeted therapies can
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attenuate tumor progression, yet additional rigorous
research is needed to translate their theoretical promise
into safe and effective treatments that truly benefit can-
cer patients.

Future perspectives

Despite considerable advances have been made in under-
standing SLAMF receptor biology and their regulatory
roles in tumor immunity, several critical challenges need
to be solved.

First, the context-dependent signaling of SLAMF
receptors warrants further investigation. Each SLAMF
receptor can exert distinct or even opposite roles depend-
ing on tumor types, immune cell subsets, and different
intracellular adaptors. A thorough understanding of these
context-specific roles is pivotal for designing precise tar-
geted therapies and uncovering tumor heterogeneity in
different cancer types. Secondly, studies investigating
the roles of SLAMF receptors in regulating solid tumor
immunity remain limited, especially specific regulatory
mechanisms. In addition, emerging evidences underscore
the important contributions of different SLAMF recep-
tors in various cancer types, including SLAMF3 in MM
[194], SLAMF4 in CRC [193], and SLAMF7 in HCC [52].
Therefore, there are numerous immunotherapeutic can-
didates beyond SLAMF7 in MM.

Thirdly, immunotherapy tolerance or resistance greatly
hinders long-term efficacy of immunotherapies in treat-
ing cancer patients, with immunosuppressive TMEs
playing a central role. SLAMF receptors expressed on
cancer-associated immune cells can either promote or
suppress immunosuppression [287]. In addition, many
studies have highlighted the potential roles of SLAMF
receptors in regulating existing immunotherapies, espe-
cially for anti-PD-1 antibody treatment. For example,
mice lacking SLAMF4"monocytes displayed a better
response to anti-PD-1 antibody treatment [207]. Moreo-
ver, mice bearing with SLAMF9-knockdown melanoma
cells exhibited improved prognosis upon anti-PD-1 and
anti-CTLA-4 treatment [208]. In addition, the higher
SLAMEFS8 expression level correlates with the better
response to anti-PD-1 treatment in CRC murine models
and GC patients [286, 288]. These findings highlight the
potential of combining SLAMF-targeted therapies with
existing immunotherapies to amplify therapeutic efficacy.

Finally, since SLAMF receptors are also expressed on
normal hematopoietic cells, including red blood cells
and platelets, specificity remains a priority in design-
ing SLAMF-targeted treatments [75, 182]. Furthermore,
comprehensive clinical trials are needed to evaluate the
safety and efficacy of those novel therapies, as well as
evaluate potential drug-drug interactions in combination
strategies.
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In summary, we need to focus on clarifying the con-
text-dependent roles of SLAMF receptors in different
settings, expanding research on solid tumors, and devel-
oping novel cancer treatment targeting other SLAMF
receptors. Furthermore, SLAMF receptor-targeted thera-
pies have great potential to attenuating classical immuno-
therapeutic resistance mediated by immunosuppressive
TME. In the end, ensuring target specificity and clinical
safety will be indispensable for translating SLAMEF-tar-
geted strategies into successful clinical applications.

Authors’ contributions

JH.and CL. conceived and supervised the work. J.L. and TF. drafted the manu-
script. J.L. and T.F. designed figures and performed visualization. T.F. and C.X.
edited the manuscript. Z.D. and W.C. reviewed the manuscript and provided
essential suggestions. J.L. and Y.J. participated in literature screening and
analysis of relevant studies. C.L. and J.H. revised the manuscript. D.W. made
substantial contributions during the revision phase. All authors have read and
approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(82473443), the Beijing Natural Science Foundation (L248050, 7242119), and
the CAMS Innovation Fund for Medical Sciences (CIFMS) (2021-1-12M-012).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 10 December 2024 Accepted: 18 March 2025
Published online: 17 May 2025

References

1. Peck SR, Ruley HE. Ly108: a new member of the mouse CD2 family of
cell surface proteins. Immunogenetics. 2000;52:63-72.

2. delaFuente MA, Pizcueta P, Nadal M, Bosch J, Engel P. CD84 leu-
kocyte antigen is a new member of the ig superfamily. Blood.
1997,90:2398-405.

3. Mathew PA, et al. Cloning and characterization of the 2B4 gene encod-
ing a molecule associated with non-MHC-restricted killing mediated by
activated natural killer cells and T cells. J Immunol. 1993;151:5328-37.

4. Klyushnenkova EN, Li L, Armitage RJ, Choi YS. CD48 delivers an acces-
sory signal for CD40-mediated activation of human B cells. Cell Immu-
nol. 1996;174:90-8.

5. TatsuoH, Ono N, Tanaka K, Yanagi Y. SLAM (CDw150) is a cellular recep-
tor for measles virus. Nature. 2000;406:893-7.

6. Sayos J, et al. The X-linked lymphoproliferative-disease gene product
SAP regulates signals induced through the co-receptor SLAM. Nature.
1998;395:462-9.

7. Cocks BG, et al. A novel receptor involved in T-cell activation. Nature.
1995;376:260-3.

8. Sandrin MS, et al. Isolation and characterization of cDNA clones for
mouse ly-9. J Immunol. 1992;149:1636-41.

9.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Page 24 of 29

Fraser CC, et al. Identification and characterization of SF2000 and
SF2001, two new members of the immune receptor SLAM/CD2 family.
Immunogenetics. 2002;53:843-50.

Snow AL, et al. Restimulation-induced apoptosis of T cells is impaired
in patients with X-linked lymphoproliferative disease caused by SAP
deficiency. J Clin Invest. 2009;119:2976-89.

Bar RS, et al. Fatal infectious mononucleosis in a family. N Engl J Med.
1974;290:363-7.

Coffey AJ, et al. Host response to EBV infection in X-linked lym-
phoproliferative disease results from mutations in an SH2-domain
encoding gene. Nat Genet. 1998;20:129-35.

Sidorenko SP, Clark EA. Characterization of a cell surface glycoprotein
IPO-3, expressed on activated human B and T lymphocytes. J Immu-
nol. 1993;151:4614-24.

de la Fuente MA, et al. Molecular characterization and expression of
a novel human leukocyte cell-surface marker homologous to mouse
ly-9. Blood. 2001;97:3513-20.

Valiante NM, Trinchieri G. Identification of a novel signal transduc-
tion surface molecule on human cytotoxic lymphocytes. J Exp Med.
1993;178:1397-406.

Tangye SG, et al. Cutting edge: human 2B4, an activating NK cell
receptor, recruits the protein tyrosine phosphatase SHP-2 and the
adaptor signaling protein SAP. J Immunol. 1999;162:6981-5.
Garni-Wagner BA, Purohit A, Mathew PA, Bennett M, Kumar V. A novel
function-associated molecule related to non-MHC-restricted cytotox-
icity mediated by activated natural killer cells and T cells. J Immunol.
1993;151:60-70.

Bottino C, et al. NTB-a [correction of GNTB-a], a novel SH2D1A-asso-
ciated surface molecule contributing to the inability of natural killer
cells to kill epstein-barr virus-infected B cells in X-linked lymphopro-
liferative disease. J Exp Med. 2001;194:235-46.

Bouchon A, Cella M, Grierson HL, Cohen JI, Colonna M. Activation of
NK cell-mediated cytotoxicity by a SAP-independent receptor of the
CD2 family. J Immunol. 2001;167:5517-21.

Kingsbury GA, et al. Cloning, expression, and function of BLAME, a
novel member of the CD2 family. J Immunol. 2001;166:5675-80.
Calpe S, et al. Identification and characterization of two related
murine genes, Eat2a and Eat2b, encoding single SH2-domain adapt-
ers. Immunogenetics. 2006;58:15-25.

Thompson AD, et al. EAT-2 is a novel SH2 domain containing protein
that is up regulated by ewing’s sarcoma EWS/FLIT fusion gene. Onco-
gene. 1996;13:2649-58.

Morra M, et al. Structural basis for the interaction of the free SH2
domain EAT-2 with SLAM receptors in hematopoietic cells. EMBO J.
2001;20:5840-52.

Nichols KE, et al. Inactivating mutations in an SH2 domain-

encoding gene in X-linked lymphoproliferative syndrome. PNAS.
1998;95:13765-70.

Czar MJ, et al. Altered lymphocyte responses and cytokine produc-
tion in mice deficient in the X-linked lymphoproliferative disease
gene SH2D1A/DSHP/SAP. PNAS. 2001;98:7449-54.

Latour S, et al. Regulation of SLAM-mediated signal transduction by
SAP, the X-linked lymphoproliferative gene product. Nat Immunol.
2001,2:681-90.

O'Connell P, Amalfitano A, Aldhamen YA. SLAM family receptor
signaling in viral infections: HIV and beyond. Nato Adv Sci Inst Se.
2019;7:184.

ShiJ, et al. SLAMF7 (CD319/CS1) is expressed in plasmablastic lym-
phoma and is a potential diagnostic marker and therapeutic target.
Br J Haematol. 2019;185:145-7.

Agresta L, et al. CD244 represents a new therapeutic target in

head and neck squamous cell carcinoma. J Immunother Cancer.
2020;8:€000245.

Roncagalli R, et al. Negative regulation of natural killer cell function by
EAT-2, a SAP-related adaptor. Nat Immunol. 2005;6:1002-10.
Gonzalez-Cabrero J, et al. CD48-deficient mice have a pronounced
defect in CD4(+) T cell activation. PNAS. 1999;96:1019-23.

Veillette A. NK cell regulation by SLAM family receptors and SAP-related
adapters. Immunol Rev. 2006;214:22-34.



Li et al. Molecular Cancer

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

(2025) 24:145

Zhong M-C, Veillette A. Control of T lymphocyte signaling by Ly108, a
signaling lymphocytic activation molecule family receptor implicated
in autoimmunity. J Biol Chem. 2008;283:19255-64.

Bejarano L, Jordao MJC, Joyce JA. Therapeutic targeting of the tumor
microenvironment. Cancer Discov. 2021;11:933-59.

Vaghari-Tabari M, et al. Signaling, metabolism, and cancer: an
important relationship for therapeutic intervention. J Cell Physiol.
2021;236:5512-32.

Finck AV, Blanchard T, Roselle CP, Golinelli G, June CH. Engineered cellu-
lar immunotherapies in cancer and beyond. Nat Med. 2022,28:678-89.
Engel P. SLAMF receptors and disease. Clin Immunol. 2019,204:1-2.
Dragovich MA, Mor A. The SLAM family receptors: potential therapeutic
targets for inflammatory and autoimmune diseases. Autoimmun Rev.
2018;17:674-82.

Staunton DE, et al. Blast-1 possesses a glycosyl-phosphatidylinositol
(GPI) membrane anchor, is related to LFA-3 and OX-45, and maps to
chromosome 1g21-23. J Exp Med. 1989;169:1087-99.

Elishmereni M, Levi-Schaffer F. CD48: a co-stimulatory receptor of
immunity. Int J Biochem Cell Biol. 2011;43:25-8.

Cannons JL, Tangye SG, Schwartzberg PL. SLAM family receptors and
SAP adaptors in immunity. Annu Rev Immunol. 2011;29:665-705.
Cartier F, et al. The expression of the hepatocyte SLAMF3 (CD229)
receptor enhances the hepatitis C virus infection. PLoS One.
2014;9:99601.

Pahima H, Puzzovio PG, Levi-Schaffer F. 2B4 and CD48: a powerful cou-
ple of the immune system. Clin Immunol (Orlando Fla,). 2019;204:64-8.
Velikovsky CA, et al. Structure of natural killer receptor 2B4 bound to
CD48 reveals basis for heterophilic recognition in signaling lymphocyte
activation molecule family. Immunity. 2007;27:572-84.

Mavaddat N, et al. Signaling lymphocytic activation molecule (CDw150)
is homophilic but self-associates with very low affinity. J Biol Chem.
2000;275:28100-9.

Romero X, et al. CD229 (Ly9) lymphocyte cell surface receptor interacts
homophilically through its N-terminal domain and relocalizes to the
immunological synapse. J Immunol. 2005;174:7033-42.

Cao E, et al. NTB-a receptor crystal structure: insights into homophilic
interactions in the signaling lymphocytic activation molecule receptor
family. Immunity. 2006;25:559-70.

Yan Q, et al. Structure of CD84 provides insight into SLAM family func-
tion. PNAS. 2007;104:10583-8.

Kumaresan PR, Lai WC, Chuang SS, Bennett M, Mathew PA. CS1, a novel
member of the CD2 family, is homophilic and regulates NK cell func-
tion. Mol Immunol. 2002,39:1-8.

Schwartzberg PL, Mueller KL, Qi H, Cannons JL. SLAM receptors and SAP
influence lymphocyte interactions, development and function. Nat Rev
Immunol. 2009;9:39-46.

Engel P, Eck MJ, Terhorst C. The SAP and SLAM families in immune
responses and X-linked lymphoproliferative disease. Nat Rev Immunol.
2003;3:813-21.

Weng J, et al. Repolarization of immunosuppressive macrophages by
targeting SLAMF7-regulated CCL2 signaling sensitizes hepatocellular
carcinoma to immunotherapy. Cancer Res. 2024;84:1817-33.

Dong Z, et al. 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;36:974-85.

Eissmann P, et al. Molecular basis for positive and negative signaling by
the natural killer cell receptor 2B4 (CD244). Blood. 2005;105:4722-9.
Dragovich MA, et al. SLAMF6 clustering is required to augment T cell
activation. PLoS One. 2019;14:e0218109.

Sidorenko SP, Clark EA. The dual-function CD150 receptor subfamily:
the viral attraction. Nat Immunol. 2003;4:19-24.

Sawada S, Takei M, Ishiwata T. SAP discovery: the sword edges—benefi-
cial and harmful. Autoimmun Rev. 2007;6:444-9.

Wu N, et al. A hematopoietic cell-driven mechanism involving SLAMF6
receptor, SAP adaptors and SHP-1 phosphatase regulates NK cell edu-
cation. Nat Immunol. 2016;17:387-96.

Poy F, et al. Crystal structures of the XLP protein SAP reveal a class of
SH2 domains with extended, phosphotyrosine-independent sequence
recognition. Mol Cell. 1999;4:555-61.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

Page 25 of 29

Latour S, et al. Binding of SAP SH2 domain to FynT SH3 domain reveals
a novel mechanism of receptor signalling in immune regulation. Nat
Cell Biol. 2003;5:149-54.

Chan B, et al. SAP couples fyn to SLAM immune receptors. Nat Cell Biol.
2003;5:155-60.

Hwang PM, et al. A'three-pronged’binding mechanism for the SAP/
SH2D1A SH2 domain: structural basis and relevance to the XLP syn-
drome. EMBO J. 2002;21:314-23.

Howie D, et al. Molecular dissection of the signaling and costimulatory
functions of CD150 (SLAM): CD150/SAP binding and CD150-mediated
costimulation. Blood. 2002;99:957-65.

Cannons JL, et al. SAP regulates T(H)2 differentiation and PKC-theta-
mediated activation of NF-kappaB1. Immunity. 2004;21:693-706.
Graham DB, et al. Ly9 (CD229)-deficient mice exhibit T cell defects

yet do not share several phenotypic characteristics associated

with SLAM- and SAP-deficient mice. J Immunol (Baltim Md,: 1950).
2006;176:291-300.

ZhouT, Guan, Sun L, Liu W. A review: mechanisms and molecular
pathways of signaling lymphocytic activation molecule family 3
(SLAMF3) in immune modulation and therapeutic prospects. Int Immu-
nopharmacol. 2024;133:112088.

Borowski C, Bendelac A. Signaling for NKT cell development: the SAP-
FynT connection. J Exp Med. 2005;201:833-6.

Pasquier B, et al. Defective NKT cell development in mice and humans
lacking the adapter SAP, the X-linked lymphoproliferative syndrome
gene product. J Exp Med. 2005,201:695-701.

Mikhalap SV, et al. The adaptor protein SH2D1A regulates signaling
through CD150 (SLAM) in B cells. Blood. 2004;104:4063-70.

Aoukaty A, Tan R. Association of the X-linked lymphoproliferative dis-
ease gene product SAP/SH2D1A with 2B4, a natural killer cell-activating
molecule, is dependent on phosphoinositide 3-kinase. J Biol Chem.
2002;277:13331-7.

Mikhalap SV, et al. CDw150 associates with src-homology 2-contain-
ing inositol phosphatase and modulates CD95-mediated apoptosis. J
Immunol (Baltim Md,: 1950). 1999;162:5719-27.

Phee H, Jacob A, Coggeshall KM. Enzymatic activity of the src homol-
ogy 2 domain-containing inositol phosphatase is regulated by a
plasma membrane location. J Biol Chem. 2000;275:19090-7.

Cannons JL, et al. Optimal germinal center responses require a multi-
stage T cell: B cell adhesion process involving integrins, SLAM-associ-
ated protein, and CD84. Immunity. 2010;32:253-65.

Munitz A, et al. 2B4 (CD244) is expressed and functional on human
eosinophils. J Immunol (Baltim Md,: 1950). 2005;174:110-8.

Nanda N, et al. Platelet aggregation induces platelet aggregate stability
via SLAM family receptor signaling. Blood. 2005;106:3028-34.

Lo KY, et al. SLAM-associated protein as a potential negative regulator
in trk signaling. J Biol Chem. 2005;280:41744-52.

Eissmann P, Watzl C. Molecular analysis of NTB-a signaling: a role for
EAT-2 in NTB-a-mediated activation of human NK cells. J Immunol
(Baltim Md,: 1950). 2006;177:3170-7.

Cruz-Munoz M-E, Dong Z, Shi X, Zhang S, Veillette A. Influence of
CRACC, a SLAM family receptor coupled to the adaptor EAT-2, on natu-
ral killer cell function. Nat Immunol. 2009;10:297-305.

Clarkson NG, Simmonds SJ, Puklavec MJ, Brown MH. Direct and indirect
interactions of the cytoplasmic region of CD244 (2B4) in mice and
humans with FYN kinase. J Biol Chem. 2007;282:25385-94.

Bologna C, et al. SLAMF1 regulation of chemotaxis and autophagy
determines CLL patient response. J Clin Invest. 2016;126:181-94.
Chaudhary A, et al. Human diversity in a cell surface receptor that inhib-
its autophagy. Curr Biol. 2016;26:1791-801.

Mou J, et al. 2B4 inhibits the apoptosis of natural killer cells through
phosphorylated extracellular signal-related kinase/B-cell lymphoma 2
signal pathway. Cytotherapy. 2023;25:1080-90.

Pérez-Quintero L-A, et al. EAT-2, a SAP-like adaptor, controls NK cell
activation through phospholipase cy, Ca++, and erk, leading to granule
polarization. J Exp Med. 2014,211:727-42.

Tassi |, Colonna M. The cytotoxicity receptor CRACC (CS-1) recruits EAT-2
and activates the PI3K and phospholipase cgamma signaling pathways
in human NK cells. J Immunol. 2005;175:7996-8002.



Li et al. Molecular Cancer

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

101.

103.

104.

105.

107.

109.

(2025) 24:145

Wang N, et al. Cutting edge: the adapters EAT-2A and -2B are positive
regulators of CD244- and CD84-dependent NK cell functions in the
C57BL/6 mouse. J Immunol (Baltim Md,: 1950). 2010;185:5683-7.
Berger SB, et al. SLAM is a microbial sensor that regulates bacterial
phagosome functions in macrophages. Nat Immunol. 2010;11:920-7.
Shlapatska LM, et al. CD150 association with either the SH2-con-
taining inositol phosphatase or the SH2-containing protein tyrosine
phosphatase is regulated by the adaptor protein SH2D1A. J Immunol.
2001;166:5480-7.

Gold MR, et al. Targets of B-cell antigen receptor signaling: the phos-
phatidylinositol 3-kinase/akt/glycogen synthase kinase-3 signaling
pathway and the Rap1 GTPase. Immunol Rev. 2000;176:47-68.

Dong Z, et al. Essential function for SAP family adaptors in the surveil-
lance of hematopoietic cells by natural killer cells. Nat Immunol.
2009;10:973-80.

Li D, et al. SLAMF3 and SLAMF4 are immune checkpoints that constrain
macrophage phagocytosis of hematopoietic tumors. Sci Immunol.
2022;7:eabj5501.

Alvarez-Errico D, et al. CD84 negatively regulates IgE high-affinity recep-
tor signaling in human mast cells. J Immunol. 2011;187:5577-86.
Oliver-Vila I, Saborit-Villarroya |, Engel P, Martin M. The leukocyte
receptor CD84 inhibits fc epsilon RI-mediated signaling through
homophilic interaction in transfected RBL-2H3 cells. Mol Immunol.
2008;45:2138-49.

Kim JR, Horton NC, Mathew SO, Mathew PA. CS1 (SLAMF7?) inhibits
production of proinflammatory cytokines by activated monocytes.
Inflamm Res. 2013,;62:765-72.

Wilson TJ, et al. Fine specificity and molecular competition in SLAM
family receptor signalling. PLoS One. 2014;9:e92184.

Sun 'L, SuY, Jiao A, Wang X, Zhang B. T cells in health and disease. Signal
Transduction Targeted Ther. 2023,;8:235.

Ma'Y, Yang Z, Liu J, Wang D. CD48 suppresses cell proliferation and
migration as a prognostic immune signature in the cervical cancer
immune microenvironment. Carcinogenesis. 2024;45:57-68.

Wang X, et al. High levels of CD244 rather than CD160 associate with
CD8(+) T-cell aging. Front Immunol. 2022;13:853522.

Gartshteyn Y, Askanase AD, Mor A. SLAM associated protein signaling
inT cells: tilting the balance toward autoimmunity. Front Immunol.
2021;12:654839.

LiW, et al. The SLAM-associated protein signaling pathway is required
for development of CD4+ T cells selected by homotypic thymocyte
interaction. Immunity. 2007;27:763-74.

Bahal D, Hashem T, Nichols KE, Das R. SLAM-SAP-fyn: old players

with new roles in iNKT cell development and function. Int J Mol Sci.
2019;20:4797.

Prince AL, Yin CC, Enos ME, Felices M, Berg LJ. The tec kinases itk and rlk
regulate conventional versus innate T-cell development. Immunol Rev.
2009;228:115-31.

Pellicci DG, Koay H-F, Berzins SP. Thymic development of unconven-
tional T cells: how NKT cells, MAIT cells and y& T cells emerge. Nat Rev
Immunol. 2020;20:756-70.

Howie D, et al. Cutting edge: the SLAM family receptor Ly108 controls T
cell and neutrophil functions. J Immunol. 2005;174:5931-5.

Wang N, et al. The cell surface receptor SLAM controls T cell and mac-
rophage functions. J Exp Med. 2004;199:1255-64.

Lu, et al. SLAM receptors foster iNKT cell development by reduc-

ing TCR signal strength after positive selection. Nat Immunol.
2019;20:447-57.

Sintes J, et al. Cutting edge: Ly9 (CD229), a SLAM family receptor, nega-
tively regulates the development of thymic innate memory-like CD8+ T
and invariant NKT cells. J Immunol. 2013;190:21-6.

Dienz O, et al. Critical role for SLAM/SAP signaling in the thymic
developmental programming of IL-17- and IFN-y-producing y& T cells. J
Immunol. 2020;204:1521-34.

Proust R, Bertoglio J, Gesbert F. The adaptor protein SAP directly associ-
ates with CD3( chain and regulates T cell receptor signaling. PLoS One.
2012;7:€43200.

Martin M, et al. CD84 functions as a homophilic adhesion molecule
and enhances IFN-gamma secretion: adhesion is mediated by ig-like
domain 1. J Immunol. 2001;167:3668-76.

112.

114.

115.

117.

118.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Page 26 of 29

Tangye SG, Nichols KE, Hare NJ, van de Weerdt BCM. Functional require-
ments for interactions between CD84 and src homology 2 domain-
containing proteins and their contribution to human T cell activation. J
Immunol (Baltim Md,: 1950). 2003;171:2485-95.

Snow AL, Pandiyan P, Zheng L, Krummey SM, Lenardo MJ. The power
and the promise of restimulation-induced cell death in human immune
diseases. Immunol Rev. 2010;236:68-82.

Re HDP, et al. Restimulation-induced T-cell death through NTB-a/SAP
signaling pathway is impaired in tuberculosis patients with depressed
immune responses. Immunol Cell Biol. 2017;95:716-28.

Katz G, et al. FOXP3 renders activated human regulatory T cells resistant
to restimulation-induced cell death by suppressing SAP expression. Cell
Immunol. 2018;327:54-61.

Henning G, et al. Signaling lymphocytic activation molecule (SLAM)
regulates T cellular cytotoxicity. Eur J Immunol. 2001;31:2741-50.
Aversa G, Chang CC, Carballido JM, Cocks BG, de Vries JE. Engagement
of the signaling lymphocytic activation molecule (SLAM) on activated
T cells results in IL-2-independent, cyclosporin a-sensitive T cell pro-
liferation and IFN-gamma production. J Immunol (Baltim Md,: 1950).
1997;158:4036-44.

Carballido JM, et al. Reversal of human allergic T helper 2 responses by
engagement of signaling lymphocytic activation molecule. J Immunol
(Baltim Md,: 1950). 1997;159:4316-21.

Veillette A. Immune regulation by SLAM family receptors and SAP-
related adaptors. Nat Rev Immunol. 2006;6:56-66.

Ma CS, Nichols KE, Tangye SG. Regulation of cellular and humoral
immune responses by the SLAM and SAP families of molecules. Annu
Rev Immunol. 2007;25:337-79.

Veillette A, Cruz-Munoz M-E, Zhong M-C. SLAM family receptors and
SAP-related adaptors: matters arising. Trends Immunol. 2006;27:228-34.
Wu C, et al. SAP controls T cell responses to virus and terminal differen-
tiation of TH2 cells. Nat Immunol. 2001;2:410-4.

Davidson D, et al. Genetic evidence linking SAP, the X-linked lym-
phoproliferative gene product, to src-related kinase FynT in T(H)2
cytokine regulation. Immunity. 2004;21:707-17.

Lissina A, et al. Fine-tuning of CD8(+) T-cell effector functions by target-
ing the 2B4-CD48 interaction. Immunol Cell Biol. 2016,94:583-92.
Dupré L, et al. SAP controls the cytolytic activity of CD8+ T cells against
EBV-infected cells. Blood. 2005;105:4383-9.

Kis-Toth K, et al. Selective loss of signaling lymphocytic activation
molecule family member 4-positive CD8+ T cells contributes to the
decreased cytotoxic cell activity in systemic lupus erythematosus.
Arthritis Rheumatol (Hob NJ). 2016;68:164-73.

De Veirman K, et al. CS1-specific single-domain antibodies labeled with
actinium-225 prolong survival and increase CD8+ T cells and PD-L1
expression in multiple myeloma. Oncoimmunology. 2021;10:2000699.
Li C, et al. Bispecific CS1-BCMA CAR-T cells are clinically active in
relapsed or refractory multiple myeloma. Leukemia. 2024;38:149-59.
Raziorrouh B, et al. The immunoregulatory role of CD244 in chronic
hepatitis B infection and its inhibitory potential on virus-specific CD8+
T-cell function. Hepatology. 2010;52:1934-47.

O'Keeffe MS, et al. SLAMF4 is a negative regulator of expansion of
cytotoxic intraepithelial CD8+ T cells that maintains homeostasis in the
small intestine. Gastroenterology. 2015;148:991-1001.e4.

Loyal L, et al. SLAMF7 and IL-6R define distinct cytotoxic versus helper
memory CD8+ T cells. Nat Commun. 2020;11:6357.

Yusuf |, et al. Germinal center T follicular helper cell IL-4 production is
dependent on signaling lymphocytic activation molecule receptor
(CD150). J Immunol. 2010;185:190-202.

White D, et al. Programmed cell death-1 (PD-1) anchoring to the GPI-
linked co-receptor CD48 reveals a novel mechanism to modulate PD-
1-dependent inhibition of human T cells. Mol Immunol. 2023;156:31-8.
McCausland MM, et al. SAP regulation of follicular helper CD4 T cell
development and humoral immunity is independent of SLAM and fyn
kinase. J Immunol. 2007;178:317-28.

De Salort J, Sintes J, Llinas 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;134:129-36.

Shachar |, Barak A, Lewinsky H, Sever L, Radomir L. SLAMF recep-

tors on normal and malignant B cells. Clin Immunol (Orlando Fla,).
2019;204:23-30.



Li et al. Molecular Cancer

135.

136.

137.

138.

139.

140.

141.

143.

144,

145.

146.

147.

148.

151.

152.

154.

155.

157.

159.

160.

(2025) 24:145

Mesin L, Ersching J, Victora GD. Germinal center B cell dynamics. Immu-
nity. 2016;45:471-82.

Zhong MC, et al. SLAM family receptors control pro-survival effectors

in germinal center B cells to promote humoral immunity. J Exp Med.
2021,218:220200756.

Punnonen J, et al. Soluble and membrane-bound forms of signal-

ing lymphocytic activation molecule (SLAM) induce proliferation

and ig synthesis by activated human B lymphocytes. J Exp Med.
1997;185:993-1004.

Karampetsou MP, et al. Signaling lymphocytic activation molecule
family member 1 engagement inhibits T cell-B cell interaction and
diminishes interleukin-6 production and plasmablast differentiation in
systemic lupus erythematosus. Arthritis Rheumatol. 2019;71:99-108.
Yuan D, Guo Y, Thet S. Enhancement of antigen-specific immunoglobu-
lin G responses by anti-CD48. J Innate Immun. 2013;5:174-84.

Cuenca M, Romero X, Sintes J, Terhorst C, Engel P. Targeting of Ly9
(CD229) disrupts marginal zone and B1 B cell homeostasis and anti-
body responses. J Immunol. 2016;196:726-37.

Kageyama R, et al. The receptor Ly108 functions as a SAP adaptor-
dependent on-off switch for T cell help to B cells and NKT cell develop-
ment. Immunity. 2012;36:986-1002.

Wang N, et al. Negative regulation of humoral immunity due to
interplay between the SLAMF1, SLAMFS5, and SLAMF6 receptors. Front
Immunol. 2015;6:158.

Chen S, et al. Dissection of SAP-dependent and SAP-independent SLAM
family signaling in NKT cell development and humoral immunity. J Exp
Med. 2017;214:475-89.

Qi H. From SAP-less T cells to helpless B cells and back: dynamic T-B

cell interactions underlie germinal center development and function.
Immunol Rev. 2012;247:24-35.

Qi H. New twists in humoral immune regulation by SLAM family recep-
tors. J Exp Med. 2021;218:20202300.

Myers JA, Miller JS. Exploring the NK cell platform for cancer immuno-
therapy. Nat Rev Clin Oncol. 2021;18:85-100.

Chen S, Dong Z. NK cell recognition of hematopoietic cells by SLAM-
SAP families. Cell Mol Immunol. 2019;16:452-9.

Claus M, Urlaub D, Fasbender F, Watzl C. SLAM family receptors in
natural killer cells - mediators of adhesion, activation and inhibition via
cis and trans interactions. Clin Immunol. 2019;204:37-42.

Chen S, et al. The self-specific activation receptor SLAM family is critical
for NK cell education. Immunity. 2016;45:292-304.

Chalifour A, et al. A role for cis interaction between the inhibitory Ly49A
receptor and MHC class | for natural killer cell education. Immunity.
2009;30:337-47.

He Y, Tian Z. NK cell education via nonclassical MHC and non-MHC
ligands. Cell Mol Immunol. 2017;14:321-30.

Pende D, Meazza R, Marcenaro S, Arico M, Bottino C. 2B4 dysfunction in
XLP1 NK cells: more than inability to control EBV infection. Clin Immu-
nol. 2019;204:31-6.

Reynolds LF, et al. Vav1 transduces T cell receptor signals to the activa-
tion of phospholipase C-gamma’ via phosphoinositide 3-kinase-
dependent and -independent pathways. J Exp Med. 2002;195:1103-14.
Chuang SS, Kumaresan PR, Mathew PA. 2B4 (CD244)-mediated activa-
tion of cytotoxicity and IFN-gamma release in human NK cells involves
distinct pathways. J Immunol. 2001;167:6210-6.

Stark S, Watzl C. 2B4 (CD244), NTB-a and CRACC (CS1) stimulate cytotox-
icity but no proliferation in human NK cells. Int Immunol. 2006;18:241-7.
Saborit-Villarroya |, et al. The adaptor 3BP2 activates CD244-mediated
cytotoxicity in PKC- and SAP-dependent mechanisms. Mol Immunol.
2008;45:3446-53.

Clarkson NG, Brown MH. Inhibition and activation by CD244

depends on CD2 and phospholipase C-gamma1. J Biol Chem.
2009;284:24725-34.

PazinaT, et al. Enhanced SLAMF7 homotypic interactions by elotu-
zumab improves NK cell killing of multiple myeloma. Cancer Immunol
Res. 2019;7:1633-46.

Anderson NR, Minutolo NG, Gill S, Klichinsky M. Macrophage-based
approaches for cancer immunotherapy. Cancer Res. 2021;81:1201-8.
Zeng X, et al. Combined deficiency of SLAMF8 and SLAMF9 prevents
endotoxin-induced liver inflammation by downregulating TLR4 expres-
sion on macrophages. Cell Mol Immunol. 2020;17:153-62.

161.

162.

163.

164.

165.

166.

167.

168.

172.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Page 27 of 29

Sintes J, Romero X, de Salort J, Terhorst C, Engel P. Mouse CD84 is a pan-
leukocyte cell-surface molecule that modulates LPS-induced cytokine
secretion by macrophages. J Leukocyte Biol. 2010;88:687-97.

Dollt C, et al. The novel immunoglobulin super family receptor
SLAMF9 identified in TAM of murine and human melanoma influences
pro-inflammatory cytokine secretion and migration. Cell Death Dis.
2018;9:939.

Logtenberg MEW, Scheeren FA, Schumacher TN. The CD47-SIRPa
Immune Checkpoint. Immunity. 2020;52:742-52.

Matozaki T, Murata Y, Okazawa H, Ohnishi H. Functions and molecular
mechanisms of the CD47-SIRPalpha signalling pathway. Trends Cell Biol.
2009;19:72-80.

Chen J, et al. SLAMF?7 is critical for phagocytosis of haematopoietic
tumour cells via mac-1 integrin. Nature. 2017,544:493-7.

Rosales C. Neutrophils at the crossroads of innate and adaptive immu-
nity. J Leukoc Biol. 2020;108:377-96.

Weller PF, Spencer LA. Functions of tissue-resident eosinophils. Nat Rev
Immunol. 2017;17:746-60.

Gorgens A, et al. Revision of the human hematopoietic tree: granulo-
cyte subtypes derive from distinct hematopoietic lineages. Cell Rep.
2013;3:1539-52.

Liew PX, Kubes P. The neutrophil’s role during health and disease.
Physiol Rev. 2019,99:1223-48.

Pellegrini JM, et al. Neutrophil autophagy during human active tuber-
culosis is modulated by SLAMF1. Autophagy. 2021;17:2629-38.

Winn JS, Guille J, Gebicki JM, Day RO. Hydrogen peroxide modulation
of the respiratory burst of human neutrophils. Biochem Pharmacol.
1991;41:31-6.

Minai-FlemingerY, et al. The CD48 receptor mediates staphylococ-

cus aureus human and murine eosinophil activation. Clin Exp Allergy.
2014;44:1335-46.

Munitz A, et al. CD48 is an allergen and IL-3-induced activation mol-
ecule on eosinophils. J Immunol. 2006;177:77-83.

Elishmereni M, Bachelet |, Nissim Ben-Efraim AH, Mankuta D, Levi-
Schaffer F. Interacting mast cells and eosinophils acquire an enhanced
activation state in vitro. Allergy. 2013;68:171-9.

Kruse M, et al. Signaling lymphocytic activation molecule is expressed
on mature CD83+ dendritic cells and is up-regulated by IL-1 beta. J
Immunol. 2001;167:1989-95.

Bleharski JR, Niazi KR, Sieling PA, Cheng G, Modlin RL. Signaling lym-
phocytic activation molecule is expressed on CD40 ligand-activated
dendritic cells and directly augments production of inflammatory
cytokines. J Immunol. 2001;167:3174-81.

Réthi B, et al. SLAM/SLAM interactions inhibit CD40-induced produc-
tion of inflammatory cytokines in monocyte-derived dendritic cells.
Blood. 2006;107:2821-9.

Kis-Toth K, Tsokos GC. Engagement of SLAMF2/CD48 prolongs the time
frame of effective T cell activation by supporting mature dendritic cell
survival. J Immunol. 2014;192:4436-42.

Barak AF, et al. Bone marrow dendritic cells support the survival of
chronic lymphocytic leukemia cells in a CD84 dependent manner.
Oncogene. 2020;39:1997-2008.

Georgoudaki A-M, et al. CD244 is expressed on dendritic cells and
regulates their functions. Immunol Cell Biol. 2015;93:581-90.

Agod Z, et al. Signaling lymphocyte activation molecule family 5
enhances autophagy and fine-tunes cytokine response in monocyte-
derived dendritic cells via stabilization of interferon regulatory factor 8.
Front Immunol. 2018;9:62.

Golub R, Cumano A. Embryonic hematopoiesis. Blood Cells Mol Dis.
2013;51:226-31.

Weiss LJ, et al. The homophilic CD84 receptor is upregulated on plate-
lets in COVID-19 and sepsis. Thromb Res. 2022;220:121-4.

Hofmann S, et al. Mice lacking the SLAM family member CD84 display
unaltered platelet function in hemostasis and thrombosis. PLoS One.
2014,9:e115306.

Marcq |, et al. Identification of SLAMF3 (CD229) as an inhibitor of hepa-
tocellular carcinoma cell proliferation and tumour progression. PLoS
One. 2013;8:82918.

Liu J, et al. SLAMF8 promotes the proliferation and migration of synovial
fibroblasts by regulating the ERK/MMPs signalling pathway. Autoim-
munity. 2022;55:294-300.



Li et al. Molecular Cancer

187.

188.

189.

190.

192.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

211,

212

(2025) 24:145

Chen N, Fan B, He Z, Yu X, Wang J. Identification of HBEGF+ fibroblasts
in the remission of rheumatoid arthritis by integrating single-cell RNA
sequencing datasets and bulk RNA sequencing datasets. Arthritis Res
Ther. 2022;24:215.

Meurette O, Mehlen P. Notch signaling in the tumor microenvironment.

Cancer Cell. 2018;34:536-48.

Korver W, et al. The lymphoid cell surface receptor NTB-a: a novel
monoclonal antibody target for leukaemia and lymphoma therapeu-
tics. Br J Haematol. 2007;137:307-18.

Roncador G, et al. CD229 (Ly9) a novel biomarker for B-cell malignan-
cies and multiple myeloma. Cancers (Basel). 2022;14:2154.

Chiba M, et al. Genome-wide CRISPR screens identify CD48 defining
susceptibility to NK cytotoxicity in peripheral T-cell lymphomas. Blood.
2022;140:1951-63.

Zhang Y, et al. SLAMF8, a potential new immune checkpoint molecule,
is associated with the prognosis of colorectal cancer. Transl Oncol.
2023;31:101654.

Sugita Y, et al. CD244(+) polymorphonuclear myeloid-derived suppres-
sor cells reflect the status of peritoneal dissemination in a colon cancer
mouse model. Oncol Rep. 2021;45:106.

Lin Z, et al. CD229 interacts with RASAL3 to activate RAS/ERK pathway

in multiple myeloma proliferation. Aging (Albany NY). 2022;14:9264-79.

Ishibashi M, et al. SLAMF3-mediated signaling via ERK pathway activa-
tion promotes aggressive phenotypic behaviors in multiple myeloma.
Mol Cancer Res. 2020;18:632-43.

Lewinsky H, et al. CD84 is a regulator of the immunosuppressive micro-
environment in multiple myeloma. JCI Insight. 2021;6:e141683.

Xu'Y, et al. 2B4 costimulatory domain enhancing cytotoxic ability of
anti-CD5 chimeric antigen receptor engineered natural killer cells
against T cell malignancies. J Hematol Oncol. 2019;12:49.

Wang Z, et al. Acute myeloid leukemia immune escape by epigenetic
CD48 silencing. Clin Sci (L). 2020;134:261-71.

Sugimoto A, et al. SLAM family member 8 is expressed in and enhances
the growth of anaplastic large cell lymphoma. Sci Rep. 2020;10:2505.
Shcherbina V, Gordiienko |, Shlapatska L, Gluzman D, Sidorenko S.
CD150 and CD180 are negative regulators of IL-10 expression and
secretion in chronic lymphocytic leukemia B cells. Neoplasma.
2021,;68:760-9.

Bund D, Mayr C, Kofler DM, Hallek M, Wendtner C-M. Human Ly9
(CD229) as novel tumor-associated antigen (TAA) in chronic lympho-
cytic leukemia (B-CLL) recognized by autologous CD8+ T cells. Exp
Hematol. 2006;34:860-9.

Park EJ, et al. CD48-expressing non-small-cell lung cancer cells are
susceptible to natural killer cell-mediated cytotoxicity. Arch Pharm Res.
2022;45:1-10.

Dimopoulos MA, et al. Elotuzumab, lenalidomide, and dexamethasone
in RRMM: final overall survival results from the phase 3 randomized
ELOQUENT-2 study. Blood Cancer J. 2020;10:1-10.

Dimopoulos MA, et al. Elotuzumab plus pomalidomide and dexameth-
asone for multiple myeloma. N Engl J Med. 2018;379:1811-22.
Ishibashi M, Morita R, Tamura H. Immune functions of signaling lym-
phocytic activation molecule family molecules in multiple myeloma.
Cancers. 2011;13:279.

DK, et al. Patient selection for CART or BiTE therapy in multiple
myeloma: which treatment for each patient. J Hematol Oncol. 2022;15.
Kochenderfer JN. CART cell therapies for patients with multiple
myeloma. Nat Rev Clin Oncol. 2021;18:71-84.

Radhakrishnan SV, Bhardwaj N, Luetkens T, Atanackovic D. Novel anti-
myeloma immunotherapies targeting the SLAM family of receptors.
Oncoimmunology. 2017,6:e1308618.

Olson M, Radhakrishnan SV, Luetkens T, Atanackovic D. The role

of surface molecule CD229 in multiple myeloma. Clin Immunol.
2019,204:69-73.

Ishibashi, M, et al. SLAMF3-mediated signaling via ERK pathway activa-
tion promotes aggressive phenotypic behaviors in multiple myeloma.
Mol Cancer Res. 2020;18:632-43.

Devine SM, Larson RA. Acute leukemia in adults: recent developments
in diagnosis and treatment. CA Cancer J Clin. 1994;44:326-52.

Bosch F, Dalla-Favera R. Chronic lymphocytic leukaemia: from genetics
to treatment. Nat Rev Clin Oncol. 2019;16:684-701.

213.

216.

219.

220.

221,

222.

223.

224,

225.

226.

227.

228.
229.

230.

231,

232

233.

234.

235.

236.

237.

238.

239.

240.

Page 28 of 29

von Wenserski L, et al. SLAMF receptors negatively regulate B cell
receptor signaling in chronic lymphocytic leukemia via recruitment of
prohibitin-2. Leukemia. 2021,35:1073-86.

Binsky-Ehrenreich |, et al. CD84 is a survival receptor for CLL cells. Onco-
gene. 2014;33:1006-16.

Altvater B, et al. 2B4 (CD244) signaling via chimeric receptors costimu-
lates tumor-antigen specific proliferation and in vitro expansion of
human T cells. Cancer Immunol Immunother. 2009;58:1991-2001.
Altvater B, et al. 2B4 (CD244) signaling by recombinant antigen-specific
chimeric receptors costimulates natural killer cell activation to leukemia
and neuroblastoma cells. Clin Cancer Res. 2009;15:4857-66.

Lewinsky H, et al. CD84 regulates PD-1/PD-L1 expression and function
in chronic lymphocytic leukemia. J Clin Invest. 2018;128:5465-78.
ZhangT, et al. Heme oxygenase 1 overexpression induces immune eva-
sion of acute myeloid leukemia against natural killer cells by inhibiting
CD48. J Transl Med. 2022;20:394.

Rodriguez-Otero P, Paiva B, San-Miguel JF. Roadmap to cure multiple
myeloma. Cancer Treat Rev. 2021;100:102284.

Kyle RA, Rajkumar SV. Multiple myeloma. Blood. 2008;111:2962-72.
Mikkilineni L, Kochenderfer JN. CART cell therapies for patients with
multiple myeloma. Nat Rev Clin Oncol. 2021;18:71-84.

Zhao'Y, Du J, Shen X. Targeting myeloid-derived suppressor cells in
tumor immunotherapy: current, future and beyond. Front Immunol.
2023;14:1157537.

Cuenca M, Sintes J, Lanyi A, Engel P.CD84 cell surface signaling mol-
ecule: an emerging biomarker and target for cancer and autoimmune
disorders. Clin Immunol (Orlando Fla,). 2019,204:43-49.

Dg C, et al. Phase 1 study combining elotuzumab with autologous
stem cell transplant and lenalidomide for multiple myeloma. J Immu-
noTher Cancer. 2024;12.

Tai YT, et al. Anti-CST humanized monoclonal antibody HuLuc63 inhib-
its myeloma cell adhesion and induces antibody-dependent cellular
cytotoxicity in the bone marrow milieu. Blood. 2008;112:1329-37.
Collins SM, et al. Elotuzumab directly enhances NK cell cytotoxic-

ity against myeloma via CS1 ligation: evidence for augmented NK

cell function complementing ADCC. Cancer Immunol Immunother.
2013;62:1841-9.

Awwad MHS, et al. Selective elimination of immunosuppressive T cells
in patients with multiple myeloma. Leukemia. 2021;35:2602-15.
Mugnaini EN, Ghosh N. Lymphoma. Prim Care. 2016;43:661-75.

Tagi AM, Abdurrahman MB, Yakubu AM, Fleming AF. Regression of
hodgkin’s disease after measles. Lancet. 1981;1:1112.

Schattner A. Therapeutic role of measles vaccine in hodgkin's disease.
Lancet. 1984;1:171.

Yurchenko MY, et al. CD150 regulates JNK1/2 activation in normal and
hodgkin’s lymphoma B cells. Immunol Cell Biol. 2010,88:565-74.

KiinziV, Oberholzer PA, Heinzerling L, Dummer R, Naim HY. Recombi-
nant measles virus induces cytolysis of cutaneous T-cell lymphoma

in vitro and in vivo. J Invest Dermatol. 2006;126:2525-32.

Qi J, et al. Single-cell transcriptomic landscape reveals tumor specific
innate lymphoid cells associated with colorectal cancer progression.
Cell Rep Med. 2021;2:100353.

Zou CY, et al. Costimulatory checkpoint SLAMF8 is an independent
prognosis factor in glioma. CNS Neurosci Ther. 2019;25:333-42.

Bae S, et al. The effect of alloferon on the enhancement of NK cell
cytotoxicity against cancer via the up-regulation of perforin/granzyme
B secretion. Immunobiology. 2013;218:1026-1033.

Zhang Q, et al. SLAMF8 expression predicts the efficacy of anti-

PD1 immunotherapy in gastrointestinal cancers. Clin Trans|

Immunol. 2021;10:e1347.

Wang Z, et al. GDF15 induces immunosuppression via CD48 on regula-
tory T cells in hepatocellular carcinoma. J Immunother Cancer. 2021;9.
Lahiri A, et al. Lung cancer immunotherapy: progress, pitfalls,

and promises. Mol Cancer. 2023;22:40.

Li'S, et al. TCR extracellular domain genetically linked to CD28,
2B4/41BB and DAP10/CD3( -engineered NK cells mediates antitumor
effects. Cancer Immunol Immunother. 2023;72:769-74.

Chen CW, Xue M, Zhang W, Xie J, Coopersmith CM, Ford ML. 2B4 but
not PD-1 blockade improves mortality in septic animals with preexist-
ing malignancy. JCl Insight. 2019;4(22):e127867. https://doi.org/10.
1172/jciinsight.127867.


https://doi.org/10.1172/jci.insight.127867
https://doi.org/10.1172/jci.insight.127867

Li et al. Molecular Cancer

241,

242.

243.

244,

245,

246.

247.

248.

249.

250.

251,

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

(2025) 24:145

ChenT, et al. Upregulation of CXCL1 and LY9 contributes to BRCAness
in ovarian cancer and mediates response to PARPi and immune check-
point blockade. Br J Cancer. 2022;127:916-26.

Pettinella F, et al. Surface CD52, CD84, and PTGER2 mark mature
PMN-MDSCs from cancer patients and G-CSF-treated donors. Cell Rep
Med. 2024;5:101380. https://doi.org/10.1016/j.xcrm.2023.101380.
Romanets-Korbut O, et al. Expression of CD150 in tumors of the
central nervous system: identification of a novel isoform. PLoS

One. 2015;10:¢0118302.

Song Y, et al. CCL2 mediated IKZF1 expression promotes M2 polariza-
tion of glioma-associated macrophages through CD84-SHP2 pathway.
Oncogene. 2024;43:2737-49.

FanT, et al. Signatures of H3K4me3 modification predict cancer immu-
notherapy response and identify a new immune checkpoint-SLAMFO.
Respir Res. 2025;26:17.

Rabani S, et al. CD84 as a therapeutic target for breaking immune toler-
ance in triple-negative breast cancer. Cell Rep. 2024;43:114920.

YD, et al. SLAMF7 predicts prognosis and correlates with immune
infiltration in serous ovarian carcinoma. J Gynecol Oncol. 2024;35:e79.
https://doi.org/10.3802/jgo.2024.35.e79.

Vaidya SV, et al. Targeted disruption of the 2B4 gene in mice reveals an
in vivo role of 2B4 (CD244) in the rejection of B16 melanoma cells. J
Immunol. 2005;174:800-7.

Kim J, et al. Targeted deletion of CD244 on monocytes promotes dif-
ferentiation into anti-tumorigenic macrophages and potentiates PD-L1
blockade in melanoma. Mol Cancer. 2024;23:45.

Peng L, Sferruzza G, Yang L, Zhou L, Chen S. CAR-T and CAR-NK

as cellular cancer immunotherapy for solid tumors. Cell Mol

Immunol. 2024;21:1089-108.

Lin Z, et al. CD229 interacts with RASAL3 to activate RAS/ERK pathway
in multiple myeloma proliferation. Aging (Albany NY). 2022;14:9264-79.
Lewinsky H, et al. CD84 is a regulator of the immunosuppressive micro-
environment in multiple myeloma. JCI Insight. 2021;6.

Li J, et al. NK-92MI cells engineered with anti-claudin-6 chimeric
antigen receptors in immunotherapy for ovarian cancer. Int J Biol

Sci. 2024,20:1578-601.

Radhakrishnan SV, et al. CD229 CART cells eliminate multiple
myeloma and tumor propagating cells without fratricide. Nat
Commun. 2020;11:798.

Vander Mause ER, et al. Systematic single amino acid affinity tuning of
CD229 CART cells retains efficacy against multiple myeloma and elimi-
nates on-target off-tumor toxicity. Sci TransI Med. 2023;15:eadd7900.
Chu J, et al. CS1-specific chimeric antigen receptor (CAR)-engineered
natural killer cells enhance in vitro and in vivo antitumor activity against
human multiple myeloma. Leukemia. 2014;28:917-27.

Xu'Y, et al. 2B4 costimulatory domain enhancing cytotoxic ability of
anti-CD5 chimeric antigen receptor engineered natural killer cells
against T cell malignancies. J Hematol Oncol. 2019;12:49.

Zah E, et al. Systematically optimized BCMA/CS1 bispecific CAR-T

cells robustly control heterogeneous multiple myeloma. Nat.
Commun. 2020;11:2283.

Chen KH, et al. A compound chimeric antigen receptor strategy for
targeting multiple myeloma. Leukemia. 2018;32:402-12.
Golubovskaya V, et al. Novel CS1 CAR-T cells and bispecific

CS1-BCMA CAR-T cells effectively target multiple myeloma.
Biomedicines. 2021,9:1422.

Da Via MC, et al. Homozygous BCMA gene deletion in response

to anti-BCMA CART cells in a patient with multiple myeloma. Nat
Med. 2021;27:616-9.

Korst CLBM, et al. Preclinical activity of allogeneic SLAMF7-specific CAR T-cells
(UCARTCST1) in multiple myeloma. J ImmunoTher Cancer. 2024;12:2008769.
Roders N, et al. Dual chimeric antigen receptor T cells targeting CD38
and SLAMF7 with independent signaling demonstrate preclini-

cal efficacy and safety in multiple myeloma. Cancer Immunol Res.
2024;12:478-90.

O'Neal J, et al. CST CAR-T targeting the distal domain of CS1 (SLAMF7)
shows efficacy in high tumor burden myeloma model despite fratricide
of CD8+CS1 expressing CAR-T cells. Leukemia. 2022;36:1625-34.
Mishra AK, et al. PD1(+)TIGIT(+)2B4(+)KLRG1(+) cells might underlie

T cell dysfunction in patients treated with BCMA-directed chimeric
antigen receptor T cell therapy. Transpl Cell Ther. 2024;30:191-202.

266.

267.

268.

2609.

270.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

Page 29 of 29

Hosen N, et al. CD48 as a novel molecular target for antibody therapy in
multiple myeloma. Br J Haematol. 2012;156:213-24.

Liu J, et al. Epigenetic regulation of CD38/CD48 by KDM6A mediates NK
cell response in multiple myeloma. Nat Commun. 2024;15:1367.

Xiong W, et al. Depletion of myeloid-derived suppressor cells sensitizes
murine multiple myeloma to PD-1 checkpoint inhibitors. J ImmunoTher
Cancer. 2025;13:e008979.

Hsi ED, et al. CS1, a potential new therapeutic antibody target for the
treatment of multiple myeloma. Clin Cancer Res. 2008;14:2775-84.
Kurdi AT, et al. Antibody-dependent cellular phagocytosis by mac-
rophages is a novel mechanism of action of elotuzumab. Mol Cancer
Ther. 2018;17:1454-63.

Dimopoulos MA, et al. Elotuzumab, lenalidomide, and dexamethasone
in RRMM: final overall survival results from the phase 3 randomized
ELOQUENT-2 study. Blood Cancer J. 2020;10:91.

Mai EK, et al. Elotuzumab, lenalidomide, bortezomib, dexamethasone,
and autologous haematopoietic stem-cell transplantation for newly
diagnosed multiple myeloma (GMMG-HD6): results from a randomised,
phase 3 trial. Lancet, Haematol. 2024;11:e101-13.

Gentile M, et al. Elotuzumab plus pomalidomide and dexamethasone
in relapsed/refractory multiple myeloma: a multicenter, retrospective,
real-world experience with 200 cases outside of controlled clinical trials.
Haematologica. 2024;109:245-55.

Lonial S, et al. Elotuzumab therapy for relapsed or refractory multiple
myeloma. N Engl J Med. 2015;373:621-31.

Morgenstern A, et al. An overview of targeted alpha therapy with
225Actinium and 213Bismuth. Curr Radiopharm. 2018;11:200-8.

Frebel K, et al. Comparison of antibody-based immunotherapeutics for
malignant hematological disease in an experimental murine model.
Blood Adv. 2024;8:1934-45.

Mateos M-V, et al. International Myeloma Working Group risk stratifica-
tion model for smoldering multiple myeloma (SMM). Blood Cancer J.
2020;10:102.

Dimopoulos MA, et al. Addition of elotuzumab to lenalidomide and
dexamethasone for patients with newly diagnosed, transplantation
ineligible multiple myeloma (ELOQUENT-1): an open-label, multicentre,
randomised, phase 3 trial. Lancet, Haematol. 2022;9:e403-14.

Yuan S, ChenY, Liu H. Progress and prospect of ASCT combined with
CAR-T therapy in the treatment of multiple myeloma. Ther Adv Hema-
tol. 2024;15:20406207241237590.

lerand C, et al. In PD-14+ human colon cancer cells NIVOLUMAB
promotes survival and could protect tumor cells from conventional
therapies. J ImmunoTher Cancer. 2022;10:e004032.

Yu B, Jiang T, Liu D. BCMA-targeted immunotherapy for multiple
myeloma. J Hematol Oncol. 2020;13:125.

Sugimoto A, et al. SLAM family member 8 is expressed in and enhances
the growth of anaplastic large cell lymphoma. Sci Rep. 2020;10:2505.
Comte D, Karampetsou MP, Humbel M, Tsokos GC. Signaling lympho-
cyte activation molecule family in systemic lupus erythematosus. Clin
Immunol (Orlando Fla,). 2019;204:57-63.

Gordiienko I, Shlapatska L, Kovalevska L, Sidorenko SP. SLAMF1/CD150
in hematologic malignancies: silent marker or active player? Clin Immu-
nol. 2019,204:14-22.

Sun L, et al. Advances in understanding the roles of CD244 (SLAMF4)

in immune regulation and associated diseases. Front Immunol.
2021;12:648182.

Li G, et al. SLAMF8 can predict prognosis of pan-cancer and the
immunotherapy response effectivity of gastric cancer. Aging.
2024;16:8944-64.

Cianciotti BC, et al. TIM-3, LAG-3, or 2B4 gene disruptions increase

the anti-tumor response of engineered T cells. Front Immunol.
2024;15:1315283.

Huang H, et al. CD24hiCD27+ bregs within metastatic lymph nodes
promote multidrug resistance in breast cancer. Clin Cancer Res Off J
Am Assoc Cancer Res. 2023;29:5227-43.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1016/j.xcrm.2023.101380
https://doi.org/10.3802/jgo.2024.35.e79

	SLAMF receptors: key regulators of tumor progression and emerging targets for cancer immunotherapy
	Abstract 
	Introduction
	SLAMF receptors and their downstream signaling pathway
	Molecular structures of SLAMF receptors
	Extracellular domain
	Intracellular domain

	Signaling mediated by SLAMF receptors
	Activation of SLAMF receptors
	Intracellular proteins downstream of SLAMF receptors
	SAP-dependent signaling transmitted by SLAMF receptors
	EAT-2 or ERT-dependent signaling transmitted by SLAMF receptors
	Adaptor-independent signaling transmitted by SLAMF receptors
	The competition between SLAMF receptor-associated intracellular proteins


	Roles of SLAMF receptors on cancer-associated immune cells
	Lymphoid-lineage immune cells
	T cell
	B cell
	NK cell

	Myeloid-lineage immune cells
	Macrophages
	Granulocytes
	Dendritic cells


	SLAMF receptors orchestrate tumor progression
	Hematopoietic tumors
	Leukemia
	Multiple myeloma
	Lymphoma

	Solid tumors
	CRC​
	HCC
	Lung cancer
	Other solid tumors


	Cancer immunotherapies targeting SLAMF receptors
	CAR-T and NK cell-based immunotherapy
	SLAMF4-engineered co-stimulation in CAR therapies
	Single SLAMF-targeted CAR therapies
	Bispecific CAR therapies

	Antibody-based targeted immunotherapy
	Targeting SLAMF2 and SLAMF5 in MM
	Elotuzumab and other SLAMF7-directed therapies in MM
	Expanding SLAMF-targeted antibody therapies
	SLAMF-targeted antibody therapies in solid tumors


	SLAMF receptor-targeted therapies in clinical trials
	SLAMF receptor-targeted mAbs
	Improving MM in early stages
	Reducing recurrence
	Combining ASCT and Elotuzumab
	Combining SLAMF receptor-targeted antibodies with other immunotherapeutic agents

	SLAMF receptor-targeted CAR-T therapy

	Conclusion
	Future perspectives
	References


