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Abstract We evaluated the eVect of combining lenalido-
mide with therapeutic antibodies on antibody-dependant
cell-mediated cytotoxicity (ADCC) of solid tumor cells,
and the requirement for expression of natural killer (NK)
cell-activating receptors and their solid tumor surface
ligands. Twenty-three human tumor cell lines (colon,
breast, lung, head and neck, ovary, and bone sarcoma) were
analyzed. NK eVector cells were isolated from healthy
donors, pre-treated with and without lenalidomide, and
incubated with antibody-coated tumor cells to determine
ADCC. In blocking experiments, NK cells were pre-incu-
bated with anti-DNAM-1 or anti-NKG2D antibodies, and
target colorectal cells were pre-incubated with anti-CD155
(PVR), anti-MIC-A/B, or anti-ULBP 3 antibodies. DiVer-
ences between groups were assessed using unpaired and
paired Student’s t test and one-way ANOVA. Lenalido-
mide enhanced NK cell-mediated ADCC of trastuzumab-
and cetuximab-coated tumor cells. Activity against colorectal
cancer cells was dependent on target antigen expression,
but independent of KRAS status and Fc�RIIIa genotype.
The extent of ADCC and its enhancement by lenalidomide
correlated with NK cell expression of NKG2D and DNAM-1,
and tumor cell expression of PVR and MIC-A. Blocking
of NKG2D and, to a lesser extent, DNAM-1 inhibited
ADCC. Anti-MIC-A/B monoclonal antibody blocked natu-
ral cytotoxicity, but not ADCC. Lenalidomide enhances the

ability of IgG1-isotype antibodies to mediate ADCC of
solid tumor cells, the extent of which is largely dependent
on NKG2D–NKG2D ligand interactions, but appears to be
independent of MIC-A/B. This provides a rationale for
exploratory clinical studies and an assessment of potential
biomarkers predictive of clinical beneWt.
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Introduction

Lenalidomide has demonstrated eYcacy in the treatment of a
number of hematological malignancies, most notably multi-
ple myeloma (MM). Lenalidomide also appears to be highly
active in combination with rituximab in B cell chronic lym-
phocytic leukemia (CLL) and non-Hodgkin’s lymphoma
(NHL), most likely due to enhancement of antibody-depen-
dant cell-mediated cytotoxicity (ADCC); although this has
not been proven [1–3]. In the solid tumor setting, lenalido-
mide combinations with selected cytotoxic agents, notably
docetaxel and gemcitabine, are being assessed [4–7].
Although minimal direct activity against solid tumor cells is
observed in proliferation assays, inhibitory activity has been
seen in clonogenic assays, and in the pro-invasive response
to growth factors and hypoxia, suggesting the potential to
inXuence tumor cell survival, growth, and metastasis within
the tumor microenvironment [8, 9].

Antibody-dependant cell-mediated cytotoxicity is likely
to be an important mechanism leading to the clinical beneWt
of patients with colorectal cancer (CRC; KRAS wild-type),
and head and neck cancer treated with cetuximab, as well
as HER2/neu receptor-positive breast cancer treated with
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trastuzumab. The apparent activity of lenalidomide in com-
bination with rituximab in the hematological setting sug-
gests that a combinatorial approach that aims to harness the
ADCC eVect may be worth pursuing. There is a body of
evidence to support the immune-enhancing capability of
lenalidomide in a variety of pre-clinical and cell-based in
vitro models [10–16], including the enhancement of ADCC
of MM, CLL and NHL cells in vitro, and in an NHL-mouse
model [17–22]. Lenalidomide alone and in combination
with cytotoxic agents has also been shown to enhance the
ability of immune cells to kill prostate and neuroblastoma
cells in vitro [23, 24]. Lenalidomide alone was found to
enhance markers of immune activation in patients with
advanced solid tumors [25, 26].

Natural killer (NK) cells express a variety of inhibitory
and activatory receptors that engage MHC class I and
closely related molecules. Activating receptors are involved
in tumor recognition and killing, and include natural cyto-
toxicity receptors NKp30, NKp44, and NKp46 (speciWc
for unknown host ligands); DNAX accessory molecule
(DNAM)-1 (CD226); and NK group 2 member D
(NKG2D) [27]. Tumor cells express inducible NK cell
ligands, including the stress-inducible MHC class I-related
chain (MIC)-A/B, UL-16 binding proteins (ULBP) 1–3,
CD112/Nectin, and CD155 (poliovirus receptor [PVR]).
Both Nectin and PVR strongly inXuence sensitivity to
immune-mediated killing and may have prognostic value in
advanced therapies aimed at enhancing immune-mediated
mechanisms [28, 29]. Shedding of MIC-A appears to lead
to immune evasion in hematological and solid tumors, most
likely due to inhibition of NKG2D-mediated eVector func-
tion [30, 31]. Furthermore, DNAM-1 ligands appear to be
crucial for NK cell-mediated killing of leukemic [32] and
neuroblastoma cells [33].

In the present study, we have sought to provide evidence
that the immune-enhancing properties of lenalidomide speciW-
cally in combination with therapeutic antibodies may provide
clinical beneWt in the solid tumor setting. We show that lena-
lidomide can enhance NK cell-mediated ADCC of a variety of
solid tumor cell lines, including CRC cells harboring KRAS
and BRAF mutations, as well as in combination with either
trastuzumab or cetuximab. In particular, we focus on exploring
the wide variation of ADCC and how its enhancement by lena-
lidomide depends on multiple factors, some of which may
have potential as biomarkers predictive of therapeutic beneWt.

Materials and methods

Cell lines and culture

Twenty-three human tumor cell lines were obtained from
American Type Culture Collection (Manassas, VA, USA):

human CRC (HCT-116, HT-29, DLD-1, Colo-205,
LS-411 N, LS-174T, HCT-15, Colo-201, Colo-320DM,
SW-480, and LS-180); breast (SK-BR-3, MDA-MB-231,
and MCF-7); lung (A-549 and NCI-H69); head and neck
(A-253 and Fadu); ovary (OVCAR-3, SKOV-3, and
TOV-21G); and bone sarcoma (SASS-2 and SJSA-1). All
tumor cells were grown in standard culture conditions with
penicillin (100 U/ml), streptomycin (100 �g/ml), and 10%
FCS (Life Technologies, Inc., Gaithersburg, MD, USA),
unless stated otherwise.

Isolation and culture of NK cells

NK cells were isolated from fresh, buVy-coated, whole
blood by 30-min incubation with RossetteSep cocktail
(StemCell Technologies Inc., Vancouver, BC, Canada) by
negative selection followed by Ficoll-Hypaque density gra-
dient centrifugation (Amersham Biosciences, Piscataway,
NJ, USA), according to the manufacturer’s protocol. Using
Xow cytometry with CD3-, CD56-, and CD16-speciWc
monoclonal antibodies, NK cell purity over 90% and
CD56+CD16+ NK cells over 85% were monitored. NK
cells were cultured in RPMI-1640 medium supplemented
with 10% heat-inactivated pooled human serum (Gemini
Bio Products, West Sacramento, CA, USA), penicillin
(100 U/ml), streptomycin (100 �g/ml), and amphotericin B
(0.25 �g/ml) in the presence of human recombined interleu-
kin (IL)-2 (10 ng/ml; R&D Systems, Minneapolis, MN,
USA).

ADCC assays

PuriWed NK cells were seeded in U-bottomed plates in
RPMI-1640 medium without phenol plus 2% human
serum, and treated with IL-2 (10 ng/ml) and lenalidomide
at diVerent concentrations overnight at 37°C. Tumor cells
were treated with cetuximab (10 �g/ml; Erbitux®, BMS
Imclone, Princeton, NJ, USA), trastuzumab (10 �g/ml;
Herceptin®, Genentech, Inc., San Francisco, CA, USA), for
30 min at 37°C. After washing, target cells were added to
the pre-treated NK cells at diVerent E:T ratios, and were co-
incubated for 4 h at 37°C. Control groups included NK and
tumor cells treated with medium only, antibodies only,
human IgG1 (Sigma–Aldrich, St. Louis, MO, USA) only,
or IL-2 only. NK cell toxicity against tumor cells was ana-
lyzed using a standard lactate dehydrogenease release assay
to measure ADCC (CytoTox 96®; Promega Corporation,
Madison, WI, USA) as per the manufacturer’s instructions.

For blocking experiments, NK cells were pre-incubated
with anti-DNAM-1 or anti-NKG2D monoclonal antibodies,
and tumor cells (HCT-116) were pre-incubated with anti-
PVR, anti-MIC-A/B, and anti-ULBP 3 monoclonal anti-
bodies at 30 �g/ml or mouse IgG1 (30 �g/ml) for 30 min at
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37°C before binding with cetuximab (all monoclonal anti-
bodies and control IgG1 were purchased from R&D Sys-
tems). Three NK cell donors were analyzed for cytolytic
activity in these experiments.

Fc�RIIIa-158 genotyping

Genomic DNA was prepared from NK cells using a
DNeasy blood and tissue kit (Qiagen, Valencia, CA, USA)
and following the manufacturer’s protocol. Fc�RIIIa geno-
typing was performed by Cogenics (Morrisville, NC,
USA): forward primer: 5�-ACA TAT TTA CAG AAT
GGC AAC GG-3�; and reverse primer: 5�-GGT GAT GGT
CAC AGT CTC TGA AGA CAC ATT TTT ACT GTC
AA-3�. A 150-base-pair fragment containing this site was
polymerase chain reaction ampliWed. Digestion with HincII
(NEB R103) resulted in a 150 base pair fragment for the FF
genotype; 150, 111, and 39 base pair fragments for the VF
genotype; and 111 and 39 base pair fragments for the VV
genotype [34].

Flow cytometry

Cells were stained with Xuorescein isothiocyanate (FITC)-,
phycoerythrin (PE)-, allophycocyanin (APC)- or peridinin–
chlorophyll protein complex (PerCP)-conjugated monoclo-
nal antibodies or isotype-control monoclonal antibodies,
and analyzed by FACScan Xow cytometer (Becton–Dickin-
son, San Jose, CA, USA) as per the manufacturer’s instruc-
tions. Anti-CD3/FITC, anti-CD16/PerCP, anti-CD56/PE,
anti-CD226/FITC, anti-CD314/PerCP, anti-NKp46/APC,
anti-NKAT2/FITC, anti-CD94/PE, anti-CD112/PE, anti-
CD155/PE, anti-epidermal growth factor receptor (EGFR)/PE,
and all isotype controls were purchased (Becton–Dickin-
son, San Jose, CA, USA). Anti-KIR/FITC, anti-MIC-A/PE,
anti-MIC-B/APC, anti-ULBP 2/PE, anti-ULBP 3/FITC,
and isotype controls were purchased from R&D Systems.
Data were analyzed using the FACS Diva software (Bec-
ton–Dickinson, San Jose, CA, USA). To evaluate tumor
cell line expression of surface markers, non-speciWc stain-
ing in cells was subtracted from the surface marker staining
to determine the mean Xuorescence intensity (MFI) of the
positively staining population. To compare marker surface
densities, the ratio of the MFI (the MRFI) of cells stained
with the selected monoclonal antibody and that of cells
stained with the isotype-control Ig was calculated, as
described [35].

Cytokine and chemokine assays

Ninety-six-well Xat-bottomed culture plates were seeded
with SK-BR-3 breast cancer cells at 5 £ 104 per well over-
night and then treated with trastuzumab (20 �g/ml) for 1 h

at 37°C. After washing, NK cells (2 £ 105 per well) were
added to a medium containing IL-2 (10 ng/ml) and lenalid-
omide. After incubation for 48 h, cell-free culture superna-
tants were harvested and analyzed for cytokine and
chemokine levels using Luminex (Invitrogen, Carlsbad,
CA, USA) and commercially validated kits (Biosource,
Carlsbad, CA, USA).

Statistical analysis

Data comparing diVerences between two groups and three
groups were assessed using unpaired and paired Student’s
t test and one-way ANOVA, respectively, using GraphPad
Prism version 4 (San Diego, CA, USA). Correlations
between tumor cell or NK cell expression and % tumor cell
death were assessed using the Pearson rank correlation
coeYcient from GraphPad Prism (version 4). Data are
expressed as mean § SD. In this study, P < 0.05 was con-
sidered statistically signiWcant.

Results

Lenalidomide enhances ADCC-mediated killing of solid 
tumor cells from a variety of solid tumor histologies

Lenalidomide strongly increased the NK cell-speciWc lysis
of cetuximab-coated CRC cell lines (Fig. 1a). HCT-116
cells had a signiWcant increase in tumor cell killing from
19% to a maximum of 39% at 10 �M lenalidomide
(P < 0.01) and HT-29 cells from 32% to a maximum of
50% at 1 �M lenalidomide (P < 0.05). Values for tumor
cell killing in control cultures are shown in Fig. 1a.

Lenalidomide strongly increased the NK cell-speciWc
lysis of trastuzumab-coated breast cancer cells (Fig. 1b).
SK-BR-3 cells had a signiWcant increase in tumor cell kill-
ing from 12% to a maximum of 44% at 1 �M lenalidomide
(P < 0.01) and MCF-7 cells from 30% to a maximum of
70% at 0.1 �M lenalidomide (P < 0.01). Values for tumor
cell killing in control cultures are shown in Fig. 1b.

The eVect of lenalidomide on cetuximab- or trast-
uzumab-mediated ADCC in a variety of additional cell
lines from a range of tumor histologies (CRC, breast,
ovary, head and neck, lung cancer, bone sarcoma, and
ovary) is summarized in supplementary Table 1.

The eVect of EGFR expression and KRAS and BRAF 
mutational status on cetuximab-mediated ADCC 
enhancement by lenalidomide in CRC cell lines

Eleven human CRC cell lines were included in this study
and their surface EGFR expression and KRAS status are
summarized in supplementary Table 2. Figure 2a shows
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enhancement of ADCC by lenalidomide in relation EGFR
expression in 11 colorectal cancer cell lines. Additionally, in
Fig. 2b, lenalidomide enhanced ADCC in cetuximab-coated
CRC cell lines with extensive expression of EGFR (>60%).
Enhancement of ADCC was not observed in the Colo-
320DM cell line with low (5%) EGFR expression. Lenalido-
mide enhancement of ADCC occurred in the presence of
both wild-type and mutated KRAS and BRAF. The level of
EGFR expression did not appear to be associated with KRAS
or BRAF mutational status, although the cell line with the
lowest EGFR expression (Colo-320DM) was both KRAS and
BRAF wild-type (supplementary Table 2). Therefore, we
have conWrmed that EGFR expression is important for

Fig. 1 Dose-dependent enhancement of natural killer (NK) cell-med-
iated cytotoxicity of antibody-coated tumor cells by lenalidomide:
a cetuximab-coated HCT-116 and HT-29 colorectal cancer cells
(E:T cell ratio 10:1); and b trastuzumab-coated SK-BR-3 and MCF-7
breast cancer cells (E:T cell ratio 10:1). Data are expressed as % tumor

cell killing (mean § SD of three individual experiments each per-
formed in triplicate). Asterisks indicate signiWcant diVerence between
the killing of antibody-coated target cells versus uncoated target cells,
by lenalidomide pre-treated NK cells (*P < 0.05; **P < 0.01; two-way
ANOVA with Bonferroni post hoc test)

Fig. 2 a EGFR expression levels in colorectal cancer (CRC) cell lines
are associated with the ability of lenalidomide (LEN) to enhance natu-
ral killer (NK) cell-mediated antibody-dependant cell-mediated cyto-
toxicity (ADCC). b CRC KRAS and BRAF mutational status does not
aVect the ability of lenalidomide to enhance NK cell-mediated ADCC.
CRC cell lines expressing diVerent levels of EGFR and/or harboring
KRAS or BRAF mutations were used as NK cell targets in a 4-h ADCC
assay. PuriWed NK cells were pre-treated with lenalidomide (1 �M)
overnight and added to cetuximab pre-treated CRC cell targets at an
E:T cell ratio of 10:1. Data shown are the average of six individual
experiments and expressed as % tumor cell killing (mean § SD).
Asterisks indicate signiWcant diVerence between the killing of cetux-
imab-coated CRC cells by untreated versus lenalidomide pre-treated
NK cells (*P < 0.05; **P < 0.01; one-way ANOVA test) Ab antibody,
EGFR epidermal growth factor receptor, mut mutant, NS not signiW-
cant, WT wild-type

�
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ADCC of cetuximab-coated CRC cells and that lenalidomide
enhancement of ADCC cannot overcome this dependence.
It also appears that lenalidomide enhancement of ADCC is
independent of CRC KRAS and BRAF mutational status.

The inXuence of tumor cell expression of NK cell ligands 
on enhanced sensitivity to ADCC in the presence 
of lenalidomide

We tested tumor cell lines for expression of NKG2D
ligands (MIC-A/B and ULBP 1–3) and DNAM-1 ligands

(PVR [CD155] and Nectin [CD112]) to assess whether
ligand-expression predicted sensitivity to ADCC and lena-
lidomide enhancement. Most tumor cell lines expressed
high-levels of PVR and MIC-A/B molecules. Nectin-2 and
ULBPs were expressed at low levels, if at all (data not
shown). Correlation analysis indicated that the expression
levels of PVR and MIC-A were signiWcantly associated
with susceptibility of CRC cell lines to ADCC mediated by
NK cells pre-treated with lenalidomide, and may at least
partly explain the diVerential sensitivity of the cell lines
tested (Fig. 3).

Fig. 3 EVect of colorectal cancer (CRC) cell surface expression of
DNAX accessory molecule-1 and natural killer (NK) group 2 member
D ligands on sensitivity to NK cell-mediated antibody-dependant cell-
mediated cytotoxicity. The results show the inXuence of tumor cell
expression of Nectin-2, poliovirus receptor (PVR), MHC class I-relat-

ed chain (MIC)-A/B, UL-16-binding proteins (ULBP) 2, and ULBP 3
on the ability of lenalidomide pre-treated NK cells to kill the CRC cells
tested. The data are expressed as a % of tumor cell death versus ligand
expression (deWned as ratio of the mean Xuorescence intensity) in each
CRC cell line and are from six separate experiments
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Enhancement of ADCC by lenalidomide is unaVected 
by NK cell Fc�RIIIa genotype

ADCC activity exerted by cells from 30 healthy donors
with at least one copy of the high-aYnity Fc�RIIIa V allele
(158 VV or 158 VF) was compared with activity from
donors with two copies of the low-aYnity Fc�RIIIa F allele
(158 FF). For ADCC of HCT-116 cells, the combination of
cetuximab-coated HCT-116 cells with untreated NK cells
(VV/VF) resulted in a 68% cell kill (range 34–86%). When
the cetuximab-coated HCT-116 cells were combined with
VV/VF NK cells in the presence of lenalidomide, the rate
of cell kill was 76% (range 47–99%; P < 0.01 vs. without
lenalidomide) (Fig. 4a). Combining untreated FF NK cells

with cetuximab-coated HCT-116 cells resulted in a 66%
rate of cell kill (range 36–84%; P > 0.05 vs. VV/VF
group). When the HCT-116 cells were combined with
lenalidomide-treated FF NK cells, the rate of cell kill
was 71% (range 56–98%; P < 0.01 vs. without lenalido-
mide; Fig. 4a).

Twenty-four of the same donor NK cells were also used
to evaluate ADCC of trastuzumab- coated SK-BR-3 breast
cancer cells. Combining trastuzumab-coated SK-BR-3 cells
with untreated VV/VF NK cells resulted in a 78% cell kill
(range 11–86%). When the trastuzumab-coated SK-BR-3
cells were combined with lenalidomide-treated VV/VF NK
cells, the rate of cell kill was 88% cell (range 24–97%;
P < 0.01 vs. without lenalidomide; Fig. 4b). Combining

Fig. 4 The inXuence of Fc�RIIIa genotype on the ability of lenalido-
mide to enhance antibody-dependant cell-mediated cytotoxicity of
colorectal cancer cells. Natural killer (NK) cells from 30 and 24
healthy donors were used as eVector cells against a cetuximab-coated
HCT-116 cells and b trastuzumab-coated SK-BR-3 cells respectively
(E:T cell ratio 10:1). NK cells were grouped into donors with at least

one copy of the high-aYnity Fc�RIIIa V allele (158 VV or 158 VF) and
donors with two copies of the Fc�RIIIa low-aYnity F allele (158 FF).
Data show % baseline tumor cell killing (mean § SD), the eVect of
adding NK cells, and the additional eVect of lenalidomide pre-treated
NK cells on untreated and cetuximab- or trastuzumab-coated tumor
cells
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untreated FF NK cells with trastuzumab-coated SK-BR-3
cells resulted in a 65% cell kill (range 43–86%; P > 0.05 vs.
VV/VF group); addition of lenalidomide-treated FF NK
cells led to 82% cell killing (range 58–99%; P < 0.01 vs.
without lenalidomide; Fig. 4b).

Taken together, our results suggest that Fc�RIIIa geno-
type does not appear to signiWcantly inXuence the ability of
lenalidomide to enhance ADCC.

Enhancement of ADCC by lenalidomide is inXuenced 
by the surface expression of NKG2D and DNAM-1

Next, we investigated the inXuence of surface-expression
levels of other activating NK receptors, such as DNAM-1
(CD226), NKG2D (CD314), and NKp46 (a natural cyto-
toxicity receptor) on lenalidomide-enhanced ADCC of
HCT-116 and SK-BR-3 cells. We found varying expression
levels of these receptors on NK cells from 30 healthy
donors: DNAM-1 was expressed on 44% of NK cells
(range 22–74%); NKG2D on 26% of NK cells (range 11–
51%) and NKp46 on 38% of NK cells (range 14–58%).
DNAM-1 and NKG2D levels correlated with NK cell-med-
iated killing in the absence of cetuximab, as well as with
ADCC against HCT-116 cells (Fig. 5a). NKp46 expression
did not inXuence NK cell-mediated killing.

Blocking NK cell–NKG2D interaction with its tumor
cell surface ligands was particularly eVective at inhibiting
NK cell-mediated killing of uncoated and cetuximab-
coated HCT-116 cells (Fig. 5b). Blocking NK cell–DNAM-1
interaction with its tumor cell surface ligands had a smaller
inhibitory eVect. Enhancement of ADCC by lenalidomide
was signiWcantly inhibited in the presence of anti-NKG2D
antibody, and to a lesser extent in the presence of
anti-DNAM-1 antibody. Blocking tumor cell–MIC-A/B
complex interaction with NKG2D, and to a lesser extent
blocking tumor cell–ULBP 3 complex interaction with
NKG2D had no eVect on ADCC, but strongly blocked NK
cell-mediated killing in the absence of cetuximab. Blocking
tumor cell–PVR complex interaction with DNAM-1 also
had a modest inhibitory eVect. Enhancement of ADCC by
lenalidomide was either minimally or not inhibited in the
presence of anti-MIC-A/B, anti-ULBP 3, or anti-PVR anti-
bodies.

Lenalidomide strongly enhances the NK cell production 
of multiple cytokines and chemokines

Lenalidomide-treated NK cells produced elevated levels of
granulocyte–macrophage colony-stimulating factor (GM-
CSF) and tumor necrosis factor (TNF)-�, as well as of
immune cell recruiting chemokines, such as RANTES,
monocyte chemotactic protein (MCP)-1, IL-8, macrophage
inXammatory protein (MIP)-1�, and MIP-1� in response to

trastuzumab-coated SK-BR-3 tumor cells (Fig. 6). For
GM-CSF, IL-8, MIP-1�, and TNF-�, enhancement was
only statistically signiWcant with trastuzumab-coated SK-BR-3
cells at the higher lenalidomide dose (>1 �M). Lenalido-
mide also signiWcantly enhanced MIP-1� and GM-CSF
production by NK cells co-incubated with uncoated tumor
cells. IP-10 enhancement was observed in a bell-shaped
dependent manner. The production of IL-6 was decreased,
albeit non-signiWcantly.

Discussion

We have shown the ability of lenalidomide to enhance the
ADCC of a variety of solid tumor cell lines in combination
with either trastuzumab or cetuximab. We conWrmed the
expected association between CRC cell sensitivity to cetux-
imab-mediated ADCC and the expression of its target anti-
gen, EGFR. We found that lenalidomide could not
overcome the resistance to ADCC of cetuximab-coated cell
lines with low-EGFR expression, although we cannot
exclude the absence of other factors which might allow
lenalidomide activity against low-EGFR expressing cells.
Our results conWrm that KRAS or BRAF mutational status
does not inXuence the ability of lenalidomide to enhance
ADCC, as expected since this mechanism essentially
bypasses the intrinsic defect in the cellular proliferative
machinery. In addition, we conWrmed that lenalidomide

Fig. 5 InXuence of surface expression of DNAX accessory molecule
(DNAM)-1 and natural killer (NK) group 2 member D (NKG2D), and
their interaction with ligands on the tumor-cell surface on ADCC
enhancement by lenalidomide. a Analysis of the activating receptors
involved in the lysis of solid tumors. FACS analysis of antibody-
dependant cell-mediated cytotoxicity (ADCC), DNAM-1, NKG2D,
and NKp46 expression in NK cells from 30 healthy donors. The corre-
lation analysis of DNAM-1, NKG2D, and NKp46 expression levels
(deWned as ratio of the mean Xuorescence intensity) in NK cell-medi-
ated antibody-dependant cell-mediated cytotoxicity against cetux-
imab-coated HCT-116 in a 4-h lactate dehydrogenase release
cytotoxicity assay (E:T cell ratio 10:1). b EYcient natural killer (NK)
cell-mediated killing of colorectal cancer (CRC) cells and the enhance-
ment of ADCC by lenalidomide requires eYcient interaction between
NKG2D on the NK cell surface and its ligands on the tumor surface.
Untreated or lenalidomide pre-treated NK cells were assessed for the
ability to kill uncoated and cetuximab-coated CRC cells (HCT-116)
(E:T cell ratio 20:1). In parallel cultures, the eVect of pre-treatment of
NK cells with saturating amounts of blocking antibodies to either
DNAM-1 or NKG2D, or the eVect of pre-treatment of tumor cells with
saturating amounts of blocking antibodies to CD155, MHC class I-
related chain (MIC)-A/B, or UL-16 binding proteins (ULBP) 3 was
assessed. Data are expressed as % of lysis (mean § SD) using NK cells
from three healthy donors. Asterisks indicate signiWcant inhibition of
killing by speciWc blocking antibody compared with identical culture
in the absence of antibody (*P < 0.05; **P < 0.01; paired Student’s
t test) mAb monoclonal antibody, PVR poliovirus receptor

�
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does not induce ADCC of panitumumab-coated CRC cells
as expected because this anti-EGFR antibody is of IgG2a
isotype that is unable to eVectively engage the NK cell
Fc�R (data not shown); although recent data suggest that
panitumumab may enhance monocyte-mediated ADCC
[36].

The Fc�RIIIa 158 V ! F point mutation reduces its
aYnity for the Fc region of IgG1 and, therefore, it might be
predicted that patients with the Fc�RIIIa 158 VV genotype
will have greater potential for ADCC than patients with the
158 FF variant. However, our results suggest that lenalido-
mide is equally eVective at enhancing ADCC using NK
cells from donors with two, one, or even no copies of the
high-aYnity allele. It is possible that the addition of exoge-
nous cytokine is able to at least partly overcome the eVect

of the low-aYnity genotype as has been shown in similar
studies with head and neck tumor cells in vitro [37]. In
addition, lenalidomide appears to enhance NK cell expres-
sion of Fc�RIIIa (CD16) [38], which may enable enhanced
ADCC irrespective of Fc�R genotype [39].

We explored the role of other tumor cell surface mark-
ers, in particular the stress-inducible NK cell ligands (e.g.,
MIC-A/B and ULBP 1–3) which are known to play a major
role in determining tumor cell sensitivity to NK cell-medi-
ated killing. Characterization of these tumor surface pro-
teins and their shedding may provide another way of
prospectively identifying those patients most likely to ben-
eWt from treatment. We found highly variable tumor cell
expression of these ligands with apparent correlations
between tumor cell sensitivity to NK cell-mediated killing

Fig. 6 Lenalidomide (Len) enhances the production of natural killer
(NK) cell-derived inXammatory cytokines and chemokines in re-
sponse to trastuzumab-coated SK-BR-3 breast cancer cells in vitro.
Trastuzumab-coated SK-BR-3 tumor cells co-incubated with NK cells
for 48 h in response to lenalidomide, cell-free culture supernatants
were harvested and analyzed for cytokine and chemokine levels using

Luminex and commercially validated kits as described in “Materials
and methods”. Asterisks indicate signiWcant enhancement by lenalido-
mide (mean § SD; *P < 0.05; **P < 0.01; using data from three sep-
arate experiments) compared with supernatants derived from control
cultures
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(in the absence of antibody as well as ADCC) for the
NKG2D ligands (MIC-A and ULBP 3) and the DNAM-1
ligand PVR, but not Nectin-2. We found an individual asso-
ciation between the tumor cell expression of PVR (a
DNAM-1 ligand), and MIC-A and ULBP 3 (NKG2D
ligands), and sensitivity of killing HCT-116 CRC cells. We
found that anti-NKG2D was highly-eVective at inhibiting
ADCC and antibody-independent killing, whereas anti-
DNAM-1 only partly inhibited killing. The blocking eVect
of anti-PVR (CD115) was very similar to that of anti-
DNAM-1 which Wts with the lack of expression on HCT-
116 cells of the other DNAM ligand CD112. Anti-ULBP 3
monoclonal antibodies have a modest inhibitory eVect, but
do not inhibit lenalidomide activity.

Taken together, these data indicate that for optimal
enhancement of ADCC by lenalidomide, interactions
between DNAM-1 and PVR (CD115), and NKG2D with
ligands other than MIC-A and ULBP 3, are required. Inter-
estingly, neither MIC-A/B (despite its association with
tumor cell sensitivity) nor ULBP 3 appear to be required for
ADCC or enhancement by lenalidomide, but are required
for antibody-independent NK cell-mediated killing. Thus,
in MM, where lenalidomide is able to enhance NK cell-
mediated cytotoxicity against autologous tumor cells in an
antibody independent manner, the NKG2D–MIC-A/B inter-
action may be more important [14].

Among the multiple positive and negative regulatory
factors that determine NK cell cytotoxicity against an autol-
ogous tumor, we did not explore the role of MHC class
I-inhibitory receptor mismatch in what is an allogeneic sys-
tem. Furthermore, intervariability of patient immune status
and secretion of immunosuppressive factors adds further
complexity when considering how to identify potential
markers predictive of clinical beneWt from an immune-
enhancing agent, such as lenalidomide. Also, our ADCC
model does not completely capture the full potential-reper-
toire of the immune-enhancing activity of lenalidomide.
For example, the provision of exogenous IL-2 or IL-12 into
the system essentially bypasses its ability to enhance T cell
function. Solid tumor patients treated with single agent
lenalidomide have elevated levels of NK cell-activating
cytokines, such as IL-2, IL-12, and IL-15 [25, 26].

We also characterized the pro-inXammatory response, in
terms of cytokines and immune cell-recruiting chemokines,
elaborated in response to antibody-bound SK-BR-3 tumor
cells. Enhanced production of certain factors (e.g., IL-8,
MCP-1, MIP-1�, RANTES, GM-CSF, and TNF-�) and
decreased IL-6 may overcome tumor-mediated immuno-
suppression, thereby enabling further activation and recruit-
ment of cytotoxic eVector immune cells within the tumor
microenvironment, and helping enhance the clinical
response to antibody treatment [24].

The use of lenalidomide in the treatment of patients with
solid tumors is currently in the exploratory phase with the
identiWcation of rational combinations. Our results suggest
that NK cell-mediated killing of CRC cells via ADCC can
be enhanced by lenalidomide and that this requires eYcient
interaction between NKG2D on the NK cell surface and its
ligands (although perhaps not MIC-A/B) on the tumor cell
surface. The interaction between DNAM-1 and PVR was
also important, but not crucial for ADCC. Thus, lenalido-
mide activity against IgG1-isotype antibodies bound to
solid tumor cells appears to deWne a novel therapeutic
approach that is open to the investigation of predictive
markers which may help to prospectively identify patient
populations more or less likely to beneWt from such
therapy.
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