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Abstract
CD16 (Fc RIIIa), the low affinity receptor for IgG, expressed by the majority of human natural
killer (NK) cells, is a potent activating receptor that facilitates antibody-dependent cell-mediated
cytotoxicity (ADCC). ADCC dysfunction has been linked to cancer progression and poor
prognosis for chronic infections, such as HIV; thus, understanding how CD16 expression is
regulated by NK cells has clinical relevance. Importantly, CD16 cell-surface expression is down-
modulated following NK cell activation and, in particular, exposure to stimulatory cytokines (IL-2
or IL-15), likely due to the action of matrix metalloproteinases (MMPs). Here, we identify
membrane-type 6 matrix metalloproteinase (MT6, also known as MMP25) as a proteinase
responsible for CD16 down-modulation. IL-2-induced up-regulation of MT6/MMP25 cell surface
expression correlates with CD16 down-modulation. MT6/MMP25, sequestered in intracellular
compartments in unstimulated NK cells, translocates to the cell surface after stimulation;
moreover it polarizes to the effector-target cell interface of the CD16-mediated immunological
synapse. siRNA-mediated disruption of MT6/MMP25 expression enhances the ADCC capacity of
NK cells, emphasizing the important functional role of MT6/MMP25 in the regulation of ADCC
activity. Thus, this study uncovers a previously unknown role of MT6/MMP25 in human NK
cells, and suggests that inhibition of MT6/MMP25 activity could improve ADCC efficacy of
therapeutically administered NK cells that require IL-2 for culture and expansion.

INTRODUCTION
Natural killer (NK) cells comprise a subset of lymphocytes that play a pivotal role in the
first-line defense against pathogen-infected, tumorigenic and otherwise stressed cells (1).
NK cells express a large number of germline-encoded activating receptors that recognize
ligands expressed by such abnormal cells, which trigger NK cell inflammatory cytokine
secretion and/or target cell cytolysis. Since, in some circumstances, activating receptors
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have the potential to recognize normal cells, NK cells also express a panel of inhibitory
receptors that thwart unwanted self-reactions (2). In addition, to dampen stimulatory signals
and thus control for excessive inflammation, which can be dangerous to the host, activating
receptors are often down-modulated by endocytosis, and routed to lysosomes for
degradation (3–6). Moreover, activating receptors, for example CD16, can be also down-
modulated by proteolytic cleavage (7, 8). CD16 (FcγRIIIa) binds to the Fc portion of IgG1
and IgG3, is expressed by the majority of human NK cells, and is a potent activating
receptor that mediates Ab-dependent cell-mediated cytotoxicity (ADCC) (9). As the IgG-
CD16 interaction is of low-affinity, the bound IgG can be readily exchanged, thereby greatly
expanding the repertoire of target cells that can be recognized by NK cells. ADCC activity
has been associated with better outcomes for some type of cancers (10), chronic viral
infections (11), and autoimmune diseases (12). Moreover, many therapeutic mAbs that
specifically recognize tumor cells are able to bind to CD16 on NK cells, promoting NK cell-
mediated ADCC of these tumor cells (13–17). Not surprisingly, down-modulation of CD16
expression by NK cells, leading to the impairment of NK cell-mediated ADCC, has been
linked to increased disease severity, e.g. in chronic infections such as HIV (18). Thus,
identification of the mechanism(s) responsible for CD16 down-modulation has clinical
significance.

The potency of NK cell-mediated cytotoxicity toward malignant cells via CD16, coupled
with the ability to produce therapeutic Abs specific for tumor cell surface antigens, has
propelled efforts to expand patient NK cells in vitro for immunotherapeutic re-infusion. The
expansion of primary NK cells in vitro requires cytokines of the common gamma chain (γc)
family, usually IL-2 (19, 20). A potential detrimental effect of this IL-2-induced expansion
is that IL-2 is known to up-regulate expression of the matrix metalloproteinases (MMPs) in
primary NK cells (21). Members of the MMP family are zinc-dependent endopeptidases that
were initially characterized as being responsible for extracellular matrix degradation, though
other substrates are now recognized (22–24). Membrane-type (MT) MMPs contain either
GPI anchors or transmembrane domains. MMPs have been shown to modulate NK cell
cytotoxicity by cleaving activating receptors from the cell surface of human primary NK
cells (7, 8), including CD16 (25). This agrees with a report demonstrating that in HIV-
infected patients, impaired NK cell ADCC correlated with decreased CD16 cell surface
levels, and inversely correlated with an increase in MMP transcript levels (18). Treatment of
these cells with a general MMP inhibitor partially restored both CD16 expression and the
ability of NK cells to recognize, and kill target cells by ADCC. Several other reports suggest
that progressive HIV infection is associated with a high production of MMPs, as reviewed in
(26). Thus, MMPs appear to play a very important role in regulating CD16 expression.

Here, we show that the activating cytokine IL-2 not only increases transcript levels of MT6-
MMP (also known as MMP25, and herein referred to as MT6/MMP25), but induces the
translocation of MT6/MMP25 protein from intracellular compartments, where it is localized
in unstimulated NK cells, to the cell surface. This correlates with the down-regulation of
CD16 expression from the surface of human primary NK cells. During ADCC-mediated
target cell engagement, MT6/MMP25 polarizes to the immunological synapse, which agrees
with the finding that reducing MT6/MMP25 expression via siRNA enhances ADCC.

MATERIALS AND METHODS
Chemical reagents and antibodies

Anti-CD3 APC-conjugated mAb (clone UCHT1), anti-CD56 PE-conjugated mAb clone
CMSSB, and anti-human CD16 mAb (clone CB16) were from eBiosciences. Anti-human
NKG2D PE-conjugated mAb (clone 149810), anti-human MT6/MMP25 mAb (clone
141811), and anti-human MT1/MMP14 mAb (clone 128527) were from R&D Systems.
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Anti-perforin Alexa Fluor647-conjugated (clone δG9) was from BioLegend. Dylight 488 or
549-conjugated goat anti mouse IgG, Fcγ1 or Fcγ2b specific, were from Jackson
Immunoresearch Laboratories. Alexa Fluor647-conjugated goat anti-mouse IgG1 and FITC-
conjugated goat anti-mouse IgG were from Invitrogen; anti-CD16-PE (clone 3G8), anti-
CD28-PE (clone CD28.2), and anti-CD71 (clone YDJ.1.2.2) mAbs were from Beckman
Coulter. Herceptin (trastuzumab), an anti-HER2 humanized mAb, was kindly provided by
Drs. Wen Jin Wu and Milos Dokmanovic (FDA, Bethesda MD, USA). Human CD16,
cloned into the lentiviral (LV) vector, pCDH encoding a puromycin resistance gene, was
kindly provided by Dr. Eric Long (NIAID/NIH, Rockville MD, USA). The MMP inhibitor
GM6001 was from Calbiochem. All other chemicals and reagents were obtained from
Sigma-Aldrich unless otherwise mentioned.

Cell culture
Primary NK cells were isolated from human peripheral blood using EasySep NK cell
isolation kits (Stem Cell Technology) and their purity (> 95%) was determined by flow
cytometry analysis following staining with anti-CD3 and anti-CD56 mAbs. NK cells were
cultured in X-Vivo medium (Lonza) containing 10% human AB serum (Valley Biomedical)
and recombinant IL-2 (500 U/ml) (NCI, Frederick, MD, USA), unless otherwise stated. In
some experiments, IL-15 was used (Peprotech; 10 ng/ml). The human NK tumor cell line
YTS, the B lymphoblastoid cell line 721.221, and the human ovarian carcinoma cell line
SK-OV3 were grown in complete RPMI 1640 medium (Invitrogen). NKL cells were
cultured in complete RPMI 1640 medium with 100 U/ml IL-2. The YTS cells transduced
with pCDH-CD16 were grown in complete RPMI 1640 medium supplemented with
puromycin (0.5 μg/ml).

RT-PCR and real time PCR
RNA was isolated with RNAqueous4PCR kits (Ambion) with the DNAse treatment step,
and cDNA generated using Qscript™ (Quanta Biosciences). Primers used for amplifying
human MMPs were purchased from Qiagen. PCR reactions were performed using standard
protocols. Real time PCR was performed on a Roche LC480 using Lightcycler 480 SYBR
green I master mix (Roche Diagnostics). All reactions were performed in triplicates, and
averages were used to calculate the levels of each mRNA, based on standard curves
generated from pooled cDNA. Relative quantification of the target genes was determined
using the 2nd derivative maximum with Roche Lightcycler software, and normalizing each
transcript level to that of 18S rRNA. Fold changes were calculated by setting the normalized
transcript level of unstimulated samples to one. Melting curve analyses were performed at
the end of each run to ensure that only one product was amplified.

Lentiviral vector transduction
The pCDH-CD16 lentiviral expression construct was transfected into 293T cells with the
psPAX2 and pMD2. G helper plasmids (AddGene) using Fugene 6 HD (Roche). The
medium containing lentivirus particles was added to 2×106 YTS cells, and the infection was
carried out for 12 h in the presence of 8 μg/ml protamine sulfate. After 48 h, YTS cells were
transferred to medium containing puromycin (0.5 μg/ml) and maintained in the selection
medium to generate a stable YTS cell line overexpressing CD16.

Flow cytometry
CD16, CD28 and NKG2D cell surface expression levels were assessed by staining with PE-
conjugated mAb for 30 min on ice, followed by washing with PBS containing 0.05% FBS.
For detection of MT6/MMP25 and MT1/MMP14, cells were stained with unlabeled primary
Abs for 30 min on ice and, after extensive washing, incubated with FITC-conjugated goat
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anti-mouse IgG. In all experiments, isotype control Abs were used to monitor background
staining levels. For analysis of total protein levels, cells were fixed, permeabilized with
Cytofix/Cytoperm buffer (BD Biosciences), and processed as above. For CD16 and MT6/
MMP25 double staining experiments, cells were incubated with anti-MT6/MMP25 Ab as
mentioned above, followed by blocking with 5% mouse serum, and staining with PE-
conjugated anti-CD16 Ab. For all experiments, the data were acquired using FACSort
cytometer (BD), and analyses were performed using FlowJo software (v. 7.6; Tree Star).

Activation of NK cells with PMA, MMP inhibition, and receptor cell surface level
assessment

Freshly isolated NK cells, or NK cells cultured for two days in the presence of IL-2 (500 U/
ml) in X-Vivo medium without human serum, were incubated with PMA (200 ng/ml) or
vehicle alone (DMSO). For MMP inhibition studies, cells were treated either with PMA plus
GM6001 (10 μM), PMA plus 1,10-phenanthroline monohydrate (2 mM), or with IL-2 (500
U/ml) plus GM6001 (10 μM) for the indicated times. 1,10- phenanthroline monohydrate
inhibits MMPs by binding metals in metallo-enzymes, and GM6001 is a potent broad-
spectrum inhibitor of MMPs. In experiments evaluating CD16 release from the surface of
activated cells, NK cells were pre-incubated with PE-conjugated anti-CD16 mAb for 30 min
on ice, followed by PMA, or PMAplus GM6001 treatment for 3 h at 37°C. Cells treated
with GM6001 were pre-incubated with the inhibitor 1 h prior to PMA addition. In the
experiments using phenylarsine oxide (PAO, 5 μM) or dynasore (80 μM), the inhibitors
were added at time 0. An aliquot of cells was collected every 30 min, and the CD16 surface
expression levels were determined by flow cytometry. Endocytosis of CD71 in the NK cell
line, NKL, was used as a control to determine the drug efficacy. NKL cells were incubated
with 5 μg of anti-CD71 mAb for 30 min on ice. The cells were washed twice and then kept
at 37°C for the indicated times to allow receptor internalization. The cells were then stained
with FITC-conjugated goat anti-mouse Ab on ice to label the remaining CD71 on the cell
surface, and analyzed by flow cytometry. In the experiment using PAO, cells were pre-
treated with the drug (5 μM) at 37°C for 30 min. The inhibitor concentration was maintained
during the internalization process. The percentage of endocytosis was calculated as the
difference between the median fluorescence intensity (MFI) value of the receptor cell
surface staining at time zero (taken as 100%) and at 60 min, i.e. percentage
endocytosis=100-[(MFI 60 min/MFI time 0) × 100].

Detection of released CD16
The determination of released CD16 from PMA-activated cells was done using the Synergy
2 Multi-Mode Microplate Reader (Bio-Tek), according to the manufacturer’s instructions.
Human primary NK cells were incubated on ice with PE-conjugated anti-CD16 mAb (clone
3G8) for 30 min. Next, cells were re-suspended in PBS, and left untreated (control), or were
treated with PMA, or PMA plus GM6001 at 37°C for 3 h. Cell supernatants were collected
and PE fluorescence was measured to evaluate the receptor release. Supernatants from
unlabeled cells were used as blanks (background) and the fluorescence of cells stained with
anti-CD16 PE was used to estimate total level of CD16 on the cell surface. The amount of
released CD16 was calculated according to the following formula: (sample release
fluorescence minus background)/(total CD16 level minus background). The fold change was
determined by comparison to the control (supernatant of the untreated cells). Each sample
was done in triplicate.

Measurement of cytotoxicity
The cytotoxicity of YTS/pCDH-CD16 cells was evaluated by lanthanide (Europium)
fluorescence assay using DELFIA cytotoxicity reagents (PerkinElmer), according to the
manufacturer’s instructions. Briefly, target cells were labeled with BATDA for 30 min at
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37°C in complete RPMI 1640 medium. Labeled cells were transferred to 96-well
polystyrene plates (U-bottom, Nunc), mixed with YTS at the indicated effector-to-target
(E:T) ratios, and incubated for 2 h at 37°C. For ADCC, SK-OV3 target cells, labeled with
BATDA reagent were incubated with 50 ng/ml of either anti-HER2 mAb or control human
IgG1 (EMD Chemicals, Cabiochem), spun down, resuspended in medium, and plated at 104

cells/well in triplicates. NK or YTS/pCDH-CD16 cells were added to wells at the indicated
effector-to-target (E:T) ratios. After 2 h incubation, the supernatant was collected, and the
release of TDA was measured according to manufacturer’s instructions using a Wallac
Victor2 plate reader (Perkin Elmer). The amount of released TDA in cell supernatants was
regarded as the experimental TDA release. Total TDA release was measured after complete
lysis of target cells by 1% Triton X-100. Lysis percentage was calculated using the
following equation: (experimental TDA release minus spontaneously released TDA)/(total
TDA release minus spontaneously released TDA) × 100.

Confocal microscopy and image analysis
To visualize the CD16-mediated immune synapses between NK and SK-OV3 cells, 2 ×105

NK cells were mixed with 4 ×105 SK-OV3 target cells, and incubated for 20 min at 37°C in
X-vivo medium, in the presence of 50 ng/ml of either anti-Her2 mAb or control human
IgG1, followed by adherence to Excell Adhesion slides (Electron Microscopy Sciences) for
20 min at 37°C. Cells were fixed, permeabilized using Cytofix/Cytoperm buffer with 0.1%
Triton X-100, and blocked with 1% BSA. The cells were then stained with anti-MT6/
MMP25 mAb, followed by IgG1-specific DyLight 488 or 549-conjugated anti-mouse Ab, or
AlexaFluor647-conjugated goat and mouse IgG1 (as specified for each experiment in Figure
legends), blocked with 5% normal mouse serum, and then stained with Alexa Fluor 488 or
647-conjugated anti-perforin (δG9). For triple staining of perforin, MT1/MMP14, and MT6/
MMP25, the permeabilized cells were stained in the following order, to avoid cross-
reactivity between Abs to perforin and MT1/MMP14 that share the same isotype (IgG2b):
MT1/MMP14, MT6/MMP25 (both primary and secondary Abs), and directly-conjugated
perforin with a blocking step (5% normal mouse serum) between incubations. In
experiments involving visualization of CD16, human primary NK cells were fixed,
permeabilized, and stained with unlabeled anti-CD16 mAb, followed by IgG1-specific
DyLight 488-conjugated anti-mouse Ab. To visualize MT6/MMP25 recruitment at the
contact site, protein G polystyrene beads (6.8 μm) were pre-coated with anti-CD16 mAb for
60 min at 4°C, mixed with YTS/pCDH-CD16 cells and incubated 45 min at 37°C, then
transferred to slides, fixed, and stained with anti-MT6/MMP25 mAb, followed by IgG1-
specific DyLight 488-conjugated anti-mouse Ab. For each experiment, cells mounted in
ProLong Gold medium were visualized using a Zeiss LSM510 Axiovert 200M laser-
scanning confocal microscope at room temperature. The images were acquired using 63x
Zeiss Plan-Apochromat objective (Carl Zeiss). Images shown represent a single optical
section.

Small interfering RNA (siRNA) transfection
YTS cells stably transduced with CD16 were nucleofected with 4 μM of siRNA duplexes
using Nucleofector Kit R, as per the manufacturer’s instructions (Lonza). To achieve
knockdown of human MT6, five oligos were tested for their silencing efficiency in the NK
cell lines (data not shown) and the two most efficient oligomers (5′-
CAGCUUGACUCCCAUCAAC-3′ and 5′-CUCAACGCUGGUGGAAAGA-3′) were used
in subsequent experiments, in parallel with a siRNA universal negative control (Sigma). The
cell viability after siRNA transfections was 60–70%. The silencing efficiency was evaluated
by the measurement of average fluorescence intensity values of anti-MT6/MMP25 staining
per cell, using confocal microscopy and ImageJ.
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Statistical analysis
For all experiments, statistical analysis and graphing were done using the Graphpad Prism 5
software. Two tailed, unpaired or paired student’s t-test, or one-way ANOVA (as indicated
in figure legends) was used to compare the statistical significance of the differences
observed between samples. A significance of p < 0.05 is indicated by *; p < 0.005 is
indicated by **; p < 0.001 is indicated by ***.

RESULTS
CD16 cell surface expression is down-modulated by IL-2 in human primary NK cells

IL-2 or IL-15 is necessary for the proliferation and survival of NK cells in culture (20);
however, human NK cells cultured and expanded in the presence of IL-2 markedly reduced
CD16 cell surface expression (Fig. 1A). The down-modulation of cell surface CD16 was
likely an active post-translational process, as CD16 mRNA was stable during the first three
days of culture, and even started to increase after four days (Fig. 1B). The down-modulation
of CD16 could be detected as early as 6 h post-IL-2 treatment (Fig. 1C, second histogram in
each row). Similar to IL-2, culturing of NK cells with IL-15 also led to down-modulation of
CD16 from the surface of NK cells (Fig. 1C, third histogram in each row). On average, 6 h
of culture with IL-2 or IL-15 led to ~ 10% down-modulation of CD16, while after 12 and 24
h, the levels of CD16 decreased by ~25% and ~50%, respectively (Fig. 1C, bottom graph).
This time was too short to allow for expansion of the small fraction of CD56bright CD16dim/−

NK cells that express the high affinity receptor for IL-2 (CD25, IL-2Rα) (27), as essentially
no proliferation of NK cells occurred during the first 48 h of culture with IL-2
(Supplemental Fig. 1); thus, the observed loss of CD16 was not due to increased
proliferation of CD16-negative cells. Importantly, the removal of IL-2 from cultured NK
cells restored CD16 expression, providing confirmation that IL-2 induced CD16 down-
modulation (Fig. 1D). Finally, to further substantiate that IL-2 leads to CD16 down-
modulation, we examined its effect on CD16 expression by the YTS NK cell line that grows
independently of IL-2. We found that similar to primary NK cells CD16 expression was
down-modulated when YTS cells were cultured with IL-2 (Fig. 1E, upper panel). In
contrast, the expression of another cell surface activating receptor, CD28, was not affected
by culture with IL-2 (Fig. 1E, lower panel). In toto, these data indicate that the activating
cytokine IL-2 is involved in CD16 down-modulation.

The activation-induced loss of CD16 in human primary NK cells is restored by matrix
metalloproteinase inhibition

Since IL-2 induced the down-modulation of CD16 expression on the cell surface of cultured
NK cells, and has been shown to up-regulate several metalloproteinases (21), we examined
if the treatment of NK cells with an MMP inhibitor would affect the IL-2-mediated decrease
of CD16 levels. Therefore, we cultured the freshly isolated human NK cells for 24 h either
in the absence of IL-2, or in the presence of IL-2 with or without an MMP inhibitor
(GM6001). We found that while the addition of IL-2 alone induced almost 60% down-
modulation of CD16 from the cell surface, the addition of MMP inhibitor partially rescued
the CD16 cell surface levels (Fig. 2A), indicating that IL-2-induced MMP activity could be
responsible for the decrease of CD16 on the surface of stimulated NK cells.

NK cell activation through the IL-2 receptor pathway leads to the Ras/MAPK signaling
cascade (28). The phorbol ester PMA, commonly used to stimulate lymphocytes, directly
activates PKC in this signaling cascade and serves as a generalized means of activating NK
cells. NK cellstreated with PMA rapidly down-modulated 95% of CD16 from the cell
surface (Fig. 2B, upper panels) (29). This down-modulation was not a general effect, as
another important NK activating receptor, NKG2D, was not affected by PMA treatment
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(Fig. 2B, lower panels). Similar to IL-2, the CD16 down-modulation was markedly inhibited
(~50%) by the presence of the MMP inhibitors GM6001 or 1,10 phenanthroline (Fig. 2B,
upper panels), indicating that proteolytic cleavage is involved in CD16 down-modulation.
To verify that shedding and not endocytosis was responsible for CD16 down-modulation,
human primary NK cells were incubated with PE-labeled anti-CD16 mAb on ice and
subsequently treated with PMA, or PMA plus GM6001 in the presence or absence of an
endocytic pathway inhibitor, phenylarsine oxide (PAO) (30). We observed a time-dependent
CD16 down-modulation from the cell surface that was not affected by the presence of PAO,
indicating that CD16 was not endocytosed, but shed from the cell surface (Fig. 2C, upper
left panel). To verify the efficacy of the drug, we confirmed that the endocytosis of CD71
(transferrin receptor) was significantly impaired by the presence of the drug (28%
endocytosis with PAO compared to 60% without PAO) (Fig. 2C, upper right and middle
panels). To further demonstrate that the PMA-induced CD16 down-modulation is not due to
receptor endocytosis, we also used a specific dynamin inhibitor, dynasore (31). Similar to
PAO, dynasore did not interfere with PMA-induced loss of CD16 from the cell surface (Fig.
2C, lower left panel), but blocked CD71 endocytosis (Fig. 2C, lower right and middle
panels). Furthermore, we monitored the release of CD16 into the culture medium. We found
that the cell culture media from PMA-treated cells contained significantly more (almost 8-
fold) CD16 than from the cells treated with PMA plus GM6001 (Fig. 2D). Finally,
examination of NK cells by confocal microscopy confirmed that CD16 was not internalized.
As shown in Figure 2E, PMA-treated cells had no or little detectable intracellular CD16,
confirming that CD16 is mainly shed by these cells, and not endocytosed. Therefore, we
conclude that CD16 is cleaved in a MMP-dependent manner from the surface of activated
NK cells.

IL-2 induces membrane-type 6 MMP (MT6/MMP25) expression and its translocation to the
cell surface in human primary NK cells

MMPs have been implicated in CD16 down-modulation by human primary NK cells (7), but
information regarding which MMPs are expressed and function in cytotoxic lymphocytes is
still limited (32). Since the MMP family of proteins is very large, we chose to concentrate
our initial studies on those MMPs reported to be expressed in human NK cells and regulated
by IL-2, namely MMPs 2, 9, 13, 14 (MT1), 16 (MT3), and 25 (MT6) (21). As membrane
type (MT) MMPs are known to be involved in the shedding of receptors from other cell
types, we also included the other MT-MMPs, 15 (MT2), 17 (MT4) and 24 (MT5), as well as
MMP7, which has been shown to be expressed in rodent NK cells (33).

End-point RT-PCR using cDNA generated from human NK cells, either freshly isolated or
cultured in the presence of IL-2 for four days, indicated that MMP2, MMP9, MT1/MMP14,
MT6/MMP25, and possibly MMP7 were expressed, and that MMP2, MT1/MMP14 and
MT6/MMP25 might be positively regulated by IL-2 (Fig. 3A, left). Real time PCR revealed
that MMP7, MT2/MMP15, MT4/MMP17, and MT5/MMP24 were not expressed in either
freshly isolated or IL-2-cultured human NK cells (when compared to no transcript controls;
data not shown). These transcripts were detectable using cDNA from NK cell lines,
indicating that the primers were functional (data not shown). Although not detectable in real
time PCR, the end point PCR showed the presence of a faint band corresponding to MMP 7
transcripts in NK cells. This was probably the result of a non-specific amplification due to
the excessive number of cycles used for the end point PCR.

The real time PCR analysis revealed that only MMP9, MT1/MMP14, and MT6/MMP25
were regulated by IL-2 (Fig. 3A). MMP2 appeared not to be regulated by IL-2 and MMP9
was down regulated by IL-2 (Fig. 3A, last two graphs), consistent with a previous report
(21), whereas the transcripts for MT1/MMP14 and MT6/MMP25 were significantly
increased (1.7- and 3.5-fold, respectively) in the presence of IL-2 (Fig. 3A, first two graphs).
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Since MT1/MMP14 and MT6/MMP25 transcripts were up-regulated by IL-2, we decided to
further investigate the protein expression of these metalloproteinases in human primary NK
cells. Flow cytometric analysis demonstrated that MT1/MMP14 was expressed on the
surface in freshly isolated cells (Fig. 3B; minus IL-2). MT1/MMP14 expression decreased
upon IL-2 stimulation (day 4; Fig. 3B, right side histograms), indicating that MT1/MMP14
is likely released from such NK cells. Importantly, we found that freshly isolated NK cells
did not express MT6/MMP25 on the cell surface, suggesting that MT6/MMP25 is re-
distributed from intracellular compartments to the cell surface upon IL-2 activation (Fig. 3B,
left side histograms). The appearance of MT6/MMP25 on the cell surface in response to
IL-2 stimulation correlated with the down-modulation of CD16 (Fig. 3B, two bottom
panels). Moreover, double staining for MT6/MMP25 and CD16 showed that the pool of
cells acquiring the proteinase at the cell surface upon IL-2 stimulation is the same pool of
cells that have down-regulated CD16 expression (Fig. 3C). Indeed, after two days culture
with IL-2, CD16 expression was markedly reduced among MT6/MMP25+ cells (CD16 MFI
= 64), when compared to the MT6/MMP25− cells (CD16 MFI = 313) (Fig. 3C, right panels).
These data show that MT6/MMP25 relocates to the cell surface upon cytokine treatment,
and that IL-2-activated NK cells consist of a pool of cells expressing MT6/MMP25 and low
levels of CD16 on the cell surface.

MT6/MMP25 polarizes and accumulates at the contact area between NK cells and target
cells

Since engagement of CD16 itself is a potent way to down-modulate CD16 (25), we
investigated if MT6/MMP25 plays a role in regulating ADCC. To visualize MT6/MMP25
distribution in the CD16-mediated immunological synapse during ADCC, we used confocal
microscopy to analyze NK cells that were mixed with the human ovarian carcinoma HER2-
positive cell line, SK-OV3, in the presence of Herceptin, a humanized IgG1 Ab targeting
HER2 protein (34). Once CD16 binds to the Fc region of Herceptin that is coating the
HER2-positive SK-OV3 cell, the NK cell undergoes activation. Strikingly in the absence of
target cells, perforin and MT6/MMP25 were dispersed throughout the cell with a minimal
overlap (Fig. 4A upper panel), indicating that in resting NK cells the proteinase resides in
compartments that are distinct from the lytic granules. Following cell activation, MT6/
MMP25 polarizes to the cell-cell contact site, along with perforin (Fig. 4A lower panel)
suggesting that the proteinase translocates in a directed manner toward the cell-cell contact
site only after NK cell activation. The same result was achieved using a redirected lysis
assay, where NK cells were incubated with P815 target cells (expressing Fc receptors) in the
presence of anti-CD16 mAb. MT6/MMP25 was present at the effector-target interface in the
presence of anti-CD16 Ab (Supplemental Fig. 2), Importantly, the other metalloproteinase
up-regulated by IL-2, MT1/MMP14, did not polarize or accumulate at the cell-cell contact
site upon CD16-mediated synapse formation (Fig. 4B), indicating that MT6/MMP25
accumulation at the CD16-mediated contact site is a specific event caused by NK cell
activation.

MT6/MMP25 silencing enhances CD16-mediated killing by human primary NK cells
We have shown that MT6/MMP25 expression correlates with reduced CD16 expression,
and it has been reported that CD16 expression levels dictate NK cell ADCC potency, i.e. the
more receptor expression, the more NK cell effector functions (35, 36). Following this line
of reasoning, we hypothesized that if MT6/MMP25 is involved in CD16 down-modulation,
then upon disruption of MT6/MMP25 expression with siRNA, we would observe an
increase in CD16-mediated ADCC. To verify this hypothesis, we established a cell model
using the NK cell line, YTS. We stably overexpressed human CD16 and confirmed that this
receptor was functional by demonstrating a significant increase in the ADCC capacity of
these cells (Supplemental Fig. 3A and B). The pattern of expression of MT1/MMP14 and
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MT6/MMP25 (as well as other tested proteinases) in YTS was similar to that observed in
primary NK cells (Supplemental Fig. 3C). An advantage of the YTS NK cell line is that it
survives in culture without IL-2, and MT6/MMP25 expression is sequestered intracellularly,
as MT6/MMP25 is not detectable on the cell surface (Supplemental Fig. 3D). Using
polystyrene beads coated with anti-CD16 mAb, we verified that following the crosslinking
of CD16, MT6/MMP25 tends to accumulate at the synapse in YTS cells overexpressing
CD16 (cultured without IL-2) (Fig. 5A). Most importantly, the disruption of MT6/MMP25
expression by siRNA in these CD16-transduced YTS cells (Fig. 5B) increased CD16-
mediated killing (Fig. 5C), thereby verifying that MT6/MMP25 plays an important role in
the function of CD16.

DISCUSSION
Significant efforts are being devoted to expand NK cells in culture, for therapeutic re-
infusion into patients (37–41). In many cases, the key to efficacy of the re-infused NK cells
relies on the ability of CD16 to bind mAbs tailored to the patient’s disease, and thereby
mediate ADCC. Since a strong positive correlation exists between the level of CD16
expression on NK cells and the potential of NK cells to mediate ADCC (18), investigation
of the factors that regulate CD16 cell surface expression are of clinical relevance. In this
study, we investigated the mechanism behind the down-regulation of CD16 cell surface
expression in human primary NK cells, due to activation (PMA-induced) and, in particular,
exposure to IL-2 (or IL-15) required for NK cell maintenance and expansion in culture.

Our data shows that IL-2-induced CD16 down-modulation occurs prior to any measurable
proliferation (Fig. 1 and Supplemental Fig. 1). Importantly, the down-modulation of CD16
from the cell surface can be reversed by the removal of IL-2 from the culture medium (Fig.
1D) or by the addition of metalloproteinase inhibitors (Fig. 2A), demonstrating that IL-2 is
responsible for the induction of CD16 decrease on the cell surface. The down-modulation of
CD16 by generalized activation or exposure to IL-2 (or IL-15) appears to be atypical for
activating receptors, as primary NK cells dramatically up-regulate the expression of other
activating receptors, such as NKG2D after cytokine exposure (37, 42). This could be related
to the fact that unlike other activating receptors CD16 does not require co-stimulation to
elicit a potent signal for cytokine production and release of cytolytic granules, and it also
heightens cytokine production due to co-stimulation of other receptors (43). Therefore, the
end result of CD16 shedding would be the prevention of hyper-inflammation leading to
autoimmunity. We can only speculate on the fate of the released CD16 in vivo, and whether
or not it has a biological function. We assume that the amount of CD16 shed into the
plasma, which is present at constant levels in healthy individuals, by activated NK cells is
small in proportion to the amount shed by neutrophils (44, 45). Soluble CD16 can bind Ab,
and it has been shown to have pleiotropic effects on hematopoietic cells (46–48).

Although it is known that CD16 undergoes internalization through endocytosis (49), this
was not the case in our study; the treatment of NK cells with endocytosis inhibitors, PAO or
dynasore (30, 31), does not restore the activation-induced CD16 down-modulation (Fig. 2C).
Moreover, we find that following NK cell activation CD16 does not accumulate inside of the
cell, and an increased amount of CD16 can be detected in the cell culture supernatant of
activated cells (Fig. 2D and E). These results demonstrate that CD16 is released from the
NK cell surface, and support the conclusion that the PMA-induced loss of CD16 is due to
shedding and not to endocytosis (Fig. 2D). Indeed, we and others (8, 25) show that the loss
of CD16 can be restored by treatment with generic MMP inhibitors (Fig. 2A and B),
suggesting that this class of proteinases is responsible for the loss of CD16 from activated
NK cells.
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Our results show that, of the 10 MMPs tested in our study, only MT1/MMP14 and MT6/
MMP25 are up-regulated by IL-2 in NK cells (Fig. 3). MT1/MMP14 is among the most
studied MMPs as its expression is closely associated with malignant cell invasion (22).
MT6/MMP25 is one of the major proteinases produced by polymorphonuclear neutrophils
(50), where it is a GPI-anchored MMP mainly localized in secretory granules and partially at
the plasma membrane (51). Relocation of active MT6/MMP25 to the plasma membrane in
neutrophils occurs upon activation through different stimuli, such as PMA, IL-8, and IL-1α.
Our results show that, whereas MT6/MMP25 solely resides intracellularly in freshly isolated
NK cells, a significant portion of MT1/MMP14 is present on the cell surface. Interestingly,
MT6/MMP25 polarizes to the cell-cell contact site following NK cell activation, similarly to
perforin (Fig. 4). Our data (Fig. 4A) indicates that MT6/MMP25 is contained in intracellular
compartments that are distinct from lytic granules that, nevertheless, undergo directional
secretion in response to NK cell activation. The translocation of MT6/MMP25 from its
intracellular sequestration to the cell surface, without the need for new protein synthesis,
likely explains the rapidity of CD16 down-modulation (Fig. 3 and 4). Our data is thus in
agreement with the paradigm that one of the mechanisms for down-modulating activating
receptors from the cell surface, besides endocytosis, is cleavage by MMPs (22). In this
regard, MT6/MMP25 recruitment to the synapse to possibly down-modulate specific
activating molecules makes it a new and important component of NK cell immunological
synapse. More experimentation is needed, however, to determine the exact nature of the
secretory vesicles in which MT6/MMP25 resides, as well as the precise location of MT6/
MMP25 at the CD16-mediated immunological synapse. We are currently investigating the
intracellular pathway and mechanism regulating the relocation of MT6/MMP25 to the cell
surface upon activation.

The cleavage site motif for a proteinase involves a series of residues that accommodate in
the proteinase catalytic site, and are labeled as P3-P2-P1-P1′-P2′-P3′, with the cleavage
occurring between the P1 and P1′ residues (52). In general, MMPs require hydrophobic
amino acids at P1′ and prefer hydrophobic or basic amino acids at P2′ (53). In a recent
paper using a proteomic approach (54), the authors identified 286 cleavage sites for MT6/
MMP25 with a strong preference for Leu at P1′ and Val at P2′. The juxtamembrane portion
of CD16 contains a stretch of small hydrophobic amino acids that could be targeted by
metalloproteinases, such as MT6/MMP25. At this point it is not clear, however, whether
MT6/MMP25 plays a direct or indirect effect in the down-modulation of CD16. MT6/
MMP25 has the ability to trigger a proteolytic cascade that activates other MMPs in
neutrophils (51). Thus, MT6/MMP25-induced CD16 shedding could be achieved by other
MMPs. A recent paper showed that CD16b, the isoform of CD16 expressed in human
neutrophils, undergoes shedding by ADAM17 metalloproteinase (55). Nevertheless, our
results demonstrate that MT6/MMP25 plays an important role in regulating CD16-mediated
NK cell activation and effector functions, a conclusion supported by the fact that the
disruption of MT6/MMP25 expression enhances NK cell ADCC (Fig. 5).

While the addition of exogenous MMP inhibitors clearly inhibits the MMP-mediated
cleavage of CD16 from the cell surface, it remains an open question as to whether
endogenous MMP inhibitors, in particular the tissue inhibitors of MMPs (TIMPs), play a
role in protecting the cleavage of cell surface CD16. All MT-MMPs are sensitive to
inhibition by TIMPs (56). Mammalian TIMPs comprise a family of four proteins
(TIMP1,-2,-3,-4) that act by binding the catalytic domain of MMPs (57). The individual
TIMP genes are differentially regulated. TIMP1 and -4 are not expressed in lymphoid
tissues (58, 59). Cytokines are known to regulate TIMPsexpression, but the exact
mechanism of this regulation is still ill-defined; TGF-β and PMA treatment purportedly
down-regulates TIMP-2 and up-regulates TIMP-1 and TIMP-3 expression in vitro (57).
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Whether TIMPs are expressed in NK cells and play any role in the IL-2 induced MMP-
mediated down-modulation of CD16 will be determined in future studies.

Clearly, cells cultured in IL-2 dramatically down-regulate CD16, which correlates with the
translocation of MT6 to the cell surface (Fig. 3) and can be alleviated by inhibiting MMPs
(Fig. 2). Furthermore, siRNA-mediated knock-down of MT6/MMP25 enhances the capacity
of YTS NK cells to mediate ADCC (Fig. 5). Unexpectedly, we could not find a significant
difference in the overall expression of CD16 between the cells in which MT6/MMP25 was
specifically down-modulated and control treated cells (Supplemental Fig. 4). A likely
explanation is that during YTS-mediated ADCC, which does not require activating
cytokines in the culture medium, CD16 is cleaved by MT6/MMP25 only at the cell-cell
contact site, and taking into consideration the relatively small size of the immunological
synapse, one might not be able to detect such small changes in CD16 cell surface level. This
could be particularly true for the primary NK cells that have been cultured in IL-2 prior to
the ADCC assay and thus the bulk of the remaining CD16 (outside the synapse) may reside
in membrane locations relatively resistant to MT6 cleavage. Moreover, measuring such
small amounts of solubilized CD16 is compounded by the fact that much of it will be
associated with target cell debris.

In conclusion, our findings could have important outcomes in clinical settings. Identification
of the specific MMP responsible for the shedding of CD16 will allow for the design of
specific drugs to prevent cleavage of this potent activating receptor and thus enhance the
immunotherapeutic value of NK cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CD16 cell surface expression is down-modulated by IL-2 in human NK cells
A, Freshly isolated human NK cells were cultured in X-Vivo medium in the absence of
human serum and in presence of IL-2 (500 U/ml). CD16 cell surface expression was
evaluated by flow cytometry at day 0 (freshly isolated cells), and after 2 or 4 days of culture.
The histogram on the right shows the CD16 staining and the histogram on the left shows the
isotype control stainingfor an individual donor. The range gate shown in the histogram was
used for the evaluation of CD16+ cells. The graph on the right shows median fluorescence
intensity (MFI) of CD16+ cells from six independent analyses with different donors. Error
bars indicate SEM. Statistical analysis was performed using two-tailed paired student’s t-
test. p values are indicated in the figure. B, CD16 transcript levels from NK cells cultured
for 0, 2, or 4 days were determined by qRT-PCR. Results shown are normalized to 18S
rRNA. The graph summarizes data obtained from six independent donors (same as in A). C,
Freshly isolated human NK cells were cultured without (first column) or with IL-2 (500 U/
ml) (second column), or IL-15 (10 ng/ml) (third column) for the indicated times. The
analyzed cells were gated on the CD56dim subset. In each panel, a gray-filled histogram
represents time 0 and the black line histogram represents CD16 expression level with culture
in IL-2, IL-15, or without cytokines. The bar graph at the bottom summarizes data from four
independent experiments with different donors; error bars indicate SEM. Statistical analysis
was done using two-tailed paired student’s t-test. ** p<0.005. D, IL-2-cultured human NK
cells were analyzed for CD16 surface expression under normal culture conditions (with
IL-2), and 24 h after IL-2 removal (without IL-2). The graph shows the MFI values for
CD16 expression, and summarizes the values obtained from four independent donors +
SEM. Statistical analysis was done using two-tailed paired student’s t-test. ** p<0.005. E,
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YTS cells were cultured for 4 days in the absence or presence of IL-2 (500 U/ml). Cells
were then stained with anti-CD16 (upper panels) or anti-CD28 (lower panels) Abs, and
analyzed by flow cytometry to determine the cell surface levels of the receptors. Gray
histograms represent isotype control staining. The result shown is representative of five
independent experiments.
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Figure 2. The activation-induced shedding of CD163 by human primary NK3 cells is restored by
matrix metalloproteinase inhibition
A, Freshly isolated human NK cells were cultured in X-Vivo medium without human serum
for 24 h, either in the absence of IL-2, or in the presence of IL-2 (500 U/ml), or IL-2 and
MMP inhibitor GM6001, and then analyzed by flow cytometry for CD16 expression. The
histogram on the left shows an example of CD16 cell surface expression for an individual
donor; the gray-filled histogram represents isotype control staining, solid line represents the
level of CD16 on the cell surface of cells cultured without IL-2, dotted line shows CD16 cell
surface expression after IL-2 treatment, and dashed line illustrates the cell surface
expression of CD16 in cells treated with IL-2 and the MMP inhibitor. The graph on the right
shows the median fluorescence intensity (MFI) values of CD16-positive cells from three
different donors. Error bars indicate SEM. B, top panel, Freshly isolated human primary NK
cells were treated 3 h with DMSO solvent (untreated), PMA (200 ng/ml), or PMA plus
MMP inhibitors, and then analyzed by flow cytometry for CD16 expression. The gray-filled
histogram represents isotype control staining. The MMP inhibitors, 1,10 phenanthroline and
GM6001, were used at the concentration of 2 mM and 10 μM, respectively. The right panel
shows the average from experiments with five different donors. Bottom panel, Freshly
isolated human primary NK cells were treated for 3 h with DMSO (untreated), or PMA then
analyzed by flow cytometry for NKG2D expression. The gray line histogram represents
isotype control staining. The right panel shows the average of experiments performed with
four independent donors. The percentage of CD16 or NKG2D cell surface expression by
DMSO-treated cells (taken as 100%) is compared to PMA- and PMA plus phenantroline- or
GM6001-treated cells. Error bars indicate the SEM. Statistical analysis was performed using
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two-tailed paired student’s t-test. ***p<0.001. C, Freshly isolated human primary NK cells
were incubated on ice with PE-conjugated anti-CD16 mAb, then re-suspended in PBS and
treated with PMA, PMA plus GM6001, PMA plus PAO, or PMA plus dynasore. An aliquot
was taken every 30 min, and the level of CD16 on the cell surface was evaluated by flow
cytometry. The graphs represent the percentage of CD16 expression on the surface of PMA-,
PMA plus GM6001-, PMA plus PAO-treated cells (upper left panel), and PMA plus
GM6001-and PMA plus dynasore-treated cells (lower left panel) compared to time 0 (taken
as 100%, and equivalent to the DMSO-treated cells). The results shown represent the
average of four experiments with different donors; error bars represent SEM. The middle
and right panels show flow cytometry data for the endocytosis of CD71 in the presence
(right) or absence (middle) of PAO (upper), or dynasore (lower). D, CD16 released from
freshly isolated NK cells, following PMA or PMA plus GM6001 treatment (see Material
and Methods for the detailed protocol). Data shown is expressed as a fold change when
compared with the control sample, and illustrates the average of four independent
experiments with different donors; error bars indicate SEM. Statistical analysis was done
using two-tailed paired student’s t-test. *p<0.05. E, Freshly isolated human primary NK
cells were left untreated (upper panel) or treated with PMA (3 h) (lower panel), fixed,
permeabilized, stained with unlabeled anti-CD16 mAb, followed by DyLight 488-
conjugated anti-mouse Ab, and visualized by confocal microscopy. Scale bar: 20 μm. The
right panel of each figure shows the DIC image. The images illustrate one representative
experiment out of three, using cells from independent donors.
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Figure 3. MT6/MMP25 is expressed by human NK cells and translocates to the cell surface upon
IL-2 treatment
A top left panel, cDNA from freshly isolated human NK cells, or NK cells cultured in IL-2
for four days was used in RT-PCR with primers for the MMPs listed. Other panels, MMP 2,
9, 14 (MT1), and 25 (MT6) transcript levels normalized to 18S rRNA as measured by
qPCR. Data are expressed as fold change in transcript levels compared to unstimulated
controls, and represent average + SEM from six separate donors. B, Freshly isolated or IL-2-
activated (day 4, 500 U/ml) human NK cells were analyzed for MT6/MMP25 and MT1/
MMP14 expression by flow cytometry. For cell surface detection, cells were stained with
either specific Abs or isotype controls, followed by incubation with FITC-conjugated
secondary Ab. In the case of total MMP level staining, cells were permeabilized prior to
staining. The two bottom panels show CD16 cell surface expression levels at the same time
points. Numbers in the histogram represent MFI values of anti-CD16 staining. Data
presented are representative of four independent experiments. C, IL-2-cultured (day 2, 500
U/ml) human NK cells were stained for MT6/MMP25 and CD16 surface expression. The
cells divided into MT6/MMP25+ and MT6/MMP25−subsets were evaluated for their CD16
expression levels. The histograms on the right show the level of CD16 expression in each
subset; the values in the histograms indicate the MFI of CD16. Data presented are
representative of three independent experiments.
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Figure 4. MT6/MMP25, but not MT1/MMP14, polarizes and accumulates at the contact area
between NK cells and target cells
A, Human primary NK cells were left alone (resting; upper panel), or were cultured in the
presence of IL-2 and mixed with SK-OV3 target cells in the presence of anti-Her2 Ab
(activated; lower panel). The cells were stained with anti-MT6/MMP25 mAb followed by
IgG1-specific DyLight 488-conjugated anti-mouse Ab (green), blocked with 5% normal
mouse serum, and then stained with Alexa Fluor 647-conjugated anti-perforin (δG9; red).
The distribution of MT6/MMP25 and perforin in the cells were then visualized using
confocal microscopy. B, IL-2-activated human primary NK cells conjugated to SK-OV3
target cells in the presence of anti-HER2 Ab, were fixed, and stained for perforin, MT6/
MMP25 and MT1/MMP14 using specific mAbs. For comparison purposes, MT6/MMP25
and MT1/MMP14 are visualized in green, and the images overlaid with perforin distribution
(red) are shown in the right panels (merge). Data shown are representative of three
independent experiments using different donors. Scale bar in A and B: 5 μm.
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Figure 5. The CD16-mediated killing by YTS cells is enhanced upon MT6/MMP25 siRNA down-
modulation
A, Protein G polystyrene beads (6.8 μm) were pre-coated with anti-CD16 mAb for 60 min
at 4°C, mixed with YTS/pCDH-CD16 cells and incubated 45 min at 37°C, transferred to
slides, fixed, and then stained with anti-MT6/MMP25 mAb, followed by IgG1-specific
DyLight 488-conjugated anti-mouse Ab. Two representative images are shown. Scale bar: 5
μm. B and C: YTS cells stably transduced with CD16 were nucleofected with 4 μM of
MT6/MMP25-specific siRNA duplexes, and 72 h after the nucleofection the CD16-mediated
cytotoxicity was measured. B, MT6/MMP25 protein levels after siRNA down-modulation
were evaluated using confocal microscopy. Scale bar: 20 μm. The graphs on the right show
a three-dimensional plot of fluorescence intensity of the confocal images shown on the left.
The images shown are representative from at least 10 images obtained for each sample
analyzed. Based on image analysis using ImageJ (see Material and Methods), the silenced
samples showed a 2-fold decrease of MT6/MMP25 compared to control samples. C, SK-
OV3 target cells were coated with anti-HER2 mAb (50 ng/ml) or hIgG1 and mixed with
YTS/pCDH-CD16 NK cells. The ability of the effector cells to lyse SK-OV3 cells was
determined at the indicated E:T ratios (left panel). The control sample represents a siRNA
universal negative control. The graph on the right shows the fold change difference in the
IgG1/anti-HER2 ratio for control siRNA, or MT6/MMP25 siRNA cells. The values were
determined from four independent experiments at E:T ratio of 10:1, and are represented as
means + SEM. Statistical analysis was done using two-tailed paired student’s t-test.
*p<0.05.
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