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A B S T R A C T

SLAM family receptors are important for the fine-tuning of immune reactions. Their expression is restricted to cells of hematopoietic origin and most SLAM family
receptors are their own ligand. Here we review how these receptors are involved in regulating the functions of Natural Killer (NK) cells. We discuss that promoting
cellular adhesion may be a main function of SLAM family receptors in NK cells. The homophilic interactions of SLAM family receptors can not only occur in trans
between different cells, but also in cis on the surface of the same cell. This cis interaction additionally modulates the function of the receptors and subsequently affects
the activities of NK cells. Finally, SLAM-family receptors can also mediate inhibitory signals under certain conditions. These inhibitory signals can contribute to the
functional maturation of NK cells during NK cell education. Therefore, SLAM family receptors are critically involved in many aspects of NK cell functionality.

1. Introduction

The signaling lymphocytic activation molecule (SLAM) is an Ig-like
surface receptor on cells of hematopoietic origin that gave its name to a
family of six related receptors. These receptors include SLAMF1
(CD150, SLAM), SLAMF3 (CD229, Ly-9), SLAMF4 (CD244, 2B4),
SLAMF5 (CD84), SLAMF6 (CD352, NTB-A, Ly108), and SLAMF7
(CD319, CRACC, CS1). The expression of these receptors is restricted to
hematopoietic cells and they can be found on NK cells, T cells, B cells,
macrophages, monocytes, dendritic cells, platelets, granulocytes, he-
matopoietic stem cells, and progenitor cells [1–3]. As we will be fo-
cusing on the function of SLAM family receptors in NK cells, we will
restrict this review to the three receptors expressed on these cells,
SLAMF4, SLAMF6 and SLAMF7.

1.1. SLAM family receptor signaling

SLAM family receptors activate signaling pathways via im-
munoreceptor tyrosine-based switch motifs (ITSMs) in their cyto-
plasmic domains. Upon phosphorylation the ITSM recruits SLAM-as-
sociated protein (SAP) and related adapters such as the Ewing sarcoma-
associated transcript (EAT-2) and the EAT-2-related transducer (ERT).
These adapters are small SH2-domain containing signaling molecules
and they are all expressed in NK cells, with ERT being only found in
mouse but not in human cells.

SLAM family receptors are homophilic, which means that they are
their own ligand. The exception is SLAMF4, which interacts with CD48,

a SLAM family related molecule (therefore it was initially also called
SLAMF2) that is expressed by many hematopoietic cells. Engagement of
SLAM family receptors by their ligands induces the phosphorylation of
the cytoplasmic ITSMs via Src-family kinases such as Fyn [4,5]. This
phosphorylation is essential for the recruitment of SAP family adapters,
with the exception of SLAMF1, which seem to interact with SAP in-
dependently of its phosphorylation [6,7]. Once SAP interacts with the
ITSM of SLAM family receptors, it is predicted to change conformation
[8]. This enables SAP to recruit Fyn to the receptor via an untypical
SH2-SH3 domain interaction which involves an Arginine 78 (R78)
motif in SAP [9,10] (Fig. 1). While the initial phosphorylation of SLAM
family receptors seems independent of this recruitment [11], Fyn
binding via SAP is necessary for the activation of immune cells by SLAM
family receptors [9,12].

1.2. Activation of NK cells by SLAM family receptors

SLAMF4 contains four ITSMs in its cytoplasmic domain, which are
essential for signaling and receptor function [13]. Engagement of
SLAMF4 on human NK cells results in its enrichment in membrane
microdomains and the subsequent phosphorylation of the cytoplasmic
ITSMs by Src-family kinases [14,15]. This is followed by the binding of
SAP and the recruitment of Fyn resulting in the phosphorylation of Vav-
1 [4,16]. SLAMF4 can also bind the adapter EAT-2, which does not
recruit Fyn, but stimulates PLC-γ, Ca2+ flux and ERK activation [17,18]
(Fig. 1). Additionally, the adapter 3BP2 can associate with SLAMF4 and
stimulate Vav-1, PLC-γ and ERK phosphorylation [19–21]. Ultimately,
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SLAMF4 engagement initiates an activating signaling cascade that re-
sults in NK cell cytotoxicity and the release of cytokines such as IFN-γ
and TNF-α.

Similar to SLAMF4, engagement of SLAMF6 on NK cells leads to
phosphorylation of its three ITSMs, followed by recruitment of SAP and
EAT-2 [22–24]. These adapters can then engage similar signaling
pathways as described above and mediate NK cell cytotoxicity and
cytokine production. In contrast, SLAMF7 does not recruit SAP but only
EAT-2 [25,26]. As a result, absence of EAT-2 inhibits SLAMF7-mediated
NK cell activation [27], whereas EAT-2 overexpression can enhance the
anti-tumor activity of human NK cells [28].

1.3. SLAM family receptors and adhesion

In healthy human NK cells, SLAM family receptors are usually de-
scribed as typical activating receptors that can stimulate NK cell cyto-
toxicity and cytokine secretion. However, there are several findings that
suggest that one of the main functions of SLAM family receptors may be
to stimulate NK cell adhesion. Stimulation of SLAMF4 or SLAMF6 on
resting human NK cells can activate the binding affinity and avidity of
the integrin LFA-1, which is essential for NK cell adhesion to target cells
[29,30]. This activation of LFA-1 is mediated by inside-out signaling
and in our hands SLAMF4 and SLAMF6 are some of the few receptors
that can induce LFA-1 activation in resting human NK cells [29]. Si-
milarly, measuring the adhesion strength between activated NK cells
and their target cells by atomic force microscopy (AFM)-driven single
cell force spectroscopy showed that SLAMF4 induces a quick increase in
adhesion [31]. This effect was depending on LFA-1 and actin re-
organization. Also, SLAMF4 stimulation induced the activation of
human NK cells in a real-time cell analyzer assay which is based on
changes in impedance due to adhesion and spreading of cells [32].
These data suggest that SLAMF4 and SLAMF6 are particularly good in
stimulating NK cell adhesion through LFA-1. Both of these receptors
signal via SAP and in mouse NK cells SAP has been shown to be es-
sential for binding of NK cells to tumor cells [16]. In these experiments
SLAM family receptor stimulated and LFA-1 mediated adhesion of NK
cells to tumor target cells was dependent on Fyn recruitment, Vav, PLC-
γ and Ca2+ flux.

SLAMF4-mediated inside-out signaling in human NK cells can be
enhanced by cytokines [29]. SAP expression is upregulated by proin-
flammatory cytokine stimulation [33], which could be one explanation
for this effect. Changes in the potential to activate integrins and adhere
to targets can also be observed during NK cell maturation [29]. S100A4
expression correlates with the better adhesion of mature NK cells and
may be involved in cytoskeleton-depending inside-out signals [29]. NK
cell adhesion additionally depends on the education of NK cells [34].

The better reactivity of educated NK cells was correlated with higher
activation of the Akt/mTOR pathway [35], resulting in enhanced Ca2+

flux and LFA-1 activation. These data support a model by which SLAM
family receptors can efficiently induce LFA-1 activation through inside-
out signaling via SAP, Fyn, Vav, PLC-γ and Ca2+ flux, resulting in ad-
hesion to tumor target cells (Fig. 1).

A specific role for SLAM family receptors in mediating cellular ad-
hesion is also well documented for other immune cells. Macrophages
can bind to and phagocytose hematopoietic tumor cells when the in-
hibitory interaction of SIRPα and CD47 is blocked. This interaction is
strictly dependent on SLAMF7 [36], which is expressed on macrophages
and tumor cells. The effect does not require SAP, consistent with the
fact that SLAMF7 does only recruit EAT-2, but not SAP. Interestingly,
the interaction between the macrophages and the tumor cells was de-
pendent on the integrin Mac-1, demonstrating that Mac-1 synergizes
with SLAMF7 in the interaction with tumor cells. SLAM family re-
ceptors and SAP have also been shown to be important for the inter-
action between B cells and CD4 T cells during germinal center reactions
[37] as well as for the adhesion of CD8 T cells to their targets [38].

1.4. Inhibitory functions of SLAM family receptors

The name switch motif for the ITSM is due to the fact that it can
mediate positive and negative signals. While binding of SAP and EAT-2
can induce activating signaling cascades as described above, they also
prevent the binding of the protein tyrosine phosphatases SHP-1 and
SHP-2 as well as the binding of the inositol phosphatase SHIP-1 to the
phosphorylated ITSM [6,13,16,39] (Fig. 1). Therefore, in the absence of
SAP SLAM family receptors have been shown to mediate inhibitory
signals via these phosphatases [6,40]. Interestingly, the importance of
SAP for the function of SLAM family receptors is underlined by the
phenotype of patients suffering from X-linked lymphoproliferative dis-
ease (XLP), a genetic disease with non-functional SAP [41,42]. In NK
cells from XLP patients, stimulation of SLAM family receptors is de-
fective and can even be inhibitory [22,43–47]. These and other data
support a model by which the strength of receptor stimulation and the
intracellular concentration of SAP adapters and phosphatases dictates
whether SLAM family receptors mediate activating or inhibitory sig-
nals. As these parameters can be quite variable depending on the ex-
perimental conditions, this may explain some contradictory results
about activating versus inhibitory functions of SLAM family receptors in
NK cells.

An inhibitory function of SLAM family receptors in NK cells can
have important consequences. SLAMF4-mediated inhibition can pre-
vent the lysis of activated virus-specific T cells by NK cells and can
thereby counteract persistent viral infections [48]. In addition,

Fig. 1. Inside-out signaling by SLAM family re-
ceptors induces high affinity LFA-1. Engagement of
SLAM family receptors results in phosphorylation of
the ITSMs and the recruitment of SAP or EAT-2,
which compete for binding of SHP-1 or SHIP. SAP
and EAT-2-mediated signaling cascades induce the
affinity maturation of LFA-1. See text for details.
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inhibitory SLAMF6 can contribute to NK cell education as discussed
below [49].

1.5. SLAM family receptors can interact in cis

The extracellular part of SLAM family receptors is comprised of an
N-terminal V-type Ig-like domain, which contains the ligand binding
interface [50,51], and a membrane-proximal C2-type Ig-like domain.
The two Ig-like domains are connected by a short linker and a stalk
couples the C2-domain to the transmembrane segment [50,52]. Re-
cently, we could show that SLAMF4 can not only bind to CD48 in trans,
but it also interacts with CD48 on the surface of the same cell in cis. The
interaction between SLAMF4 and CD48 in cis and in trans uses the same
binding interface [53]. SLAMF4 is proposed to adopt a rod-like struc-
ture during the interaction with CD48 in trans [50], which suggests that
the binding to CD48 on the same cell in cis requires large intramolecular
rearrangements. These conformational changes require great structural
flexibility of the extracellular part of SLAMF4 and most likely also of
CD48.

The structurally related receptors LILR and Drosophila Dscam have
also been shown to interact with their MHC I ligands on the same cell.
Functional analyses and molecular modeling of LILRB2 [54], Dscam
[55] and SLAMF4 [53] demonstrated that the short linker between the
Ig-like domains provides the structural flexibility to enable cis binding
to MHC I or CD48 respectively. However, deletion mutants lacking the
entire membrane-proximal Ig-like domain of SLAMF4 or CD48 were
still able to interact in cis [53]. Therefore, the stalk regions of the sur-
face molecules might provide additional flexibility to enable cis
binding.

1.6. NK cell education and cis-interacting receptors

NK cell activation is controlled by a balance of activating and in-
hibitory surface receptors [56]. Inhibitory receptors recognizing self-
MHC class I molecules, such as the Ly49 receptors in mice or the KIR
receptors in humans, are important to ensure the self-tolerance of NK
cells. However, inhibitory receptors play an additional role during the

functional maturation of NK cells in a process called NK cell ‘education’
[57]. In essence, only NK cells that express an inhibitory receptor that is
specific for self-MHC class I can become functionally mature. NK cells
that lack such a self-specific inhibitory receptor and that would there-
fore be potentially auto-reactive are rendered hypo-responsive [58,59].
This demonstrates that inhibitory signaling is essential for the func-
tional maturation of NK cells [61].

cis-Interactions have been demonstrated for several inhibitory NK
cell receptors upon engagement of their MHC ligands in mice [60].
Therefore, the functional relevance of cis interaction between Ly49A
and its ligand H-2Dd for NK cell function was extensively studied.
Studies showed that cis interaction is masking the Ly49A receptor for
interaction with ligands in trans, thereby reducing recruitment of the
receptor to the immunological synapse [62,63]. Further, sequestration
of Ly49A through cis interaction was shown to be necessary for NK cell
education by reducing the suppressive effect of unengaged Ly49 re-
ceptor during maturation [64,65]. The type of interaction between the
Ly49 receptor and the MHC-I molecule during education has been
shown to be important but the precise role of cis and trans binding still
remains to be clarified. Using a mutated Ly49A receptor, which is only
capable of binding in trans to ligands on other cell surfaces but not in cis,
Chalifour and colleagues found that NK cells from these mice did not
appear to be fully educated [65]. Similarly, Bessoles and colleagues'
recent work also suggests that cis interaction is contributing to NK
functionality, though the precise role is not clear [66]. However, there
is no evidence for cis binding of inhibitory NKG2/CD94 or KIR2DL1
[67], which are necessary for NK cell education in humans [68].

Interestingly, inhibitory signaling via SLAM family receptors can
also have an impact on NK cell education. Inhibitory signals via
SLAMF6 have been shown to enhance NK cell responses during NK cell
education [49]. Adoptive transfer experiments suggest that cis inter-
action of SLAMF6 molecules on the same cell is sufficient to increase NK
cell responsiveness towards non-hematopoietic cells [49], demon-
strating that also SLAMF6 can interact in cis. This enhancement was
dependent on SLAMF6 and was only detected in the absence of the
signaling adapter SAP, which is necessary for the induction of acti-
vating signals via SLAM family receptors. During early NK cell

Fig. 2. Consequences of cis and trans interactions of
SLAM family receptors. (A) Stable association of
SLAMF4 with its ligand CD48 on the same cell in cis
reduces binding to CD48 on neighboring cells in
trans. Cis binding thereby increases the threshold for
SLAMF4 mediated NK cell activation. (B) Cis inter-
action of SLAMF4 with CD48 induces constitutive
low-level phosphorylation of SLAMF4. This allows
for the recruitment of SHP-1 or SAP, resulting in
tonic inhibitory or activating signals, respectively.
These signals may also interfere with activation of
neighboring non-SLAM family receptors. (C) In the
absence of SAP, interaction of SLAMF6 receptors and
possibly also of SLAMF4 with CD48 in cis leads to
constitutive inhibitory signaling via SHP-1. This
tonic inhibition possibly contributes to NK cell edu-
cation in early NK cell development or in NK cells of
XLP patients lacking functional SAP.
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development, the signaling adapter SAP is absent [69,70] while
SLAMF6 and SLAMF4 are already expressed. This would favor in-
hibitory functions of these receptors during NK cell development
[40,49]. It is therefore interesting to speculate that in addition to
SLAMF6, also SLAMF4 cis interaction may also play a role during NK
cell development and education (Fig. 2). However, the contribution of
SLAM family receptors to NK cell education in mouse NK cells seems to
be strain specific [71], underscoring the dynamic setup of SLAM family
signaling.

XLP patients lacking functional SAP were shown to carry high
percentages of NK cells lacking self-inhibitory NK receptors [72].
However, these XLP NK cells were not rendered hyporesponsive, but
even exhibited increased degranulation capacity towards K562 target
cells compared to NK cells from healthy donors [72]. The authors
speculate that SLAMF4 signaling is induced by interaction with CD48
on the same cell, suggesting a role for inhibitory SLAMF4 signaling in
cis for NK cell education in XLP patients. PNH (paroxysmal hemoglo-
binuria) patients carry a somatic mutation in the phosphatidylinositol
glycan-A (PIG-A) gene. Mosaicism of hematopoietic stem cells results in
clonal expansion of blood cells lacking GPI-anchored proteins. As CD48
is GPI-anchored, a subset of NK cells from PNH patients lacks CD48,
resulting in missing SLAMF4 cis interaction on these cells. Interestingly,
these NK cells show a skewed repertoire of KIR receptors [73], whereas
in functional assays NK cells from PNH patients did not display defects
in cytotoxicity [74]. However, these assays were performed with K562
target cells which lack CD48 expression. Therefore, it is unknown how
the absence of CD48 and the missing SLAMF4 cis interaction affects
SLAMF4-mediated functions in these NK cells.

1.7. Regulation of SLAM family receptor signaling by cis interactions

Cis binding of Ly49A to MHC I does not induce receptor phos-
phorylation [75], but instead reduces Ly49A accessibility for binding to
MHC I ligand in trans by masking the receptor [63,75]. Besides its role
in education, this sequestration of inhibitory Ly49A accessible in trans is
thought to lower the threshold for activating signals. A growing number
of receptors were shown to encounter their ligands in cis. Examples are
the NK cell receptors NKp44 [76] and Siglec7 [77] as well as HVEM
(herpesvirus entry mediator) on T cells [78]. Similar to Ly49 receptors,
cis binding does not induce phosphorylation or downstream signaling of
these receptors, suggesting that it modulates the receptors' activation
threshold only by competitively blocking encounter of activating li-
gands in trans. Likewise, masking of SLAMF4 by CD48 on the same NK
cell abolishes binding of soluble CD48 and interferes with SLAMF4-
mediated signaling during the encounter of CD48 expressing target cells
[53] (Fig. 2A).

On B cells, cis binding of CD22 to sialic acids induces constitutive
phosphorylation of CD22 ITIMs and association with SHP-1 [79,80].
This tonic inhibitory signaling is thought to increase the threshold for B
cell activation and to prevent unwanted and spontaneous B cell acti-
vation [81,82]. Similarly, binding of mouse PIRB to MHC I on the same
cell was shown to dampen spontaneous mast cell activation by con-
stitutive association with SHP-1, thereby generating tonic inhibitory
signaling and increasing the threshold for activating signals by coun-
teracting the activating FcεRI [54,83,84]. These findings raise the
question whether cis interaction of SLAMF4 can influence NK cell
functions in a similar fashion. In NK cells, the ITSMs of SLAMF4 are
constitutively phosphorylated to a low extent. This phosphorylation is
dependent on the presence of CD48 and cis binding is sufficient to in-
duce this baseline phosphorylation [53] (Fig. 2B). SLAMF4 is activa-
tion-dependently recruited to membrane microdomains and this re-
cruitment is essential for the phosphorylation of the receptor [85].
CD48 contains a GPI anchor and is therefore constitutively associated
with membrane microdomains. Its cis interaction with SLAMF4 might
help to localize SLAMF4 to these specialized membrane domains and
thereby induce receptor phosphorylation. The cis interaction between

SLAMF4 and CD48 might also be important for the function of CD48, as
cross-linking of CD48 on mouse NK cells was shown to induce IL-13
production by co-clustering of SLAMF4 and subsequent SLAMF4-
mediated signaling [86].

2. Conclusion

SLAM family receptors have important functions for the fine tuning
of lymphocyte responses. The data mentioned in this review suggest
that one important function of these receptors is the regulation of cel-
lular adhesion. Additionally, SLAM family receptors can interact in
trans and in cis. Therefore, future studies should take the different
modes of interaction into account when carefully examining under
which conditions SLAM family receptors mediate activating signals and
under which conditions they can inhibit cellular responses. This will be
essential to gain a complete understanding of these important receptors.
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