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Summary

Activation of human natural killer (NK) cells is associated with the cleavage
of CD16 from the cell surface, a process mediated by matrix metalloprotein-
ases (MMPs). In this report, we examined whether inhibition of MMPs
would lead to improved NK cell antibody-dependent cell-mediated cytotox-
icity (ADCC) function. Using an in-vitro ADCC assay, we tested the anti-
tumour function of NK cells with three different therapeutic monoclonal
antibodies (mAbs) in the presence of MMPs inhibitor GM6001 or its control.
Loss of CD16 was observed when NK cells were co-cultured with tumour
targets in the presence of specific anti-tumour antibodies, and was found
particularly on the majority of degranulating NK responding cells. Treat-
ment with MMPs inhibitors not only prevented CD16 down-regulation, but
improved the quality of the responding cells significantly, as shown by an
increase in the percentage of polyfunctional NK cells that are capable of both
producing cytokines and degranulation. Furthermore, MMPs inhibition
resulted in augmented and sustained CD16-mediated signalling, as shown by
increased tyrosine phosphorylation of CD3z and other downstream signal-
ling intermediates, which may account for the improved NK cell function.
Collectively, our results provide a foundation for combining MMPs inhibi-
tors and therapeutic mAbs in new clinical trials for cancer treatment.
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Introduction

Natural killer (NK) cells play a vital role in antibody-based
anti-tumour immunotherapies via antibody-dependent
cell-mediated cytotoxicity (ADCC) mechanism, whereby
the Fcg receptor III (FcgRIII or CD16) expressed on NK
cells binds to the Fc portion of an antibody that recognizes
tumour antigens on the surface of cancer cells. During the
process of ADCC, NK cells release cytokines such as inter-
feron (IFN)-g and tumour necrosis factor (TNF)-a, and
cytotoxic granules containing perforin and granzymes that
penetrate the tumour cell and promote its death [1–4].
Human NK cells are divided into two distinct subsets
according to their surface expression of CD56 and their dif-
ferent effector functions. The CD56dim subset of NK cells are
the primary mediators of ADCC, because of their high
expression of CD16 and cytotoxic granules [5].

Two isoforms of CD16, CD16A and CD16B, were identi-
fied in humans. CD16B is a glycosyl-phosphatidyl inositol
(GPI)-anchored molecule that is found on neutrophils and

eosinophils, and CD16A is expressed on monocytes and NK
cells [6]. CD16A contains a transmembrane domain that
enables its association with the immunoreceptor tyrosine-
based activation motif (ITAM) containing adaptors CD3z
and the FcRg chain [7,8]. Immunoglobulin (Ig)G interacts
with CD16 via its second, membrane-proximal Ig domain,
which can be recognized by the monoclonal antibody
(mAb) 3G8 [9], and promotes CD3z phosphorylation that
could lead to cytolytic signals and cytokine induction [8].
Recent studies have shown that CD16 is not only essential
for ADCC function of NK cells, but also important for NK
cell spontaneous cytotoxicity through its association with
the CD2 co-activating receptor [10]. Upon activation NK
cells enter a refractory phase, in which CD16 molecules are
rapidly cleaved off from the surface in a process mediated
by MMPs [11–13]. This could lead to impaired NK cell
function and impede the efficacy of antibody-based thera-
pies that utilize ADCC as a mechanism of action [13].

MMPs are zinc-dependent endopeptidases that degrade a
large variety of extracellular matrix proteins [14], and are
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responsible for the cleavage of several cell surface receptors
such as CD16 and CD95L [12,15,16]. Uncontrolled MMP
activity will lead to various physiological and pathological
abnormalities. Recent studies have also shown a strong cor-
relation between elevated MMP levels within the tumour
stroma and tumour cell invasion or metastasis [17–19]. The
activity of MMPs can be blocked by inhibitors such as
GM6001, which targets a subset of MMPs. Several MMPs
inhibitors have been tested in clinical trials for inflamma-
tion and cancer therapies [17].

In this report, we examined the NK cell-mediated ADCC
activity of three therapeutic mAbs, including trastuzumab
[anti-human epidermal growth factor receptor 2 (HER2)],
rituximab (anti-CD20) and cetuximab [anti-epidermal
growth factor receptor (EGFR)]. In all cases, cell surface
levels of CD16 on NK cells were greatly down-regulated in
response to mAb-coated tumour cells. Treatment with a
MMPs inhibitor preserved the expression of CD16. More
importantly, inhibition of MMPs activity resulted in a sig-
nificant increase in the percentage of polyfunctional NK
cells, i.e. cells that can perform more than one effector func-
tion. This effect was the result of increased and persistent
CD16-mediated signalling, characterized by higher levels of
phosphorylated CD3z and other signalling intermediates.
Our results suggest that the use of MMPs inhibitors may
increase the efficacy of therapeutic mAbs that utilize ADCC
as a mechanism of action for the treatment of cancer.

Materials and methods

Antibodies and reagents

Trastuzumab was provided by Dr Wen Jin Wu’s laboratory
(Food and Drug Administration, Silver Spring, MD, USA).
Rituximab and cetuximab were purchased from the
National Institutes of Health (NIH, Bethesda, MD, USA)
pharmacy. MMPs inhibitor GM6001 and its control were
obtained from Calbiochem (EMD Biosciences, Inc., La Jolla,
CA, USA). Antibodies used for flow cytometric analysis
were obtained from the following vendors: allophycocyanin
(APC) anti-CD16 (clone CB16), phycoerythrin (PE) anti-
CD56 (clone CMSSB), AlexaFluor 700 anti-CD3 (clone
UCHT1), peridinin chlorophyll-cyanin 5·5 (PerCP-Cy5·5)
anti-CD3 (clone SK7), fluorescein isothiocyanate (FITC)
anti-CD107a (clone ebioH4A3), FITC anti-CD107b (clone
ebioH4A4) and PE-Cy7 anti-TNF-a (clone Mab11), were
from eBioscience (San Diego, CA, USA); PerCP-Cy5.5 anti-
IFN-g (clone B27) is from BD Biosciences, San Jose, CA,
USA; Aqua Live/Dead® fixable dead cell stain kit is from
Invitrogen (Carlsbad, CA, USA).

Cell lines

SKBr3 cells, derived from mammary adenocarcinoma, were
kindly provided by Dr Wen Jin Wu’s laboratory. Raji cells

derived from a Burkitt’s lymphoma and A431 cells derived
from a vulva epidermoid carcinoma were obtained from
American Type Culture Collection (ATCC, Manassas, VA,
USA). SKBr3 and A431 cell were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS). Raji cells were cultured in
RPMI-1640 medium containing 10% FBS.

Degranulation and cytokine production assays

Blood samples from healthy donors were collected under an
institutional review board-approved protocol at the NIH
with appropriate written consent. NK cells were isolated
with human NK cell enrichment kit from Stem Cell Tech-
nology (> 90% purity of NK cells was achieved), using a
Robosep (Stem Cell Technology, Vancouver, BC, Canada).
Freshly isolated NK cells were incubated with SKBr3, Raji or
A431 cells in the presence of the MMPs inhibitor GM6001
or control at 50 mM in Iscove’s modified Dulbecco’s
medium (IMDM) medium (Invitrogen) containing 10%
human AB serum (Valley Biomedical, Winchester, VA,
USA). Trastuzumab, rituximab or cetuximab were added at
a final concentration of 10 mg/ml. For degranulation assays,
cells were incubated for 4 h at 37°C. FITC anti-CD107a and
anti-CD107b were added to all conditions. For the measure-
ment of cytokine production, cells were incubated for 6 h in
the presence of GolgiStop (monensin) (BD Biosciences),
according to the manufacturer’s manual. After harvest, cells
were labelled with appropriate fluorochrome-labelled anti-
bodies. Flow cytometric analysis was performed and data
were analysed using the FlowJo software (Treestar, Ashland,
OR, USA).

Western blots

Freshly isolated NK cells were incubated at 4°C with puri-
fied anti-CD16, 20 mg/ml final concentration (clone 3G8)
(BD Biosciences) for 30 min. After several washes to remove
the unbound anti-CD16 mAb, NK cells were treated with
either GM6001 (50 mM) or its control in the presence of
purified goat anti-mouse IgG (Jackson ImmunoResearch,
West Grove, PA, USA) at 20 mg/ml final concentration, for
different time-points at 37°C. Next, cells were lysed for
30 min at 4°C with lysis buffer [50 mM Tris, 150 mM NaCl,
0·1% Triton X-100, 0·5% sodium deoxicholate, 2 mM ethyl-
enediamine teraacetic acid (EDTA) and 0·1% sodium
dodecyl sulphide (SDS)] containing cocktail protease
inhibitors (Amersham Bioscience, Pittsburgh, PA, USA) and
phosphatase inhibitors (Thermo Scientific, Logan, UT,
USA). Next, lysates were spun down at 4°C for 10 min at
14 500 g to remove cell debris. For immunoblotting, total
cell lysates were resolved on a 4-20% gradient polyacryla-
mide gel (Biorad, Hercules, CA, USA) and transferred to
PVDF membranes (Biorad). Membranes were then blocked
with 5% (w/v) non-fat milk in Tris-buffered saline-Tween
20 (TBS)-T (20 mM Tris-HCl pH 8, 150 mM NaCl and
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0·05% Tween 20) for 1 h. Next, the membranes were probed
with the appropriate anti-phosphotyrosine mAb overnight
at 4°C. After extensive washing in TBS-T, the membranes
were incubated with horseradish peroxidase (HRP)-labelled
goat anti-mouse or goat anti-rabbit Ig antibody, and immu-
noreactivity was visualized by using the enhanced chemilu-
minescence (ECL) system (GE Healthcare, Pittsburgh, PA,
USA). For loading control, additional gels were ran in paral-
lel and membranes were probed with antibody against the
corresponding total protein.

Killing assay

SKBr3 cells were labelled with bis(acetoxymethyl)2,2′:6′,2″-
terpyridine-6,6″-dicarboxylate (BADTA) according to the
manufacturer’s manual (PerkinElmer™, Waltham, MA,
USA). Freshly isolated NK cells were cultured with labelled
SKBr3 cells at different E/T ratios in the absence or presence
of trastuzumab (10 mg/ml) for 2·5 h at 37°C. SKBr3 cells
alone served as spontaneous release (SR) and SKBr3 cells
lysed with 1% Triton X-100 served as total release (TR).
After the incubation, 25 ml of supernatant from each culture
condition was transferred to a 96-well plate with 200 ml
europium solution prepared according to the manufactur-
er’s manual. Europium signals were measured with a Perk-
inElmer multi-label counter. Killing efficiency was then
calculated according to the following formula: % of specific
killing = [(experimental release - SR)/(TR-SR)] ¥ 100%.

Statistical analysis

Graphs and statistical analysis were made with GraphPad
Prism version 5.0 software. Student’s t-test unpaired com-
parison was used to determine significant differences
between each group. P-values < 0·05 were considered to be
significant.

Results

CD16 cell surface down-regulation during ADCC with
therapeutic mAbs

mAbs represent a promising strategy for cancer therapies
due to high specificity and relatively low toxicity when com-
pared to other anti-cancer drugs. Many therapeutic mAbs
for cancer treatment are of the IgG1 isotype, with intact or
engineered Fc regions that are capable of harnessing the
immune system against cancer through the mechanism of
ADCC [2,4]. On human NK cells, CD16 is the receptor
responsible for ADCC, and its cell surface expression is
associated with the magnitude of NK cell-mediated ADCC,
as was shown in the settings of HIV infection and cancer
[13,20]. More importantly, engagement of Fcg receptors on
effector cells is required for the anti-tumour actions of
therapeutic mAbs such as rituximab and trastuzumab in
xenograft models [21]. It has been shown that cross-linking

of CD16 on NK cells by either IgG or the anti-CD16 mAb
clone 3G8 led to release of CD16 from the cell surface in a
process mediated by MMPs [9]. We decided to test
antibody-mediated CD16 down-regulation on resting
freshly isolated NK cells in a clinically relevant setting for
cancer therapy, by using the therapeutic mAbs trastuzumab,
rituximab and cetuximab. First, and as expected, we found a
profound cell surface CD16 down-regulation only when NK
cells were incubated with target cells in the presence of the
specific therapeutic mAbs (Fig. 1a,b and Fig. S1). CD16 was
not down-regulated when NK cells were incubated with
only target cells or therapeutic mAbs, indicating that in
these experimental conditions CD16 down-regulation
requires the cross-linking of the receptor. Similar results
were observed when IL-2-activated and -expanded NK cells
were used instead of freshly isolated resting NK cells, indi-
cating that CD16 down-regulation was independent of the
activation status of NK cells (data not shown). Very impor-
tantly, CD16 down-regulation was associated with NK cell
degranulation, as shown by the expression of CD107a/b
mainly on CD16 low NK cells (Fig. 1c, upper panel).
Surface expression of CD107a/b is a marker of lytic granule
exocytosis [22]. NK cells did not degranulate when cultured
with only target cells or therapeutic mAbs (data not
shown). In addition to target cell killing, NK cells also
respond, producing cytokines when activated [23]. As
described for CD16 down-regulation we found that NK
cells produce IFN-g and TNF-a only when they were incu-
bated with target cells in the presence of therapeutic mAbs
(Fig. 2a, upper panel). Together, these effector functions
resulted in the killing of target cells (Fig. S2).

MMPs inhibition preserved CD16 expression and
improved NK cell function

We reasoned that inhibiting CD16 down-regulation would
result in enhanced NK cell-mediated ADCC activity, and
consequently improve the efficacy of therapeutic mAbs. To
prove this hypothesis, we examined the role of the MMPs
inhibitor GM6001 in NK cell-mediated ADCC. As expected,
GM6001 was able to preserve CD16 expression on the
majority of NK cells during ADCC (Fig. 1a,b and Fig. S1),
and significantly on the degranulating CD107a/b+ NK effec-
tor cells (Fig. 1c). We did not find a significant change in the
percentage of degranulating CD107a/b+ NK cells when
ADCC assay was performed in the presence of the MMPs
inhibitor GM6001 (data not shown). However, and very
importantly, the inhibition of CD16 down-regulation
resulted in a significant increase in the percentage of
cytokine-producing NK cells (Fig. 2a,b and Fig. S3). We
then analysed the level of cytokine production by the cells
by measuring the median fluorescence intensity (MFI) of
cytokine staining, a value known to be correlated with the
amount of cytokine produced by an NK cell. We observed
that the MFI of IFN-g and TNF-a expression was increased
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when the MMPs inhibitor GM6001 was present during
ADCC (Fig. 2c), indicating that not only the number of
IFN-g- and TNF-a-producing NK cells was increased by
inhibiting trastuzumab-mediated CD16 down-regulation,
but also on a per cell basis, NK cells tend to produce more
IFN-g and TNF-a when MMPs are inhibited. These results
confirmed our expectation that preserving CD16 cell
surface expression during ADCC led to an increase, at least
in part, in the NK cell effector functions.

Studies have shown that there are differences in the
quality of effector cells based on whether they have the
ability to perform more than one effector function, i.e.
degranulation and/or production of two or more cytokines
[24]. In particular, it has been demonstrated that the
number of polyfunctional NK cells is correlated strongly
with the outcome of certain infectious diseases [24]. Given
that during ADCC more NK cells produced cytokines when
CD16 was not down-regulated, we wanted to analyse the
polyfunctionality of NK cells during ADCC in the presence

of the MMPs inhibitor GM6001. We found that the percent-
age of bifunctional and trifunctional NK cells increased sig-
nificantly when CD16 cleavage was inhibited by GM6001
(Fig. 2d). Altogether, our results indicate that preservation
of CD16 on the cell surface, by means of MMPs inhibition,
results in an increase in the number of polyfunctional NK
cells during ADCC.

MMPs inhibition resulted in sustained signalling
through phosphorylation of CD3z

We hypothesized that sustained CD16-mediated signalling,
as a result of prolonged engagement of CD16 on NK cells
treated with the MMPs inhibitor GM6001, may contribute
to the increased polyfunctionality of NK cells during
ADCC. Phosphorylation of multiple molecular components
is essential for NK cell effector functions [25]. CD3z is an
ITAM-containing adaptor molecule that associates with
CD16 [7,26], and is tyrosine phosphorylated after the
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Fig. 1. Matrix metalloproteinases (MMPs) inhibition preserved CD16 cell surface expression on natural killer (NK)-responding cells. Freshly

isolated NK cells were incubated at a 1:1 ratio with the tumour cell lines SKBr3, Raji or A431, in the absence or presence of therapeutic monoclonal

antibodies (mAbs) trastuzumab (anti-HER2), rituximab (anti-CD20) or cetuximab [anti-epidermal growth factor receptor (EGFR)], at 10 mg/ml for

4–6 h in the presence of the MMPs inhibitor GM6001 or control (50 mM). CD16 and CD107a/b expression were measured by flow cytometric

analysis. Cells were gated electronically on CD3-CD56dim NK cells. (a) Representative dot-plots of CD16 expression on NK cells cultured with SKBr3

tumour cells in the presence or absence of trastuzumab and treated with GM6001 or its control (CTRL) are shown. (b) Bar graphs showing the
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receptor engagement, initiating the signalling pathway that
governs antibody-dependent NK cell activation [8,27]. We
therefore decided to measure the levels of tyrosine phos-
phorylated CD3z and other downstream signalling inter-
mediates that are triggered by extended ligation of CD16 on
NK cells treated with the MMPs inhibitor GM6001. To
exclude other potential activation signals from the tumour
cells, such as those provided by adhesion molecules, we
cross-linked CD16 with the anti-CD16 mAb clone 3G8,
which mimics ADCC conditions [9]. Similar to the results
obtained with cell lines and therapeutic mAbs, cross-linking

of CD16 with anti-CD16 mAbs induced the down-
regulation of the receptor, which could be inhibited by
incubating NK cells with the MMPs inhibitor GM6001
(Fig. 3a). In our experimental settings, activation through
CD16 alone with anti-CD16 mAb was insufficient to trigger
cytokine production (Fig. 3b). However, CD16 cross-
linking in combination with GM6001 led to a significant
cytokine production by NK cells (Fig. 3b). Therefore, we
used this system and measured the phosphorylation status
of several molecular targets in a time–course ranging from
0 to 240 min. Tyrosine phosphorylation of CD3z peaked
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5 min after CD16 ligation and returned gradually to the
basal levels at 240 min. However, when MMPs were inhib-
ited with GM6001, increased and extended phosphorylation
of CD3z was achieved in response to CD16 engagement
(Fig. 3c,d). Next, we also measured the phosphorylation of
two downstream signalling intermediates, i.e. extracellular-
regulated kinase (ERK) and phospholipase C-gamma1
(PLC-g1) and, as expected, augmented and prolonged phos-
phorylation was also detected when CD16 was engaged in
NK cells treated with the MMPs inhibitor GM6001 (Fig.
S4). These results confirm that increased and extended sig-
nalling is a consequence of prolonged engagement of CD16,
and indicate that during ADCC the inhibition of MMPs led
to the maintenance of the receptor on the cell surface and to
a better quality in the responding NK cells, as shown by an
increase in their polyfunctionality. Although we cannot
exclude the participation of other NK receptors interacting
with the respective ligands on tumour cells, CD16-mediated
signalling is necessary and dominant, as there was no evi-

dence of NK cell activation when cells were treated only
with MMPs inhibitor (Fig. 2a and Fig. S3).

Discussion

In this report, we show for the first time an important role
of MMPs in regulating the quality of human NK cell activ-
ity in response to three therapeutic mAbs used clinically for
cancer treatment. After activation with tumour targets
coated with therapeutic mAbs, such as trastuzumab, rituxi-
mab and cetuximab, CD16 expression on NK cells was
down-regulated dramatically and this down-regulation was
observed on the majority of degranulating CD107a/b+

NK-responding cells. Inhibition of MMPs with GM6001
preserved the CD16 expression during the process of ADCC
and increased NK cell polyfunctionality. For the first time,
we show further that sustained CD16-mediated signalling,
as shown by an increased and prolonged tyrosine phospho-
rylation of CD3z and downstream intermediates, was
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signalling through phosphorylation of CD3z. (a) Freshly isolated natural killer (NK) cells were incubated with mouse anti-human CD16 (clone
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dot-plots of the CD16 expression from two experiments is shown with NK cells from two donors. (b) Cells were treated as in (a). Representative
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achieved by MMP inhibition, therefore accounting for
improved NK cell effector functions during therapeutic
mAbs mediated ADCC.

The involvement of MMPs in cancer development may
start at an early stage, when the cross-talk between malig-
nant and surrounding stromal cells is required for tumour
cells to grow and metastasize [28–30]. Additionally, the for-
mation and alteration of the extracellular matrix of the
tumour environment is also important for tumour progres-
sion [28]. MMPs are expressed abundantly by a large variety
of cell types including cancer cells [30,31]. Use of specific or
common inhibitors that target MMPs has been explored for
decades, for example for the treatment of inflammatory and
vascular diseases [17]. Although many of them have shown
promising effects in preclinical studies, the results from
clinical trials with these agents as single therapy appear to
be disappointing in cancer treatment [17]. Conversely, the
oral administration of a MMPs inhibitor, i.e. GI54902, has
been shown to reduce the lipopolysaccaride (LPS)-induced
release of soluble CD27 and CD16 in the circulation in
healthy humans [32]. The results of this study suggest that
the combination therapies of MMP inhibitors, and thera-
peutic mAbs may offer greater probability to succeed in
cancer treatment, as expression of CD16 is critical for the
ADCC mechanism of mAbs.

Cytokines are released in response to a large array of cel-
lular insults and stresses, including tumour, infection and
inflammation. IFN-g has been shown to have a direct effect
on tumour cell survival and can sensitize some tumour cells
for killing by effector cells [33–35]. The direct anti-
proliferative effect of IFN-g requires the ligation of IFN-g
receptors (IFN-gR) and the signal transduction through the
IFN-gRb [36]. IFN-g can facilitate apoptosis of breast
cancer cell lines by activation of the Fas/Fas ligand pathway
through increasing caspase-8 expression, induction of cyto-
chrome C and caspase-9 [37]. An additional role for IFN-g
in inhibiting cancer development is shown by the spontane-
ous development of mammary tumours in mice deficient in
IFN-g production [38]. Moreover, IFN-g and TNF-a are
important cytokines that play a crucial role in modulating
the anti-tumour immune response by activating effector
cells such as T cells, macrophages, neutrophils and NK cells,
which would abrogate tumour targets that are negative or
have modified IFN-gR and TNF-a receptor expression to
escape from the immune attack. Therefore, modulation of
the production of such cytokines could have a significant
impact on the outcomes of therapeutic mAbs-mediated
cancer therapy. Our results demonstrate clearly a significant
increase in the IFN-g- and TNF-a-producing NK cells, and
on a per cell basis, in response to mAbs-coated target cells
when CD16 is maintained on the NK cell surface through
inhibition of MMPs activity. The increased IFN-g and
TNF-a production could trigger a sequence of activation of
both innate and adaptive immune components within the
cytokine network and lead to amplified effector functions

that may have the potential to eliminate tumour cells
in vivo.

Several publications have shown that a higher number of
polyfunctional T cells and NK cells correlates with better
prognosis during infections and cancer [39–42]. From our
studies, we conclude that inhibiting the down-regulation of
CD16 during therapeutic mAbs mediated ADCC with
MMPs inhibitors will lead to a significant increase in the
number of polyfunctional NK cells, and therefore to an
increase in the therapeutic mAbs anti-tumour effect. In
summary, in light of our results, we propose that an
enhanced and sustained CD16-mediated signal during
ADCC, by means of MMPs inhibition, may lead to an
increase in the efficacy of therapeutic mAbs that use ADCC
as a mechanism of action.
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Fig. S1. Matrix metalloproteinases (MMPs) inhibition pre-
served CD16 cell surface expression on natural killer (NK)
responding cells. Freshly isolated NK cells were cultured at a
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1:1 ratio with the tumour cell lines Raji or A431, in the
absence or presence of therapeutic monoclonal antibodies
(mAbs) rituximab or cetuximab, respectively, at 10 mg/ml
for 4 h in the presence of the MMPs inhibitor GM6001 or
its control (CTRL) (50 mM). CD16 expression was deter-
mined by flow cytometric analysis. Cells were gated
electronically on CD3–CD56dim NK cells. Representative
dot-plots of CD16 expression on NK cells from five inde-
pendent experiments with NK cells from five donors are
shown.
Fig. S2. Natural killer (NK) cell-mediated antibody-
dependent cell-mediated cytotoxicity (ADCC) activity led
to killing of the tumour cells. SKBr3 cells were labelled with
bis(acetoxymethyl)2,2′:6′,2″-terpyridine-6,6″-dicarboxylate
(BADTA), according to the manufacture’s manual (Perk-
inElmer™). Freshly isolated NK cells were cultured with
labelled SKBr3 cells at different effector/target cell (E/T)
ratios in the presence or absence of trastuzumab (10 mg/ml)
for 2·5 h at 37°C. SKBr3 cells alone served as spontaneous
release (SR) and SKBr3 cells lysed with 1% Triton X-100
served as total release (TR). After the incubation, 25 ml of
supernatant from each culture condition was transferred to
a 96-well plate with 200 ml europium solution, prepared
according to the manufacture’s manual. Europium signals
were measured with a PerkinElmer multi-label counter.
Killing efficiency was then calculated according to the fol-
lowing formula: % of specific killing = [(experimental
release - SR)/(TR-SR)] ¥ 100%.
Fig. S3. Matrix metalloproteinases (MMPs) inhibition
increased the percentage of cytokine-producing natural
killer (NK) cells. Freshly isolated NK cells were cultured at a

1:1 ratio with the tumour cell lines Raji or A431, in the
absence or presence of rituximab or cetuximab, respectively,
at 10 mg/ml for 6 h in the presence of the MMPs inhibitor
GM6001 or its control (CTRL) (50 mM). Monensin was
added to the cultures according to the manufacturer’s
manual. Interferon (IFN)-g and tumour necrosis factor
(TNF)-a was measured by flow cytometric analysis. Cells
were gated on electronically CD3–CD56dim NK cells. Repre-
sentative dot-plots of IFN-g- and TNF-a-producing NK
cells from three independent experiments with NK cells
from three donors are shown.
Fig. S4. Cross-linking of CD16 in the presence of matrix
metalloproteinases (MMPs) inhibition led to increased and
sustained phosphorylation of extracellular-regulated kinase
(ERK) and phospholipase C-gamma1 (PLC-g1). Freshly iso-
lated natural killer (NK) cells were incubated with mouse
anti-human CD16 (clone 3G8) at 20 mg/ml for 30 min on
ice, washed with phosphate-buffered saline (PBS) to remove
unbound antibodies and then followed by incubation at
37°C with goat anti-mouse secondary immunoglobulin
(Ig)G at 20 mg/ml in the presence of the MMPs inhibitor
GM6001 or its control (CTRL) (50 mM). Cells were har-
vested at different time-points (0, 5, 30, 60, 120 and
240 min) and lysed. Total cell lysates were resolved on
4–20% Mini-protean® precast gels, transferred to a polyvi-
nylidene difluoride (PVDF) membrane, and followed by
immunoblotting with appropriate antibodies. A graphic
representation of the quantification of phospho-ERK and
phospho-PLC-g1 is shown. Data were analysed using
ImageJ software and normalized according to total ERK and
PLC-g1.
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