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Key Points

• The combination of
elotuzumab and an
anti–PD-1 antibody
leads to enhanced
antitumor efficacy in
mouse models.

• Enhanced antitumor
activity is likely due to
the promotion of tumor-
infiltrating NK and T-cell
activity.

Elotuzumab, a humanized monoclonal antibody that binds human signaling lymphocytic

activation molecule F7 (hSLAMF7) on myeloma cells, was developed to treat patients with

multiplemyeloma (MM). Elotuzumabhas a dualmechanism of action that includes the direct

activation of natural killer (NK) cells and the induction of NK cell–mediated antibody-

dependent cellular cytotoxicity. This study aimed to characterize the effects of elotuzumab

on NK cells in vitro and in patients with MM and to determine whether elotuzumab

antitumor activity was improved by programmed death receptor-1 (PD-1) blockade.

Elotuzumab promoted NK cell activation when added to a coculture of human NK cells and

SLAMF7-expressing myeloma cells. An increased frequency of activated NK cells was

observed in bone marrow aspirates from elotuzumab-treated patients. In mouse tumor

models expressing hSLAMF7, maximal antitumor efficacy of a murine immunoglobulin G2a

version of elotuzumab (elotuzumab-g2a) required both Fcg receptor–expressing NK cells

and CD81 T cells and was significantly enhanced by coadministration of anti–PD-1 antibody.

In these mouse models, elotuzumab-g2a and anti–PD-1 combination treatment promoted

tumor-infiltrating NK and CD81 T-cell activation, as well as increased intratumoral cytokine

and chemokine release. These observations support the rationale for clinical investigation

of elotuzumab/anti–PD-1 combination therapy in patients with MM.

Introduction

The ability of tumor-targeted monoclonal antibodies (mAbs) to stimulate immune effector functions is
a critical component of durable tumor regression.1,2 In mouse tumor models, innate effector cells
expressing activating Fcg receptors (FcgR), such as natural killer (NK) cells and myeloid cells, are
required for the therapeutic efficacy of tumor-targeted mAbs.3-6 Human NK cells are activated on
exposure to tumor cells coated with human immunoglobulin G1 (hIgG1) mAbs, such as rituximab.7 In
lymphoma, expression of high-affinity alleles of FcgRIIIa (FcgRIIIa-158V) and FcgRIIa (FcgRIIa-131H) is
associated with an improved response to rituximab therapy, likely due to enhanced antibody-dependent
cellular cytotoxicity (ADCC).8,9 Similarly, benefits in progression-free survival have been reported in
patients with relapsed/refractory multiple myeloma (RRMM) who were homozygous for the FcgRIIIa-
158V allele and treated with elotuzumab in combination with bortezomib and dexamethasone.10 Studies
in immunocompetent mice with syngeneic tumor allografts showed that the therapeutic effects of tumor-
targeted mAbs decrease when CD81 T cells are depleted.11-15 Furthermore, patients with lymphoma
have developed lymphoma-specific anti-idiotype CD41 and CD81 T-cell responses after rituximab treat-
ment, suggesting that tumor-targeted mAbs may initiate an antitumor adaptive immune response.14
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Elotuzumab is a humanized IgG1 mAb that binds human signaling
lymphocytic activation molecule F7 (hSLAMF7), a glycoprotein highly
expressed on malignant plasma cells in multiple myeloma (MM), irres-
pective of cytogenetic abnormalities or disease stage.16-18 Elotuzumab,
administered in combination with lenalidomide and dexamethasone
(ELd), was shown to improve progression-free survival in a phase 3
clinical trial of RRMM and was subsequently approved in the United
States, the EuropeanUnion (EU), and Japan for the treatment of patients
with RRMM who have received 1-3 previous therapies.19-22

Preclinical studies showed that elotuzumab induces lysis of human
myeloma cells when they are incubated with peripheral blood
mononuclear cells (PBMCs) or purified NK cells in vitro.16,17 The lytic
effect of elotuzumab requires SLAMF7 expression on the surface of
myeloma cells and depends on engagement of FcgRIIIa, demonstrat-
ing the importance of ADCC in elotuzumab-mediated myeloma cell
death.17 Elotuzumab also inhibits the growth of established human
myeloma xenografts in immunocompromised mice.16,17 The efficacy of
elotuzumab in these models was NK cell–dependent and was
enhanced by coadministration of bortezomib, lenalidomide, or mAbs
that additionally stimulated NK cell activity.16,17,23-25 Furthermore,
elotuzumab promotes cytotoxicity against myeloma cells through direct
engagement of SLAMF7 on NK cells.26 SLAMF7 is a self-ligand that
stimulates NK cell activation in the presence of the adaptor protein
EWS-Fl1–activated transcript-227-29; however, elotuzumab does not
activate, inhibit, or directly induce apoptosis of myeloma cells. Myeloma
cells do not express EWS-Fl1–activated transcript-2 (or CD45, a
phosphatase also required for SLAMF7 signaling), which may explain
why elotuzumab does not directly induce MM cell apoptosis.30

The activity of tumor-targeted mAbs can be improved with mAbs that
modulate adaptive immune system responses.12,31 Programmed death
receptor-1 (PD-1) is an inhibitory receptor expressed on activated T cells
as well as on NK cells and other immune cells.32 Binding of PD-1
to its ligands, PD-ligand 1 (PD-L1) and PD-L2, dampens antitumor
immune responses,33,34 allowing tumor cells to evade immunosurveil-
lance. PD-L1 is often expressed on myeloma cells, and expression of
PD-1 on NK and CD81 T cells is higher in patients with MM than in
healthy individuals.35-37 Antibodies blocking PD-1/PD-L1 interaction
enhance the functionality of hyporesponsive NK cells andCD81 T cells
from patients with MM and prolong survival in disseminated myeloma-
bearing mice.36-38 Nevertheless, in a phase 1 study of 27 patients with
MM, the best response to monotherapy with the anti–PD-1 mAb
nivolumab was a complete response in 1 patient and stable disease in
17 patients, suggesting that PD-1 blockade may need to be combined
with other modalities to achieve efficacy in patients with MM.39

In this study, we investigated the effects of elotuzumab on the
phenotype and functionality of human NK cells isolated from healthy
donors and patients with MM. We also assessed how an antitumor
immune response is generated after treatment with elotuzumab
alone or with an anti–PD-1 mAb in mouse tumor models engineered
to express hSLAMF7.

Methods

Study approval

All patient samples from clinical study HuLuc63-1703, a phase 1/2
study of ELd in RRMM (#NCT00742560),40 were collected and
used in accordance with the International Council for Harmonisa-
tion of Technical Requirements for Pharmaceuticals for Hu-
man Use, the Declaration of Helsinki, and all applicable national

regulations. The investigator or designee was required to explain to
each subject the nature of the study, the procedures, the possible
side effects, and all other elements of consent as defined in US
Food and Drug Administration regulation 21 CFR Part 50, EU
regulations (for EU sites), and other applicable national and
local regulations governing informed consent. Each subject was
required to provide a signed and dated informed consent prior to
enrollment.

Mice

BALB/c or C57BL/6 female mice were purchased from Charles
River (San Diego, CA), Taconic (Hudson, NY), or The Jackson
Laboratory (Sacramento, CA). All mouse experimentation was
carried out subsequent to proper review and approval by the Bristol-
Myers Squibb Animal Care and Use Committee, accredited by the
Association for Assessment and Accreditation of Laboratory Animal
Care International (accreditation #001085). All mice were main-
tained under specific pathogen-free conditions following the “Guide
for the Care and Use of Laboratory Animals” and used between 6 to
18 weeks of age. All mouse experiments were carried out after
proper review and approval by MuriGenics Institutional Animal
Care and Use Committee, an Office of Laboratory Animal Welfare
(accreditation #A457301).

Antibody generation

To generate a mouse IgG2a variant of elotuzumab (elotuzumab-
g2a), the heavy chain variable domain (VH) for the elotuzumab
parental mAb (muLuc63; AbbVie Biotherapeutics, Redwood City,
CA) was cloned into an expression vector containing the mouse
IgG2a (mIgG2a) constant region. The light chain variable region
(Vk) was cloned into an expression vector containing the mouse
light chain constant region. The 2 vectors were cotransfected into
Chinese hamster ovary–S cells, and 1 stable clone was selected
and scaled up for mAb production. The generation of an anti-
mouse PD-1 mAb, clone 4H2, has previously been described.41

To generate non–FcgR-binding PD-1–mg1-D265A42 and elotuzu-
mab–mg1-D265A variants, VH and Vk sequences from the parental
mAbs were grafted onto a murine IgG1 constant region containing
the D265A mutation. Control antibodies included mIgG2a (clone
C1.18.4, BioXCell) and mIgG1 (Bristol-Myers Squibb, Princeton, NJ).
Zab098 (a surrogate mAb for daratumumab) was produced by using
published sequences (GenBank: ADS96869 and ADS96865, corre-
sponding to sequences 17 and 12 from patent publication number
US7829673).

Cell lines and culturing conditions

A20 cells (ATCC, Manassas, VA) were maintained in RPMI 1640
with 10% fetal bovine serum (FBS) and 0.05 mM 2-mercaptoethanol
(Life Technologies, Waltham, MA). EG7 cells (ATCC) were cultured
in RPMI 1640 with 2 mM L-glutamine, 10% FBS, 1.5 g/L sodium
bicarbonate, 4.5 g/L glucose, 10 mM N-2-hydroxyethylpiperazine-N9-
2-ethanesulfonic acid (HEPES), 1 mM sodium pyruvate, 0.05 mM
2-mercaptoethanol, and 0.4 mg/mL G418 (Life Technologies).
MC38 cells were cultured in Dulbecco’s modified Eagle medium with
10% FBS. OPM-2 (DSMZ, Braunschweig, Germany) and MM1.S
(Kerry Campbell, Fox Chase Cancer Center, Philadelphia, PA) cells
were cultured in RPMI 1640 with 10% FBS and 10 mM HEPES. A20
or EG7 cells were retrovirally transduced with constructs encoding
either GFP alone (pFB-GFP) or GFP and full-length hSLAMF7
(pFB-hSLAMF7-GFP; kindly provided by Andre Veillette, Institut de
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Recherches Cliniques de Montréal, Montréal, QC, Canada), selected
to make stable cell lines, and sorted by flow cytometry for GFP1 cells.

Tumor cell implantation and treatment

A20-derived tumors were established via subcutaneous injection of
103 106 A20-hSLAMF7 cells into the hind flanks of BALB/c mice.
After 11 to 14 days, mice were randomized into treatment groups
when tumor volumes reached 150 to 180 mm3. EG7-derived
tumors were established via subcutaneous injection of 5 3 106

EG7-hSLAMF7 cells into the hind flanks of C57BL/6 mice. After
5 to 7 days, mice were randomized into treatment groups when
tumor volumes reached 80 to 120 mm3. mAbs were administered
intraperitoneally at the indicated times for a total of 3 doses. For
depletion experiments, 50 mg of anti–asialo-GM1 (eBioscience,
San Diego, CA) or 200 mg of anti-CD8a (clone 53-6.72, BioXCell,
West Lebanon, NH) were injected intraperitoneally 3 days before
elotuzumab-g2a and every 7 days thereafter. For tumor rechallenge,
long-term surviving mice were implanted with 10 Χ 106 of EG7-
hSLAMF7 or MC38 cells 88 days after the previous tumor
implantation. Tumor growth was determined biweekly by using
electronic digital calipers (Fowler, Newton, MA). Mice with a tumor
volume of 0 mm3 for 3 consecutive measurements were considered
tumor free.

Human NK cell assays

Blood was collected from healthy donors, and PBMCs were
isolated by using Ficoll-Paque Plus (GE Healthcare, Pittsburgh,
PA). PBMCs were cocultured with OPM-2 target cells at a 10:1
ratio in RPMI 1640 with 10% FBS. Control hIgG1 or elotuzumab at
varying concentrations was added to wells; Golgi Stop (1:1000;
BD Pharmingen, San Diego, CA) was added to detect CD107a,
interferon-g (IFN-g), and tumor necrosis factor-a (TNF-a). After 4 or
20 hours, cells were stained with live/dead dye, CD3, and CD56 to
identify NK cells; CD107a, CD69, and CD54 to assess activation
status; and intracellular IFN-g and TNF-a (FoxP3 intracellular
staining kit, eBioscience) to determine cytokine expression. For
cytokine bead array (CBA) assays, NK cells were isolated from
PBMCs by negative selection using the MACS NK isolation kit
(Miltenyi Biotec, Auburn, CA). Purified NK cells (.95% purity by
flow cytometry) were maintained at 13 106 cells/mL in RPMI 1640
with 10% fetal calf serum, 2 mM L-glutamine, 10 mM HEPES, 1 mM
sodium pyruvate, 100 mM nonessential amino acids, 50 mM
2-mercaptoethanol, and 25 U/mL human recombinant interleukin-2
(IL-2) (National Cancer Institute, Rockville, MD) for 24 to 48 hours.
NK cells were cocultured with OPM-2 at a 5:1 ratio for 5 hours, and
cytokines weremeasured using BDCBA Flex Sets (BDPharmingen).
For ADCC assays, NK cells were isolated from PBMCs by negative
selection using a magnetic bead–based separation kit (StemCell
Technologies, Vancouver, BC, Canada) and cultured in MyeloCult
media (StemCell Technologies) with 500 IU/mL human recombi-
nant IL-2 for 24 hours. NK cells were cocultured in a 96-well
V-bottom plate with target cells at a 10:1 ratio in the presence of
elotuzumab or hIgG1 mAb. After a 3-hour incubation at 37°C, cells
were washed and stained with Fixable Viability Dye (eBioscience)
and the percentage of dead target cells was measured by flow
cytometry.

Proliferation and apoptosis assays

Apoptosis was measured after the incubation of platebound
antibodies (10 mg/mL) with 1 3 105 cells per well in RPMI 1640

with 10% FBS for 24 hours at 37°C. Cells were stained with
Annexin V-PE (BD Biosciences). Cell proliferation was mea-
sured by MTS assay (CellTiter 96 AQueous One Solution Cell
Proliferation Assay; Promega, Madison, WI). Briefly, 5 3 104

cells were plated in U-bottom 96-well plates, incubated with
soluble mAbs (10 mg/mL), and analyzed at 24, 48, and 72
hours.

Primary patient samples

All samples were derived from a subset of patients with paired
screening and cycle 1 day 22 (C1D22) samples from clinical study
HuLuc63-1703.40 Bone marrow aspirate samples were collected in
sodium heparin tubes at screening and on C1D22.

Immunophenotypic and intratumoral

cytokine analysis

A20-hSLAMF7 or EG7-hSLAMF7 tumor masses were resected
4 to 7 and 10 to 14 days after mAb treatments. Single-cell
suspensions were prepared by dissociation and passing cells
through a 70-mm filter. Cells (5 3 105) were plated in 96-well
plates, treated with Fc block (clone 2.4G2; BD Biosciences), and
stained with fluorochrome-conjugated antibodies against surface or
intracellular markers (see supplemental Table 1 for antibody list).
For intracellular staining, samples were fixed, permeabilized, and
stained with antibodies (FoxP3 staining buffer set; eBioscience).
For ovalbumin (OVA) tetramer (tet) staining, cells were stained
with 5 mL per sample of H-2Kb OVA (SIINFEKL) PE tetramer (MBL
International, Woburn, MA) in RPMI 1640 with 50 nM dasatinib
(Bristol-Myers Squibb). For intratumoral cytokine analysis, tumors
were harvested into 1 mL of complete media (RPMI 1640 with 3%
FBS). Tumor homogenates were centrifuged and supernatants
frozen at 280°C for batch sample processing. Neat supernatant
(30 mL) from each sample was analyzed for concentrations of
intratumoral IL-1a, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12
p40, IL-12 p70, IL-13, IL-15, IL-17A, IL-17F, IL-21, IL-22, IL-23,
IL-25/IL-17E, IL-27, IL-31, IL-33, IP-10, KC, granulocyte-macrophage
colony-stimulating factor, granulocyte-CSF, TNF-a, IFN-g, macro-
phage inflammatory protein–1a (MIP-1a), MIP-1b, MIP-2, mono-
cyte chemoattractant protein-1, and RANTES by using bead-based
assays (Millipore, Billerica, MA). MIP-1a and MIP-1b were measured
by using enzyme-linked immunosorbent assay (ELM-MIP-1a,
RayBiotech, Norcross GA, and MMB00, R&D Systems, Minneapolis,
MN, respectively).

Statistics

Patient sample data were analyzed by using paired Student
t tests. Mouse tumor volumes at specific time points were
analyzed by using the Mann-Whitney U test. Flow cytometry
data were analyzed by using paired Student t test, unpaired
Student t test, or analysis of covariance (ANCOVA), and cytokine
levels in CBA assays were analyzed by unpaired Student t test.
Error bars represent standard error of the mean (SEM), with the
exception of tumor volumes at randomization (standard deviation)
and pre- and posttreatment patient data (median6 standard error).
Binary logistic regression predictors consisted of treatment (isotype
control, elotuzumab-g2a, anti–PD-1, and elotuzumab-g2a/anti–PD-1)
and study (to control for possible study effects). Differences be-
tween survival curves were analyzed by using the log-rank (Mantel-Cox)
test.
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Figure 1. Elotuzumab induces NK cell activation in PBMC/myeloma cell coculture in vitro and in patients with MM when combined with lenalidomide and

dexamethasone. (A-B) PBMCs from healthy donors were incubated alone or with OPM-2 cells for 4 hours (A) or 20 hours (B) in the presence of either hIgG1 or increasing doses

of elotuzumab (Elo). Surface expression of CD107a, CD69, and CD54 and intracellular levels of IFN-g and TNF-a were determined by using flow cytometry with gating on live
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Results

Effect of elotuzumab on NK cell activation in vitro and

in ELd-treated patients with MM

Adding elotuzumab to a mixture of human OPM-2 myeloma cells
and PBMCs led to upregulation of CD107a, a marker of granule
mobilization, and to production of IFN-g and TNF-a by CD56dimCD32

NK cells (Figure 1A). This was followed by upregulation of
activation markers CD69 and CD54 on CD56dimCD32 NK cells
(Figure 1B). Elotuzumab treatment also increased secretion of
IFN-g, TNF-a, MIP-1a, and MIP-1b from purified NK cells when
cocultured with OPM-2 cells (Figure 1C). Concomitant with the
increase in NK cell activation observed in cocultures, elotuzumab
reduced the number of live OPM-2 cells compared with hIgG1
treatment (data not shown), likely due to NK cell–mediated
cytotoxicity.43

We next analyzed the frequency and phenotype of NK cells in bone
marrow aspirate from patients with MM after treatment with ELd in
the clinical study HuLuc63-1703.40 A significant increase in the
percentage of bone marrow NK cells (CD56dimCD161CD32) was
observed compared with pretreatment (21.8%6 12.1% at C1D22
vs 15.3% 6 8.5% at screening; P 5.001). In addition, there was a
significant increase in expression of the activation marker CD54 on
CD56dimCD161CD32 bone marrow NK cells after ELd treatment
(Figure 1D). Previous studies suggest that elotuzumab, but not
lenalidomide, is responsible for recruiting NK cells to murine
xenograft tumors.43 Along with changes in NK cell frequency and
activation status, ELd treatment led to a significant reduction in the
percentage of CD45dimCD1381 myeloma cells in the bone marrow
(median of 0.7% at C1D22 vs 4.05% at screening, P 5.026;
Figure 1E).

Antitumor effects of elotuzumab against

hSLAMF7-expressing mouse tumor lines in vivo

Previous models demonstrated that elotuzumab inhibited the
growth of hSLAMF7-expressing myeloma xenografts in immuno-
compromised mice.43 To evaluate whether elotuzumab mediates
antitumor efficacy in immunocompetent mice, we generated mouse
tumor cell lines expressing hSLAMF7. A20-hSLAMF7 and EG7-
hSLAMF7 cells showed stable expression of hSLAMF7 at levels
similar to OPM-2 cells (supplemental Figure 1). Elotuzumab bound
to and promoted NK cell–mediated cytotoxicity toward hSLAMF7-
expressing cells, but not toward control A20 or EG7 cells (sup-
plemental Figures 2 and 3).

The in vivo efficacy of elotuzumab against established hSLAMF7-
expressing tumors was evaluated (Figure 2A-D). Treatment of
BALB/c mice bearing A20-hSLAMF7 tumors or C57BL/6 mice
bearing EG7-hSLAMF7 tumors with elotuzumab-g2a (an mIgG2a
isotype variant of elotuzumab) reduced tumor growth in both
models vs controls (A20-hSLAMF7 volume at day 21: 377 mm3 6
157 mm3 vs 1062 mm3 6 240 mm3, P 5.022; EG7-hSLAMF7

volume at day 27: 293 mm3 6 137 mm3 vs 1273 mm3 6 338 mm3,
P 5.03; Figure 2A,D).

Mice depleted of NK cells or treated with a non–FcgR-binding
variant of elotuzumab (elotuzumab–mg1-D265A) had higher tumor
volumes than mice in the control group (Figure 2B,E), suggesting
that the antitumor effects of elotuzumab-g2a were likely due to
FcgR-dependent functions, such as ADCC. Consistent with this,
soluble or platebound elotuzumab-g2a had no direct effect on the
apoptosis or growth of hSLAMF7-expressing tumor cells in vitro
(supplemental Figure 4). To assess whether adaptive immunity was
involved in elotuzumab-g2a antitumor activity, we treated mice with
a CD8a-depleting mAb prior to elotuzumab-g2a treatment. Tumors
in CD8a-depleted mice were larger than those in nondepleted mice
(Figure 2C). Thus, adaptive as well as innate immune responses
appear to be necessary for optimal elotuzumab-g2a–mediated
antitumor efficacy, which is consistent with observations for other
tumor-targeted mAbs.11,14,15

Effect of the elotuzumab-g2a and anti–PD-1

combination on in vivo tumor growth

In both models, PD-1 expression was higher on tumor-infiltrating
T cells compared with splenic T cells (Figure 3A). Additionally, both
A20-hSLAMF7 and EG7-hSLAMF7 tumors expressed high levels
of mouse PD-L1 (Figure 3B). Mice with established A20-hSLAMF7
tumors were treated with control mAbs, anti–PD-1, elotuzumab-g2a,
or the elotuzumab-g2a/anti–PD-1 combination. Although anti–PD-1
and elotuzumab-g2a each demonstrated antitumor activity alone, their
combination significantly enhanced tumor regression and extended
survival compared with single-agent treatment (Figure 3C-D). In the
binary logistic regression analysis of complete tumor regression, both
the elotuzumab-g2a– and anti–PD-1–treated groups were signifi-
cantly more likely to be tumor free (Wald x2 [1]5 7.30,P5.007, odds
ratio [OR]: 18.48; 95% confidence interval [CI]: 2.23-153.37; Wald
x2 [1] 5 10.06, P 5.002; OR: 30.26; 95% CI: 3.68-248.85,
respectively) than the control-treated group (supplemental Figure 5A).
Treatment with the elotuzumab-g2a/anti–PD-1 combination resulted
in the greatest number of tumor-free mice (Wald x2 [1] 5 22.51,
P , .0001; OR: 206.84; 95% CI: 22.86-1871.88).

Enhanced efficacy of the elotuzumab-g2a/anti–PD-1 combination
was also observed in the EG7-hSLAMF7 model. Coadministration
of elotuzumab-g2a and anti–PD-1 significantly inhibited tumor
growth compared with the control group (tumor volume at day 21:
289 6 164 mm3 vs 1323 6 244 mm3, P 5.004; Figure 3E) and
extended survival (P , .05). Binary logistic regression analyses
demonstrated that elotuzumab-g2a or anti–PD-1 alone did not yield
statistically significant increases in the proportion of tumor-free mice
vs the control group (supplemental Figure 5B). By contrast, the
elotuzumab-g2a/anti–PD-1 combination resulted in a significant in-
crease in the number of tumor-freemice (Wald x2 [1]5 8.41,P5.004;
OR: 24.05; 95% CI: 2.80-206.38) compared with the control
group. Therefore, in both models, the elotuzumab-g2a/anti–PD-1

Figure 1. (continued) CD56dimCD32 lymphocytes. Results are representative of at least 4 donors. (C) Culture supernatant was collected at 20 hours, and NK-secreted IFN-g,

TNF-a, MIP-1a, and MIP-1b levels were measured by CBA. Data are presented as fold change comparing the cytokine levels in the presence of elotuzumab with those obtained

in the presence of hIgG1. Differences were assessed by using a Student t test. (D-E) Analysis of bone marrow samples taken at time of screening (SCRN, gray box) and at

C1D22 (red box) in patients with RRMM treated with ELd. (D) Median fluorescence intensity (MFI) of CD54 on CD56dimCD161CD32 cells; n 5 44 (P , .01). (E) Percentage of

plasma cells (CD45dimCD1381) from bone marrow; n 5 44 (P 5 .026). *P , .05; **P , .01; ***P , .001.
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combination showed superior efficacy to either agent alone, even
when no single-agent antitumor activity was observed. Importantly,
mice cured of EG7-hSLAMF7 tumors after elotuzumab-g2a/anti–PD-1

combination treatment were protected against a secondary tumor
challenge, suggesting that mice developed immunological mem-
ory against EG7-hSLAMF7 tumor cells (Figure 4).
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Figure 2. Maximal antitumor effect of elotuzumab requires both FcR-expressing NK cells and CD8
1
T cells in mouse tumor models. (A) BALB/c mice were injected

subcutaneously with A20-hSLAMF7 tumor cells (10 3 106 cells) and randomized at day 11 when their tumors reached an average size of 180 6 60 mm3. Mice were injected

intraperitoneally with 10 mg/kg of either control mIgG2a (circles) or elotuzumab-g2a (triangles) on days 11, 14, and 18. n 5 12 mice per group. *P5 .022 vs IgG2a, day 21. (B-C)

A20-hSLAMF7–bearing BALB/c mice were first randomized on day 7 (average tumor size: 1176 44 mm3) to receive anti-CD8a or anti–asialo-GM1 (days 7, 14, and 21) and then

randomized again on day 10 (average tumor size: 1666 59 mm3) to receive 10 mg/kg of either control IgG2a or elotuzumab-g2a (days 10, 13, and 17) mAb. n5 10 mice per group.

**P 5 .002 for elotuzumab-g2a/anti–asialo-GM1 vs elotuzumab-g2a; ***P 5 .0008 for elotuzumab-g2a/anti-CD8a vs elotuzumab-g2a, day 20. (D) C57BL/6 mice were injected

subcutaneously with EG7-hSLAMF7 tumor cells (5 3 106 cells) and randomized on day 7 when their tumors reached an average size of 98.9 6 9.6 mm3. Mice were injected

intraperitoneally with 10 mg/kg of either control IgG2a (circles) or elotuzumab-g2a (triangles) on days 7, 11, and 14. n5 7-8 mice per group. *P5 .04 vs IgG2a, day 25; and P5 .03

vs IgG2a, day 27. (E) EG7-hSLAMF7–bearing C57BL/6 mice were randomized on day 7 (average tumor size: 82 6 42 mm3) to receive 10 mg/kg of control IgG2a (circles),

elotuzumab-g2a (triangles), or elotuzumab–mg1-D265A (inverted triangles) on days 7, 11, and 14. n 5 10-11 mice per group. *P 5 .04 elotuzumab-g2a vs control IgG2a, day 18.

Data are mean 6 SEM. Statistical analyses were performed at the indicated time point using the Mann-Whitney U test.
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NK cell activation and cytokine and chemokine

release after elotuzumab-g2a and anti–PD-1

combination treatment

The antitumor efficacy of the elotuzumab-g2a/anti–PD-1 combi-
nation could be due to innate and/or adaptive immune system

activation within the tumor. A greater proportion of tumor-infiltrating
NK cells from A20-hSLAMF7 tumor-bearing mice treated with
the elotuzumab-g2a/anti–PD-1 combination expressed IFN-g
(118% increase in IFN-g1 cells, P , .0001) and TNF-a (85%
increase in TNF-a1 cells, P 5 .011), compared with control mice
(Figure 5A-B). MIP-1a and MIP-1b levels were consistently
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Figure 3. Elotuzumab-g2a and anti–PD-1 mAbs show synergistic antitumor activity. (A) Splenocytes and tumor-infiltrating lymphocytes from A20-hSLAMF7– or EG7-

hSLAMF7–bearing mice were harvested. The proportion of splenic or tumor-infiltrating CD41CD31, CD81CD31, or NKp461CD32 cells that expressed PD-1 was quantified.

Results are a composite of 3 independent experiments with a total of 5 to 22 mice per group; error bars show SEM. Frequencies of tumor-infiltrating vs splenic PD-11 cells were

compared by using the paired Student t test. (B) A20-hSLAMF7 and EG7-hSLAMF7 cells prior to implantation were stained with either isotype control (filled red histogram) or anti-

mouse PD-L1 (mPD-L1; blue histogram). A flow cytometry histogram representative of PD-L1 expression is shown. (C-D) A20-hSLAMF7–bearing mice were randomized to different

treatment groups on day 10 when their tumors reached an average size of 1576 63mm3 and were treated with 10 mg/kg elotuzumab-g2a or control mIgG2a and/or 3 mg/kg anti–PD-

1 injected intraperitoneally on days 10, 14, and 17. Tumor volumes for individual mice (C) and percent survival (D) are shown. n5 9 per group. Differences between survival curves were

analyzed by using the Mantel-Cox test. (E) EG7-hSLAMF7–bearing mice were randomized to different treatment groups on day 7 when their tumors reached an average size of 1206

51 mm3 and were treated with 10 mg/kg elotuzumab-g2a or control mIgG2a and/or 10 mg/kg anti–PD-1 injected intraperitoneally on days 7, 10, and 14. Tumor volumes for individual

mice and the number of tumor-free mice per group are shown. n 5 9 per group. **P , .01; ***P , .0001.
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elevated intratumorally after elotuzumab-g2a or elotuzumab-
g2a/anti–PD-1 treatment (Figure 5C, data not shown). Unlike
cytokine and chemokine increases that occurred 4 to 7 days af-
ter elotuzumab-g2a/anti–PD-1 combination treatment, changes in
activation marker expression on tumor-infiltrating NK cells occurred
10 to 14 days after treatment. With the elotuzumab-g2a/anti–PD-1
combination, tumor-infiltrating NK cells degranulated more (167%
increase in CD107a1 cells, P, .0001) and expressed higher levels
of CD69 (32% increase in CD691 cells, P 5 .045) relative to the
control-treated group (Figure 5D-E). Tumor-infiltrating (but not
splenic) NK cells from A20-hSLAMF7–bearing mice treated with
the combination regimen showed a significant increase in cytokine
and activation marker expression, consistent with the requirement
for the antigen (hSLAMF7)-expressing tumor cells for NK cell
activation (Figure 5A-B,D-E). Similar results were seen in EG7-
hSLAMF7 tumor-infiltrating NK cells (supplemental Figure 6).

T-cell activation after elotuzumab-g2a/anti–PD-1

combination treatment

We next investigated how combination treatment modulates
the activation and effector function of T cells. A20-hSLAMF7
tumor-infiltrating CD81 T cells expressed lower levels of CD107a
than splenic CD81 T cells. However, upon treatment with either
anti–PD-1 alone or the elotuzumab-g2a/anti–PD-1 combination,
tumor-infiltrating (but not splenic) CD81 T cells exhibited enhanced
CD107a expression (95% increase in CD107a1 cells with anti–
PD-1, P , .0001; 106% increase with combination treatment,
P , .0001 vs control; Figure 6A). The proportion of CD81 T cells
positive for CD69 and PD-1 followed a similar pattern (80%
increase, P 5 .001 and 73% increase, P 5 .001, vs control,
respectively; Figure 6B-C). Only treatment with elotuzumab-g2a
alone or in combination with anti–PD-1 led to a significant increase
in the proportion of tumor-infiltrating CD81 T cells expressing
granzyme B (GrzB; 62% increase, P 5 .008 and 68% increase,
P 5 .006 vs control, respectively; Figure 6D). Effector CD41 T-cell

activation was also greater with the elotuzumab-g2a/anti–PD-1
combination than with control treatment (supplemental Figure 7).
Similar changes in tumor-infiltrating CD81 T-cell phenotypes were
observed in the EG7-hSLAMF7 model (supplemental Figure 8).

To determine treatment effects on tumor-specific T-cell responses,
we enumerated tumor-infiltrating and splenic OVA-specific CD81

T cells from EG7-hSLAMF7–bearing mice. The OVA-tet1CD81

T-cell population was increased 3.6-fold and 3.5-fold in tumors in
the anti–PD-1 and elotuzumab-g2a/anti–PD-1 combination groups,
respectively, vs control (Figure 6E). Together, these data suggest
that the elotuzumab-g2a/anti–PD-1 combination enhanced CD81

T-cell infiltration and effector function.

Discussion
Combined antibody regimens that stimulate both innate and adap-
tive immunity may afford greater treatment benefits than those
that primarily target 1 pathway.12 In this study, we demonstrated
that anti-hSLAMF7 (elotuzumab-g2a) and anti–PD-1 mAbs exhibit
enhanced antitumor activity when used in combination. Flow
cytometric and cytokine analyses of mouse tumors demonstrated
that the potency of elotuzumab-g2a/anti–PD-1 treatment may
be due to the combined effects of these mAbs on different
cell populations within the tumor. Anti–PD-1 treatment, alone or
together with elotuzumab-g2a, resulted in increased numbers
of tumor-infiltrating T cells expressing high levels of activation
markers. Elotuzumab-g2a/anti–PD-1 treatment also promoted NK
cell activation and led to the production of inflammatory cytokines
IFN-g and TNF-a in the tumor microenvironment. Our data support
the hypothesis that elotuzumab-g2a mediates the initial destruction
of tumors by ADCC and promotes NK cell activation. Stimulation
of NK cells may lead to both the direct killing of tumor cells and
the modulation of other FcgR-expressing cells through the release
of chemoattractants (eg, MIP-1a/b) or cytokines (eg, IFN-g)
that promote recruitment and activation of macrophages and/or
neutrophils.44,45 Cumulative ADCC/antibody-dependent cellular
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phagocytosis mediated by FcgR-expressing cells may then lead to
enhanced antigen presentation and initiation of downstream CD81

T-cell–mediated adaptive immune responses. Such a response is likely
to be augmented by anti–PD-1 mAbs blocking the effect of PD-1/PD-
L1–mediated inhibitory signals on T cells.

Tumor rechallenge experiments demonstrated that mice cured with
the elotuzumab-g2a/anti–PD-1 combination generated a memory
immune response and subsequently rejected rechallenge with
EG7-hSLAMF7 cells. DiLillo et al46 demonstrated that mice primed
with an anti-hCD20 mAb and hCD201 EL4 lymphoma cells reject
lymphoma rechallenge with hCD201 EL4 but not wild-type EL4
cells, suggesting that the T-cell response was directed at the
hCD20 neoantigen. Whether the elotuzumab-g2a–mediated im-
mune response was solely directed at the hSLAMF7 antigen or
whether the combination with the PD-1 blockade enhanced

both epitope spreading and antineoantigen T-cell responses re-
mains unknown. Memory NK cells have also been described47 and
additional studies are needed to evaluate their role in the
generation of immune memory to the elotuzumab-g2a/anti–PD-1
combination.

Notably, anti–PD-1 also appears to synergize with elotuzumab-
g2a–mediated activation of NK cells: an activating effect of PD-1
blockade is supported by previous studies demonstrating the
expression of PD-1 on NK cells in MM.35,36 Additional studies are
needed to clarify the capacity of PD-1 to signal in NK cells and to
explore the effects of this pathway on NK cell responses. In this study,
T-cell activation appeared to be driven primarily by anti–PD-1.
Activation of T cells by anti–PD-1 is consistent with previous reports
that T cells from patients with MM express high levels of PD-1.35

Although it is not yet clear whether T cells in patients with MM
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Figure 5. Elotuzumab-g2a and anti–PD-1 combination promotes NK cell activation and cytokine and chemokine release within A20-hSLAMF7 tumors. A20-
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were analyzed by flow cytometry. Results are a composite of 3 independent experiments with a total of 9 to 15 mice per group unless indicated otherwise. NK cells were gated as

live, GFP2CD192CD32NKp461. (A-B) Quantification of (A) IFN-g–producing and (B) TNF-a–producing tumor-infiltrating and splenic NK cells as percentages of total NK
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Student t test (C). *P , .05; ** P , .01; ***P , .0001.
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have fully “exhausted” or senescent phenotypes,48,49 these data
highlight the importance of additional mechanistic studies of PD-1
blockade in MM.

We noted several differences between the EG7-SLAMF7 and A20-
SLAMF7 tumor models. Although the elotuzumab-g2a/anti–PD-1
combination was highly efficacious in both models, the A20-hSLAMF7
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***P , .0001.
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model was more responsive to elotuzumab-g2a and anti–PD-1
both as single and combined agents. These results may be due to
differences in the tumor microenvironment of each model, higher
immunogenicity of A20-SLAMF7 tumors in BALB/c mice, or differ-
ences in the expression of inhibitory or costimulatory molecules and their
ligands between themodels.We found fewer NK cells andCD41FoxP32

effector cells and an increased frequency of CD11b1GR11myeloid-
derived suppressor cells in EG7-hSLAMF7 tumors. We also observed
higher PD-1 expression on lymphocyte subsets (particularly NK cells)
in the EG7-hSLAMF7 vs A20-hSLAMF7 models.

We also noted several differences between our observations and
current literature. Upregulation of TNF family receptors on human
NK cells has been reported following ADCC.50 However, we found
no significant change in CD137, GITR, or OX40 surface expression
on mouse tumor-infiltrating NK cells after exposure to elotuzumab-
g2a (data not shown). We did observe increased GrzB expression
by CD81 T cells after treatment with elotuzumab-g2a, but not after
anti–PD-1 treatment. This contrasts with previous studies in which
increased GrzB expression was observed on tumor CD81 T cells
from anti–PD-1–treated patients with metastatic melanoma.51

In addition to mediating ADCC, elotuzumab directly activates NK
cells by engaging hSLAMF7.26 Elotuzumab, however, does not bind
mouse SLAMF7 and, as such, any direct effects of elotuzumab
through SLAMF7 on SLAMF7-expressing mouse NK or other
SLAMF7-expressing leukocytes could not be captured in this
study. Future studies that use knock-in mice expressing hSLAMF7
throughout the hematopoietic compartment, or that use elotuzumab
surrogate antibodies that can bind mouse SLAMF7, will be helpful in
establishing the contribution of SLAMF7 activation to elotuzumab-
mediated antitumor activity.
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