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Signaling lymphocytic activation molecule F7 (SLAMF7) is a receptor present on immune cells, including natural killer (NK)
cells. It is also expressed on multiple myeloma (MM) cells. This led to development of an anti-SLAMF7 antibody, elotuzumab,
showing efficacy against MM. SLAMF7 mediates activating or inhibitory effects in NK cells, depending on whether cells express
or do not express the adaptor EAT-2. Since MM cells lack EAT-2, we elucidated the inhibitory effectors of SLAMF7 in EAT-2-
negative NK cells and tested whether these effectors were triggered in MM cells. SLAMF7-mediated inhibition in NK cells lacking
EAT-2 was mediated by SH2 domain-containing inositol phosphatase 1 (SHIP-1), which was recruited via tyrosine 261 of
SLAMF7. Coupling of SLAMF7 to SHIP-1 required Src kinases, which phosphorylated SLAMF7. Although MM cells lack EAT-2,
elotuzumab did not induce inhibitory signals in these cells. This was at least partly due to a lack of CD45, a phosphatase required
for Src kinase activation. A defect in SLAMF7 function was also observed in CD45-deficient NK cells. Hence, SLAMF7-triggered
inhibition is mediated by a mechanism involving Src kinases, CD45, and SHIP-1 that is defective in MM cells. This defect might
explain why elotuzumab eliminates MM cells by an indirect mechanism involving the activation of NK cells.

Signaling lymphocytic activation molecule (SLAM) family re-
ceptors are hematopoietic-cell-specific receptors playing crit-

ical roles in normal immune regulation (1–4). They have also been
firmly implicated in many human diseases, including immune
deficiencies, autoimmunity, and hematological malignancies. SLAM
family receptors can mediate either activating or inhibitory effects in
immune cells, depending in part on whether they are coexpressed
with members of the SLAM-associated protein (SAP) family of Src
homology 2 (SH2) domain-only adaptors. Typically, SLAM family
receptors activate in the presence of SAP family adaptors but are in-
hibitory in the absence of SAP family adaptors. Whereas much is
known of the molecular mechanisms by which SLAM family recep-
tors mediate activating effects, little is known about how they mediate
inhibitory effects.

SLAMF7 (also named CS1 [CD2 subset 1], CRACC [CD2-like
receptor-activating cytotoxic cell], and CD319) is a member of the
SLAM family (1–4). The other members of the family are SLAM,
2B4, NK-T-B antigen (NTB-A)/Ly108, Ly-9, and CD84. Like most
SLAM receptors, SLAMF7 is a self-ligand; i.e., it recognizes as ligand
another SLAMF7 molecule on another cell. The only exception is
2B4, which recognizes CD48. SLAMF7 is found on natural killer
(NK) cells, activated T cells, most B cells, including antibody-produc-
ing plasma cells, and myeloid cells (2, 5). It is also abundantly present
in most cases of multiple myeloma (MM), a nearly universally fatal
malignancy of plasma cells (either freshly isolated cells or cell lines) (3,
4).

In NK cells, SLAMF7 is usually a positive regulator of NK cell
activation (5, 6). This activity requires expression of the SAP fam-
ily adaptor Ewing’s sarcoma-associated transcript 2 (EAT-2).
SLAMF7 binds EAT-2 via phosphorylated tyrosine 281 (Y281) in
its cytoplasmic segment, thereby triggering activating signals in-
volving phospholipase C-� (PLC-�) (7). In the absence of EAT-2,
SLAMF7 mediates inhibitory effects; these effects were documented

in NK cells from EAT-2-deficient mice and normal activated T cells,
which lack EAT-2 (5). However, the molecular basis of this inhibition
is undetermined. Depending on the SLAM family receptor studied, it
was suggested that inhibition might be mediated by SH2 domain-
containing protein tyrosine phosphatase 1 (SHP-1), SHP-2, or SH2
domain-containing inositol phosphatase 1 (SHIP-1). However, firm
genetic evidence in support of this idea has not been reported. More-
over, how any of the SLAM family receptors couples to its inhibitory
effectors has not been addressed.

The nearly universal expression of SLAMF7 in MM led to de-
velopment of a humanized anti-SLAMF7 monoclonal antibody
(MAb), elotuzumab (3, 4). Preclinical studies using transplanted
human MM cells in mice showed that elotuzumab caused MM cell
elimination in vivo (8). The efficacy of elotuzumab in combina-
tion with lenalidomide was subsequently demonstrated in phase 1
and 2 trials of patients with refractory and relapsed MM (9–12).
Phase 3 studies are ongoing. Surprisingly, elotuzumab had little or
no direct inhibitory effects on MM cells in vitro, implying that its
efficacy occurred through an indirect mechanism. Accordingly,
maximal activity of elotuzumab in mice was NK cell dependent
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(8). Furthermore, elotuzumab directly activated NK cells through
antibody-dependent cellular cytotoxicity (ADCC) via CD16 and
triggering of SLAMF7 on NK cells (3, 4, 8, 13).

As MM cells lack EAT-2 (1, 13), we wanted to ascertain the mo-
lecular mechanism by which SLAMF7 mediates inhibition in NK cells
and evaluate whether this mechanism is functional in MM cells. Our
studies showed that the inhibitory function of SLAMF7 in EAT-2-
negative NK cells was mediated by a molecular mechanism implicat-
ing lipid phosphatase SHIP-1, Src kinases, and protein tyrosine phos-
phatase CD45. Interestingly, coupling of SLAMF7 to SHIP-1 was
severely compromised in MM cells. This defect correlated with a lack
of CD45, which is required for activation of Src family kinases in
hematopoietic cells and was needed for initiation of SLAMF7 inhib-
itory signaling.

MATERIALS AND METHODS
Mice. C57BL/6J, 129S1/Sv, and CD45-deficient (B6.129-Ptprctm1Holm/J)
mice were from The Jackson Laboratory (Bar Harbor, ME). EAT-2-defi-
cient mice (in 129/Sv) were described previously (14). In all experiments,
normal littermates were used as a control. The IRCM Animal Care Com-
mittee approved all experimentation in accordance with the Canadian
Council for Animal Care.

Cells. YT-S, Cos-1, HeLa, B16, and DT40 cells were described previ-
ously (5, 15, 16). B16 cells expressing mouse SLAMF7 (mSLAMF7) or
mCD48 were described previously (5). IM-9, U266, and NCI-H929 cells
were from Jerry Pelletier, McGill University (Montreal, Quebec, Canada).
MM1S cells were from the American Type Culture Collection (Manassas,
VA). OPM2 and KMS-12-PE cells were from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen (Braunschweig, Germany). Isolation
of NK cells from mice primed with poly(I·C) and generation of interleu-
kin-2 (IL-2)-expanded mouse NK cells were described previously (5, 17).
YT-S cells expressing wild-type (WT) or mutant mSLAMF7, human
SLAMF7 (hSLAMF7), or hEAT-2 were reported previously (5, 7). HeLa or
DT40 cells expressing green fluorescent protein (GFP) alone or in combina-
tion with SLAMF7 were produced by retroviral infection, as detailed in refer-
ence 5. SHIP-1-deficient DT40 cells were reconstituted with mSHIP-1, as
outlined previously (15). For expression of epidermal growth factor receptor
(EGFR)-CD45, OPM2 cells and MM1S cells were electroporated with pAW-
EGFR-CD45 (18) (provided by Arthur Weiss, University of California, San
Francisco, San Francisco, CA) and selected in G418-containing medium.
Cells expressing EGFR-CD45 were sorted using anti-EGFR antibody. Cos-1
transfections were performed as detailed previously (19).

Antibodies. Antibodies recognizing m2B4 (eBio244F4), mCD48 (HM48-
1), mNKG2D (CX5), mDNAM-1 (10E5), mCD45 (30F11), h2B4 (C1.7),
hNTB-A (NT-7), hNKp46 (9E2), hCD45 (2D1 and HI30), hCD84 (CD84.1.21),
hLy-9 (HLy9.1.25), or hCD148 were from eBioscience (San Diego, CA) or Bio-
Legend (San Diego, CA). Anti-hEGFR antibody was from BD Biosciences (Mis-
sissauga, Ontario, Canada). Mouse anti-chicken IgM (M-1) antibody was from
Southern Biotech (Birmingham, AL). Polyclonal rabbit anti-rat IgG, rabbit anti-
mIgG, and rabbit anti-hIgG antibodies were from Jackson ImmunoResearch
Laboratories (West Grove, PA). Antibodies recognizing mSLAMF7 (4G2),
mCD84 (1D3), mLy-9 (Ly9.2), mLy108 (3E11), mSLAM (12F12), phosphoty-
rosine(4G10),hEAT-2(10F7),mEAT-2(8F12),andSAP(12C4)wereproduced
as reported previously (5, 7, 17). Hybridomas producing anti-hSLAMF7 (162)
and anti-hDNAM-1 (11A8) were provided by Marco Colonna, Washington
University(St.Louis,MO)(6,20).Elotuzumab(HuLuc63)wasprovidedbyBris-
tol-Myers Squibb (Lawrenceville, NJ) (BMS) (3). Polyclonal rabbit antibodies
recognizing SHIP-1, Shc, Vav-1, Fyn, Lyn, Src, Lck, Syk, ZAP-70, and c-Cbl were
produced in our laboratory. Flow cytometry was performed using a BD Biosci-
ences FACSCalibur flow cytometer and CellQuest software (BD Biosciences).
Immunoprecipitations and immunoblotting were performed as detailed else-
where (21).

Antibody-mediated stimulation. For immunoblot analyses, 5 � 106

cells were incubated with 6 �g anti-SLAMF7 antibody for 5 min at room

temperature. After being washed, cells were stimulated with 10 �g of the
relevant secondary antibody for the periods of time indicated in the fig-
ures at 37°C. After lysis, SLAMF7 and SHIP-1 were immunoprecipitated.
Unstimulated cells were processed similarly, except that the primary an-
tibody was added after cell lysis. For inhibition of Src kinases, cells were
incubated with PP2 (dissolved in dimethyl sulfoxide [DMSO] and pur-
chased from Calbiochem, Darmstadt, Germany) for 1 h at 37°C and then
stimulated as outlined above. To study Ca2� fluxes, cells were loaded with
Indo-1 (Invitrogen, Burlington, Ontario, Canada) for 20 min at 37°C.
After being washed, 2 � 106 cells were incubated with 2 �g of anti-BCR
antibody, with or without 2 �g anti-SLAMF7 antibody, for 5 min at room
temperature and then loaded on a BD LSR cell analyzer. After the relevant
secondary antibody was added, changes in intracellular Ca2� were mon-
itored over time at 37°C using the Fluo-4 (FL4) to Fluo-5 (FL5) ratio.
Control cells were stimulated with only the secondary antibody.

NK cell cytotoxicity. NK cell-mediated cytotoxicity was assayed as de-
tailed elsewhere (17). Duplicates were used in each experiment.

RNA interference. Scrambled small interfering RNA (siRNA) (1027280)
and SHIP-1-specific siRNAs (SI00078575 and SI03029005) were from Qiagen
(Valencia, CA). Transfection of YT-S cells was performed using Amaxa cell line
NucleofectorkitR(VCA-1001) fromLonza(Basel,Switzerland)accordingtothe
manufacturer’s protocol and the program O-017. Transfected cells were grown
for 36 to 48 h and processed for cytotoxicity or immunoblot assays.

Reverse transcription (RT)-PCR. RNA was purified with TRIzol (In-
vitrogen) according to the manufacturer’s protocol and reverse tran-
scribed into cDNA using random primers and Superscript �� (Invitro-
gen). PCRs were performed using single-stranded cDNAs, gene-specific
primers, and Taq polymerase (Invitrogen). The primers to distinguish the
human SLAMF7 isoforms were CS1 F727 (5=-TCTCTTTGTACTGGGG
CTATTTC-3=) and CS1 R955 (5=-TTTTCCATCTTTTTCGGTATTT-3=),
as described previously (22). The primers to detect human GAPDH (glyc-
eraldehyde-3-phosphate dehydrogenase) were 5=-AGGTCGGAGTCAAC
GGATTTG-3= and 5=-GTGATGGCATGGACTGTGGT-3=.

Statistical analysis and quantitation. Unpaired Student’s t tests (two-
tailed) were performed using the Prism software program. Bands in au-
toradiograms were quantified with the Image J software program.

RESULTS
SLAMF7-mediated inhibition in NK cells is accompanied by ty-
rosine phosphorylation of SHIP-1. It was proposed that inhibition
by SLAM family receptors might be mediated by various effectors,
including SHP-1, SHP-2, SHIP-1, and Csk (23, 24). To identify the
effectors of SLAMF7-mediated inhibition, we used the human NK
cell line YT-S ectopically expressing or not expressing wild-type (WT)
mSLAMF7 (Fig. 1A). As YT-S lacks EAT-2, SLAMF7 is inhibitory in
these cells (5). Since SLAM family signaling is initiated by protein
tyrosine phosphorylation (5, 15, 17, 23, 25, 26), we focused on ty-
rosine phosphorylation signals (Fig. 1B). Engagement of SLAMF7 by
anti-SLAMF7 antibodies resulted in tyrosine phosphorylation of two
polypeptides of 55 and 145 kDa in total cell lysates. These effects were
not seen in YT-S cells lacking SLAMF7.

Based on their apparent masses, p55 and p145 were consistent
with SLAMF7 and SHIP-1, respectively. To test this idea, immu-
noprecipitation experiments were conducted (Fig. 1C). Although
SHIP-1 was not detectably tyrosine phosphorylated in unstimu-
lated YT-S cells, it became tyrosine phosphorylated following en-
gagement of SLAMF7. Likewise, although some tyrosine phos-
phorylation of SLAMF7 was detected in unstimulated YT-S cells,
this phosphorylation was augmented in stimulated cells. Vav-1, a
positive regulator of NK cell activation (15), did not undergo ty-
rosine phosphorylation upon SLAMF7 triggering. SLAMF7 mi-
grated as a broad band or multiple bands in protein gels, presum-
ably reflecting differential glycosylation.
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Similar experiments were performed using NK cells from WT
or EAT-2-deficient mice (Fig. 1D). While stimulation of SLAMF7
on WT NK cells increased SHIP-1 tyrosine phosphorylation, this
increase was more prominent in EAT-2-deficient cells. In con-
trast, levels of tyrosine phosphorylation of SLAMF7 were equiva-
lent, in keeping with the report that EAT-2 is not required for
SLAMF7 tyrosine phosphorylation (5).

Thus, an increase in SLAMF7-mediated inhibition was consis-
tently paralleled by an enhancement of SLAMF7-triggered tyrosine
phosphorylation of SHIP-1.

SHIP-1 is critical for SLAMF7-mediated inhibition. To ex-
amine whether SHIP-1 was critical for inhibition, the impact of
downregulating SHIP-1 expression in YT-S cells was tested (Fig.
2A to C). YT-S cells expressing mSLAMF7 were independently
transfected with two small interfering RNAs (siRNAs) against

SHIP-1 or with irrelevant siRNAs. SHIP-1-specific siRNAs re-
sulted in an �70% reduction of SHIP-1 levels (Fig. 2A). Cells were
then tested for their ability to kill HeLa targets expressing or not
expressing the ligand of SLAMF7, i.e., SLAMF7 itself. SHIP-1-
specific siRNAs resulted in an increased ability to kill HeLa cells
(Fig. 2B). In keeping with the involvement of SHIP-1 in multiple
inhibitory pathways (15, 27, 28), this effect was observed whether
HeLa cells expressed SLAMF7 or not. Nonetheless, calculation of
the extent of inhibition conferred by expression of SLAMF7 on
targets showed that SLAMF7-mediated inhibition was attenuated
by loss of SHIP-1 (Fig. 2C). This finding represented the first
direct genetic evidence for a specific effector of SLAM family re-
ceptor-mediated inhibition in an immune cell function.

We also tested the role of SHIP-1 using the DT40 system. DT40
is a chicken B cell line that has variants lacking SHIP-1 or other

FIG 1 SHIP-1 is tyrosine phosphorylated in response to the engagement of SLAMF7. (A to C) YT-S cells were transfected with a vector encoding the puromycin
resistance marker (puro) alone or in combination with mouse SLAMF7 (mSLAMF7). Polyclonal populations were used for analyses. (A) Expression of SLAMF7,
2B4, NTB-A, DNAM-1, and NKp46 (black lines with no shading) was analyzed by flow cytometry. Isotype controls are shown as gray lines with shading. Results
are representative of 3 experiments. (B) Cells were stimulated or not stimulated for 3 min with the anti-SLAMF7 MAb 4G2 and rabbit anti-rat IgG. After lysis,
overall protein tyrosine phosphorylation was determined by immunoblotting (IB) of total cell lysates with antiphosphotyrosine (�-p-Tyr) antibodies. The
positions of prestained molecular mass markers (in kilodaltons) are shown on the right. (C) Tyrosine phosphorylation of SHIP-1, SLAMF7, and Vav-1 was
determined by immunoprecipitating (IP) the indicated proteins with specific antibodies and subsequent immunoblotting with antiphosphotyrosine antibodies.
The abundance of SHIP-1, SLAMF7, and Vav-1 in the immunoprecipitates was verified by probing parallel immunoprecipitates or reprobing the immunoblot
membrane with substrate-specific antibodies. It is noteworthy that the amount of SLAMF7 recovered from cells stimulated with anti-SLAMF7 was frequently
lower than that obtained from unstimulated cells. This was due to the fact that a proportion of SLAMF7 becomes detergent insoluble upon SLAMF7 stimulation
with antibodies. The position of the heavy chain of IgG, which is recognized by the immunoblotting antibodies, is shown by an arrowhead on the left. Results are
representative of 3 experiments. (D) NK cells from wild-type (WT) or EAT-2-deficient (knockout; KO) mice were stimulated for 3 min with anti-SLAMF7, and
tyrosine phosphorylation of SHIP-1 and SLAMF7 was analyzed as detailed for panels A to C. A quantitation of the relative tyrosine phosphorylation of SHIP-1
is shown. Results are representative of 2 experiments.
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inhibitory effectors, such as SHP-1, SHP-2, or Csk (29). It lacks
EAT-2 (15). Therefore, parental or mutant DT40 cells expressing
mSLAMF7 were generated. These cells expressed equivalent
amounts of SLAMF7 and B cell antigen receptor (BCR) (data not
shown).

As engagement of SLAMF7 resulted in inhibition of BCR-trig-
gered Ca2� fluxes in DT40 cells (data not shown), we focused our
studies on Ca2� fluxes. In contrast to parental DT40 cells, cells

lacking SHIP-1 displayed a near abolition of the ability of SLAMF7
to inhibit BCR-evoked Ca2� fluxes (Fig. 2D). Cells devoid of Csk
or SHP-1 and SHP-2 had no defect. A quantitation of the extent of
inhibition is depicted in Fig. 2E. To confirm that this defect was
due to a lack of SHIP-1, SHIP-1-deficient cells were reconstituted
with SHIP-1 (Fig. 2F; data not shown). Reexpression of SHIP-1
restored SLAMF7-mediated inhibition (Fig. 2G and H).

SLAMF7 contains two conserved intracytoplasmic tyrosines,

FIG 2 SHIP-1 is required for SLAMF7-mediated inhibition in NK cells and DT40 B cells. (A to C) Expression of SHIP-1 in YT-S cells expressing mSLAMF7 was
downregulated using two different SHIP-1-specific small interfering RNAs (siRNAs), #1 and #2. (A) Expression of SHIP-1 was determined by immunoblotting
of total cell lysates with anti-SHIP-1 antibodies. Vav-1 was used as loading control. For cells transfected with scrambled siRNAs (scr.), various amounts of lysates
were loaded to confirm the linearity of the immunoblot assays. (B) Cytotoxicity to HeLa target cells expressing green fluorescent protein (GFP) alone or in
combination with mSLAMF7 was determined using a 51Cr release assay. The effector-to-target ratios (E:T) are shown at the bottom. Average values of duplicates
are shown, while error bars depict standard deviations. Results are representative of 3 experiments. (C) The percentage of decreased killing was calculated as
[(cytotoxicity to GFP� targets 	 cytotoxicity to SLAMF7� targets)/cytotoxicity to GFP� targets] � 100 at the 25:1 E/T ratio. Average values from 3 independent
experiments with standard deviations are represented. *, P 
 0.05. (D and E) Wild-type (WT) DT40 cells or variants lacking the indicated inhibitory molecules
were transduced with a cDNA encoding mouse SLAMF7. Cells were loaded with the Ca2� indicator dye Indo-1 and then stimulated with anti-B cell receptor
(�-BCR) antibodies alone or in combination with anti-SLAMF7. (D) Changes in intracellular Ca2� were analyzed over time by determining the FL4/FL5 ratio
using flow cytometry. Arrows indicate the time at which receptor cross-linking was triggered. Stimulation with only the secondary antibody was used as a control.
(E) A quantitation of inhibition of Ca2� levels in cells stimulated with anti-BCR plus anti-SLAMF7, in comparison to anti-BCR alone, at different times is
represented graphically. Results are representative of 3 experiments. (F to H) SHIP-1-deficient DT40 cells were transfected with a plasmid encoding the
puromycin resistance marker (puro) alone or in combination with mouse SHIP-1. (F) SHIP-1 expression was determined by immunoblotting of total cell lysates
with anti-SHIP-1 antibodies. (G and H) Ca2� fluxes were analyzed as detailed for panels D and E. (I) YT-S cells expressing WT, Y261F SLAMF7, or Y281F
SLAMF7 were stimulated with anti-SLAMF7. Tyrosine phosphorylation of SHIP-1 and SLAMF7 was examined as detailed for Fig. 1C. A quantitation of the
relative tyrosine phosphorylation of SHIP-1 is shown. Results are representative of 3 experiments.
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Y261 and Y281. Y261 is critical for SLAMF7-mediated inhibition
when NK cells lack EAT-2, whereas Y281 is needed for SLAMF7-
mediated activation when NK cells express EAT-2 (5). Therefore,
the roles of Y261 and Y281 in tyrosine phosphorylation of SHIP-1
were also assessed (Fig. 2I). Engagement of SLAMF7 resulted in
robust tyrosine phosphorylation of SHIP-1 in cells expressing the
WT protein or a protein with a tyrosine 281-to-phenylalanine 281
(Y281F) mutation but not a Y261F mutation (SLAMF7). Muta-
tion of either Y261 or Y281 resulted in reduced SLAMF7 tyrosine
phosphorylation, implying that both sites contribute to SLAMF7
phosphorylation. Hence, Y261, but not Y281, was needed for ty-
rosine phosphorylation of SHIP-1 in response to SLAMF7 en-
gagement. Therefore, SHIP-1, but not SHP-1, SHP-2, or Csk, was
responsible for SLAMF7-mediated inhibition.

Src kinases are critical for SLAMF7-induced inhibitory sig-
nals. The kinase(s) responsible for initiation of SLAMF7-induced
tyrosine phosphorylation was identified. Using transient transfec-
tion in Cos-1 cells, we found that the Src family kinases Fyn, Lyn,
and Src triggered an increase in SLAMF7 tyrosine phosphoryla-
tion (Fig. 3A). No effect was seen with Lck, Syk, and ZAP-70. We
also examined the impact of a pharmacological inhibitor of Src ki-
nases, PP2, in YT-S cells (Fig. 3B). PP2 completely eliminated the
ability of SLAMF7 to evoke tyrosine phosphorylation of SHIP-1 in
these cells. A full effect was seen at 5 �M. PP2 also caused a reduction
of SLAMF7 tyrosine phosphorylation. Although only a minimal ef-
fect was seen at 5 �M, a nearly complete elimination was seen at
50 �M.

We also tested the roles of various protein tyrosine kinases
(PTKs) in the DT40 cell system by expressing hSLAMF7 in DT40
variants lacking the kinases Lyn (the only Src kinase in DT40
cells), Btk, and Csk. All cells expressed equivalent amounts of
hSLAMF7 (data not shown). Stimulation with anti-SLAMF7 MAb

revealed that tyrosine phosphorylation of SLAMF7 and SHIP-1
was eliminated in cells lacking Lyn but not in cells lacking Btk or
Csk. Thus, Src kinases, in particular Fyn and Lyn, are responsible
for SLAMF7-triggered protein tyrosine phosphorylation.

Elotuzumab fails to trigger tyrosine phosphorylation of
SHIP-1 in multiple myeloma cells. MM cells express high levels
of SLAMF7 but lack EAT-2 (1, 3, 4, 8, 13) (Fig. 4A and B). Hence,
we tested whether SLAMF7-mediated inhibitory signals identified
in EAT-2-negative NK cells also occurred in MM cells. Several
human MM cell lines were stimulated with the therapeutic anti-
SLAMF7 MAb elotuzumab, and SHIP-1 tyrosine phosphorylation
was examined (Fig. 4C and D). IM-9, an Epstein-Barr virus-trans-
formed B cell line also expressing SLAMF7 but lacking EAT-2, was
used as a control.

Elotuzumab triggered prominent tyrosine phosphorylation of
SHIP-1 in IM-9 cells (Fig. 4C). However, it failed to evoke a sim-
ilar response in MM cells, although SHIP-1 was constitutively
tyrosine phosphorylated in some cell lines (in particular U266).
Similar findings were made with anti-SLAMF7 MAb 162 (Fig.
4D). In contrast to the defect in SLAMF7-evoked SHIP-1 tyrosine
phosphorylation, the compromise in tyrosine phosphorylation of
SLAMF7 was variable (Fig. 4D). The latter was severely reduced in
KMS-12-PE, NCI-H929, OPM2, and MM1S cells but not in U266
cells. Hence, unlike NK cells and the B cell line IM-9, MM cells had
a defect in SLAMF7-evoked tyrosine phosphorylation of SHIP-1
and, to a lesser extent, SLAMF7.

Multiple myeloma cells express SLAMF7-L and Src kinases
but lack the phosphatase CD45. We tested whether any of the
intermediates linking SLAMF7 to SHIP-1 in NK cells were defec-
tive in MM cells (Fig. 5). Human SLAMF7 exists as two isoforms
produced by alternative splicing: the long isoform (SLAMF7-L),
which contains all tyrosines, including Y261, and the short iso-

FIG 3 Src family kinases are responsible for SLAMF7-dependent tyrosine phosphorylation of SHIP-1. (A) Cos-1 cells were transiently transfected with cDNAs
encoding the indicated protein tyrosine kinases, without or with SLAMF7. Tyrosine phosphorylation of SLAMF7 was determined by immunoblotting of
SLAMF7 immunoprecipitates with antiphosphotyrosine antibodies. A quantitation of the relative tyrosine phosphorylation of SLAMF7 is shown. Results are
representative of 3 experiments. (B) YT-S cells expressing mSLAMF7 were pretreated with the indicated concentrations of PP2 (a Src family kinase inhibitor) or
with vehicle (dimethyl sulfoxide [DMSO]) alone. Cells were then stimulated with anti-SLAMF7, and tyrosine phosphorylation of SHIP-1 and SLAMF7 was
determined as detailed for Fig. 1C. A quantitation of the relative tyrosine phosphorylations of SLAMF7 is shown. Results are representative of 2 experiments. (C)
WT or kinase-deficient DT40 cells expressing SLAMF7 were stimulated or not stimulated with anti-SLAMF7 antibody. Tyrosine phosphorylation of SHIP-1 and
SLAMF7 was analyzed as detailed for Fig. 1C. Results are representative of 5 experiments.
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form (SLAMF7-S), which bears an alternative intracytoplasmic
domain lacking Y261 (22, 30, 31). In DT40 cells, SLAMF7-L, but
not SLAMF7-S, was inhibitory (data not shown). Therefore, we
ascertained whether MM cells expressed the long isoform of
SLAMF7. RT-PCR analyses showed that, like YT-S and IM-9 cells,
all MM cells expressed predominantly SLAMF7-L (Fig. 5A). We
also verified expression of Fyn and Lyn, which were most effective
at triggering SLAMF7 tyrosine phosphorylation in Cos-1 cells
(Fig. 3A). Immunoblot analyses showed that all MM cells con-
tained Fyn and Lyn (Fig. 5B). Of note, however, levels of Fyn
tended to be lower in MM cells than in IM-9 cells.

These data suggested that the activity, rather than the expres-
sion, of Src kinases might be defective in MM cells. In B cells,
activation of Src kinases requires two transmembrane protein ty-
rosine phosphatases (PTPs), CD45 and CD148 (32–34). These
PTPs dephosphorylate the inhibitory tyrosine of Src kinases.
Whereas IM-9 cells expressed both CD45 and, to a lesser extent,
CD148, MM cells expressed CD148 but not CD45 (Fig. 5C). The
only exception was U266 cells, which contained both CD45-pos-
itive and CD45-negative populations. It should also be noted that,
whereas MM cells expressed CD148, levels were lower than in
IM-9 cells. Therefore, the defect in SLAMF7-triggered tyrosine

phosphorylation of SHIP-1 and, to a lesser extent, SLAMF7 in
MM cells correlated at least in part with a lack of CD45.

CD45 is required for SLAMF7-triggered tyrosine phosphor-
ylation of SHIP-1. To assess whether a lack of CD45 was respon-
sible for defective SLAMF7-evoked protein tyrosine phosphoryla-
tion in MM cells, two approaches were taken (Fig. 6). First,
limiting dilution was used to generate CD45-positive and CD45-
negative variants of U266 cells, which contain a mixture of the two
populations (Fig. 6A). Stimulation of a CD45-negative variant of
U266 cells with anti-SLAMF7 resulted in minimal tyrosine phos-
phorylation of SHIP-1 and SLAMF7 (Fig. 6B). In contrast, trig-
gering of a CD45-positive variant resulted in prominent tyrosine
phosphorylation of SHIP-1 and SLAMF7. Intermediate responses
were observed in a variant containing CD45-positive and CD45-
negative cells. This variant also expressed smaller amounts of
SLAMF7.

Second, expression of CD45 was reconstituted in the CD45-
negative cell lines OPM2 and MM1S (Fig. 6C to H). As full-length
CD45 is notoriously difficult to express in transfected cells, we
used a chimeric CD45 in which the extracellular and transmem-
brane domains of the epidermal growth factor receptor (EGFR)
are fused to the CD45 cytoplasmic region, which contains the

FIG 4 Engagement of SLAMF7 on multiple myeloma cells fails to induce tyrosine phosphorylation of SHIP-1 and, to a lesser extent, SLAMF7. (A and B)
Expression of SLAMF7, EAT-2, and SHIP-1 in several multiple myeloma (MM) cell lines, in addition to YT-S cells ectopically expressing human SLAMF7
(hSLAMF7) or hEAT-2 and IM-9 cells, was examined by flow cytometry (A) or immunoblotting of total cell lysates (B). (A) Staining with anti-SLAMF7 is
depicted as black lines with no shading, whereas staining with isotype controls is shown as gray lines with shading. Results are representative of 3 experiments.
(C and D) Cells were stimulated with elotuzumab (C) or anti-SLAMF7 MAb 162 (D), followed by the relevant secondary antibody. Tyrosine phosphorylation of
SHIP-1 and SLAMF7 was determined as outlined for Fig. 1C. Note that as elotuzumab is a humanized antibody, it was inefficient at immunoprecipitating
SLAMF7 with the currently available secondary reagents. As a result, SLAMF7 could be efficiently immunoprecipitated only from cells stimulated with MAb 162.
The differences in electrophoretic mobility of SLAMF7 between cell lines were presumably due to differential glycosylation. Quantitations of the relative tyrosine
phosphorylation of SHIP-1 (C and D) and SLAMF7 (D) are shown. Results are representative of 3 experiments.
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phosphatase domain (18). After transfection with a cDNA encod-
ing EGFR-CD45, �50% of OPM2 and �80% of MM1S cells ex-
pressed the chimeric receptor (Fig. 6C and F). Expression of EGFR-
CD45 in OPM2 and MM1S cells resulted in a marked increase in
SHIP-1 tyrosine phosphorylation in response to SLAMF7 stimula-
tion by MAb 162 or elotuzumab (Fig. 6D, E, G, and H). A smaller
effect was seen on the tyrosine phosphorylation of SLAMF7. Thus,
the lack of CD45 was responsible at least in part for the defect in
SHIP-1 tyrosine phosphorylation upon SLAMF7 engagement in
MM cells. The absence of CD45 also reduced the ability to evoke
tyrosine phosphorylation of SLAMF7, although this effect was less
pronounced.

CD45 is required for the function of SLAMF7 in NK cells. To
obtain evidence that CD45 was needed for SLAMF7 function, we
tested the impact of CD45 on the ability of SLAMF7 to control NK
cell activation, using NK cells from CD45-deficient mice. Since
these mice express EAT-2, the activating function of SLAMF7 was
analyzed (Fig. 7). It was not possible to analyze the inhibitory func-
tion of SLAMF7 using NK cells lacking both CD45 and EAT-2, since
the mice lacking CD45 or EAT-2 suitable for these studies were gen-
erated in a different genetic background (C57BL/6 and 129/Sv, re-
spectively). NK cell functions are drastically different between the two
strains.

As reported elsewhere (35–37), the lack of CD45 had little im-
pact on NK cell development (data not shown). Moreover, it had
no effect on the expression of SLAMF7, the activating NK cell
receptors NKG2D and DNAM-1, or the effectors of SLAMF7 sig-
naling PLC-�2 and SHIP-1 (Fig. 7A and B). Rather, expression of
EAT-2 was enhanced in CD45-deficient NK cells. Paradoxically,
expression of the SLAM family receptors 2B4 and CD84 was re-
duced. The basis for the latter alterations remains to be clarified.

NK cells were incubated with B16 melanoma cells, expressing
or not expressing SLAMF7, and cytotoxicity was measured (Fig.
7C). B16 cells expressing CD48, the ligand of 2B4, were analyzed
as a control. Unlike SLAMF7, 2B4 mediates its activating function
through EAT-2 and its relative SAP (17). NK cells lacking CD45
displayed reduced killing of B16 cells lacking SLAMF7 or CD48.
Since cytotoxicity to B16 cells is mediated largely by DNAM-1
(38–40), this finding suggested that the function of DNAM-1
might be compromised. More importantly, enhancement of cyto-
toxicity caused by expression of SLAMF7 on B16 cells was reduced
in CD45-deficient NK cells. This was not the case for expression of
CD48 on B16 cells, which still augmented cytotoxicity by CD45-
deficient NK cells. A quantitation of these findings is shown in Fig.
7D. Hence, CD45 was required for the activating function of
SLAMF7 but not of 2B4 in NK cells.

DISCUSSION

Although the ability of SLAM family receptors, including SLAMF7, to
mediate inhibitory effects in immune cells is well established, the mo-
lecular mechanism triggering these effects is largely undetermined.
To identify the effectors of SLAMF7-mediated inhibition, we first
used the human EAT-2-negative NK cell line YT-S. Stimulation of
SLAMF7 on YT-S cells with anti-SLAMF7 resulted in tyrosine phos-
phorylation of two proteins, SLAMF7 and SHIP-1. Tyrosine phos-
phorylation of SHIP-1 was also observed upon triggering of SLAMF7
on mouse NK cells, and this effect was enhanced in EAT-2-deficient
mice. Thus, SLAMF7 was coupled to SHIP-1 in NK cells, and this
effect was enhanced in cells lacking EAT-2.

Several findings firmly supported the idea that SHIP-1 was the
critical effector of SLAMF7-mediated inhibition. First, downregu-
lation of SHIP-1 expression using siRNAs attenuated SLAMF7-

FIG 5 Multiple myeloma cells express the long isoform of SLAMF7 and Src family kinases but not CD45. (A) Cells were examined for expression of the long
(SLAMF7-L) and short (SLAMF7-S) isoforms of SLAMF7 and GAPDH using RT-PCR, as detailed in Materials and Methods. DT40 transfectants expressing
either SLAMF7-L or SLAMF7-S and YT-S transfectants expressing SLAMF7-L were used as controls. Results are representative of 3 experiments. (B) Expression
of the Src family kinases Fyn and Lyn was analyzed in cells shown in panel A. It should be noted that Lyn exists as two isoforms, p53 and p56, which are generated
by alternative splicing. Results are representative of 3 experiments. (C) Expression of CD45 and CD148 was examined on cells shown in panel A. Staining with
anti-CD45 or anti-CD148 is depicted as black lines with no shading, whereas staining with isotype controls is shown as gray lines with gray shading. Results are
representative of 3 experiments.
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mediated inhibition in YT-S cells. Second, the ability of SLAMF7
to inhibit BCR-triggered Ca2� fluxes in DT40 cells was eliminated
in cells lacking SHIP-1 but not in cells lacking SHP-1, SHP-2, or
Csk. This defect was corrected by reintroduction of SHIP-1.
Third, the tyrosine required for SLAMF7-mediated inhibition in
YT-S cells, Y261, was needed for coupling to SHIP-1.

Although these data implied that SHIP-1 was the inhibitory
effector of SLAMF7 in EAT-2-negative NK cells, this may not be
true for all SLAM receptors or all cell types. In studies using the
heterologous system DT40, it was suggested that the inhibitory
effectors of 2B4 were SHIP-1 and, to a lesser extent, SHP-1 and
SHP-2 (15). Conversely, experiments with a pharmacological in-

FIG 6 CD45 is critical for SHIP-1 tyrosine phosphorylation in multiple myeloma cells. (A and B) Subclones of U266 cells were tested for CD45 and SLAMF7
expression. (A) Staining with anti-CD45 or anti-SLAMF7 is depicted as black lines with no shading, whereas staining with isotype controls is shown as gray lines
with shading. (B) Cells were then stimulated with anti-SLAMF7 MAb 162, and tyrosine phosphorylation of SHIP-1 and SLAMF7 was tested as detailed for Fig.
1C. A quantitation of the relative tyrosine phosphorylation of SHIP-1 is shown. Results are representative of 2 experiments. (C to H) OPM2 cells (C to E) or
MM1S cells (F to H) were stably transfected with a vector encoding the epidermal growth factor receptor (EGFR)-CD45 chimera or an empty vector. Expression
of surface EGFR and SLAMF7 was detected by flow cytometry. (C and F) Staining with anti-EGFR or anti-SLAMF7 is depicted as black lines with no shading,
whereas staining with isotype controls is shown as gray lines with shading. (D, E, G, H) Cells were then stimulated for the indicated times with anti-SLAMF7 MAb
162 (D and G) or elotuzumab (Elo) (E and H), and tyrosine phosphorylation of SHIP-1 and SLAMF7 was tested as detailed for Fig. 1C. It is noteworthy that the
amount of SLAMF7 recovered from cells stimulated with anti-SLAMF7 was lower than that obtained from unstimulated cells. This was due to the fact that a
proportion of SLAMF7 becomes detergent insoluble upon SLAMF7 stimulation with antibodies. Quantitations of the relative tyrosine phosphorylation of
SHIP-1 are shown. Results are representative of 4 experiments.
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hibitor suggested that the inhibitory function of SLAMF6 (Ly108)
in CD8� T cells and NK-T cells is SHP-1 (41, 42). Hence, the inhib-
itory effectors of SLAM receptors may vary from one family member
to another or from one cell type to another.

In YT-S cells, Y261, but not Y281, of SLAMF7 was needed for
SLAMF7-triggered tyrosine phosphorylation of SHIP-1. As SHIP-1
contains an SH2 domain, one scenario is that, upon SLAMF7 engage-
ment, phosphorylated Y261 recruits SHIP-1 via its SH2 domain. In-
triguingly, however, a synthetic SLAMF7 peptide phosphorylated at
Y261 did not interact with SHIP-1 in vitro (data not shown), suggest-
ing that SLAMF7 does not bind directly to SHIP-1. Possibly, an in-
termediate molecule, such as another adaptor like Grb2, Grap, or Shc,
mediates binding of SLAMF7 to SHIP-1. Alternatively, Y261 may
recruit the PTK that phosphorylates SHIP-1.

To understand further how SLAMF7 coupled to its inhibitory
effector, we elucidated the PTKs responsible for SLAMF7 tyrosine
phosphorylation. Cotransfection experiments with Cos-1 cells,
experiments with DT40 cells lacking PTKs, and studies with phar-
macological inhibitors indicated that Src kinases, in particular Fyn
and Lyn, were responsible for the tyrosine phosphorylation of
SLAMF7. No effect was observed with Lck, ZAP-70, Syk, Btk, or
Csk. Therefore, Src kinases initiated SLAMF7-mediated inhibi-
tory signaling. Since SLAMF7 tyrosine phosphorylation also trig-
gers the activating function of SLAMF7 (5, 6), Src kinases are
probably required as well for initiation of SLAMF7-mediated ac-
tivation.

Although MM cells lack EAT-2 (4), engagement of SLAMF7,
including by elotuzumab, failed to trigger tyrosine phosphoryla-
tion of SHIP-1. Tyrosine phosphorylation of SLAMF7 was also

partially reduced. This was in contrast to what occurred with the
EBV-transformed B cell line IM-9, in which prominent tyrosine
phosphorylation of SHIP-1 and SLAMF7 was evoked. The defect
in SHIP-1 tyrosine phosphorylation in MM cells was not due to a
lack of SLAMF7-L, Fyn and Lyn, or SHIP-1. Rather, it correlated
with a lack of CD45, a PTP required for Src kinase activation in
hematopoietic cells. Although we documented the lack of EAT-2
in all MM cell lines tested, including U266, it should be noted that
another group stated that U266 cells expressed EAT-2, although
the data to that effect were not reported (13). The basis for this
distinction is not known but may relate to clonal variation be-
tween the U266 lines used.

Subcloning of CD45-positive and CD45-negative variants of
U266 cells, as well as transfection of EGFR-CD45 in CD45-nega-
tive OPM2 and MM1S cells, indicated that the absence of CD45
explained at least in part the defect in SLAMF7 signaling in MM
cells. In all likelihood, CD45 was needed for activation of Src ki-
nases in these cells. However, CD45 had a more variable impact on
the tyrosine phosphorylation of SLAMF7. Perhaps, the pool of Src
kinases responsible for SLAMF7 phosphorylation was less depen-
dent on CD45 for activation.

Elotuzumab mediates its anti-MM cell effect by activating im-
mune cells like NK cells, rather than by having direct effects on
MM cells (3, 4, 8). Our finding that elotuzumab failed to trigger
inhibitory signaling in MM cells might explain at least in part why
elotuzumab has no direct effect in these cells. Nonetheless, it
should be mentioned that EGFR-CD45 was unable to render MM
cells susceptible to a direct antitumor effect from elotuzumab
(data not shown). Possibly, the levels of CD45 achieved by EGFR-

FIG 7 CD45 is required for the function of SLAMF7. (A and B) NK cells from the spleens of WT or CD45-deficient (knockout [KO]) mice were analyzed for
expression of various cell surface molecules by flow cytometry. (A) Staining with specific antibodies is depicted as black lines with no shading, whereas staining
with isotype controls is shown as gray lines with shading. (B) NK cells were also assessed for expression of several intracellular signaling molecules by
immunoblotting of total cell lysates with the indicated antibodies. A quantitation of the relative expression of EAT-2 is shown. (A and B) Results are represen-
tative of 3 experiments. (C) NK cells from the indicated mice were tested for their ability to kill B16 melanoma cells expressing the puromycin resistance marker
(puro) alone or in combination with SLAMF7 or CD48, as described for Fig. 2B. The effector-to-target ratios (E:T) are shown at the bottom. Average values of
duplicates are shown, while error bars depict standard deviations. Results are representative of 5 experiments. (D) The enhancement of cytotoxicity by the
expression of the ligands of SLAMF7 or 2B4 (CD48) on targets was quantitated for multiple independent experiments. Enhanced killing was calculated as
cytotoxicity to SLAMF7 or CD48� targets minus cytotoxicity to puro targets at the 10:1 E/T ratio. Average values from 3 independent experiments with standard
deviations are represented. **, P 
 0.01; ***, P 
 0.001.
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CD45 were insufficient. Alternatively, additional defects might
contribute to the resistance of MM cells to a direct effect from
elotuzumab. The lower levels of CD148 and Fyn observed in these
cells may contribute.

MM cells, both primary samples from patients and cell lines,
frequently lack CD45 (43, 44). This is also true for normal plasma
cells. Compared to CD45-positive MM cells, CD45-negative MM
cells have been linked to disease progression and poor treatment
response (45). Xenotransplantation experiments also suggested
that CD45-negative MM cells contain a greater proportion of
long-lived and/or myeloma-initiating cells (46). Interestingly,
these cells tended to have higher PI3=K activity than CD45-posi-
tive MM cells (47). Considering our finding that SLAMF7-medi-
ated inhibition involved SHIP-1, a negative regulator of PI3=K, it
is tempting to speculate that increased PI3=K activity in MM cells
lacking CD45 was due at least in part to reduced SLAMF7-depen-
dent activation of SHIP-1.

A clear impact of CD45 on SLAMF7 function was documented
in mouse NK cells. Whereas SLAMF7 was activating in WT NK
cells, this activating effect was lost in CD45-deficient NK cells.
This was presumably because CD45-dependent activation of Src
kinases was needed for tyrosine phosphorylation of SLAMF7 or,
possibly, EAT-2 and PLC-�2. Surprisingly, this was not the case
for another SLAM receptor, 2B4, which was still activating in
CD45-deficient NK cells. Perhaps, this distinction relates to the
fact that 2B4 is also coupled to SAP (15), which binds Fyn via the
Fyn SH3 domain and, thus, may activate Fyn in a CD45-indepen-
dent manner (23).

In summary, our data indicated that SLAMF7-mediated inhi-
bition in EAT-2-negative NK cells was mediated by the lipid phos-
phatase SHIP-1. SLAMF7 was coupled to SHIP-1 by way of Y261,
which was phosphorylated by Src family kinases. This mechanism
was defective in MM cells, at least in part due to a lack of PTP
CD45, which is needed for the activation of Src kinases in hema-
topoietic cells and for initiation of SLAMF7 inhibitory signaling.
In addition to clarifying the mechanism of inhibition by SLAMF7
and, possibly, other SLAM family receptors, these data help us
understand why elotuzumab has no direct effect on MM cells but
rather causes elimination of these cells by activating normal im-
mune cells, such as NK cells.
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