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Natural killer (NK) cells play a key role in inflamma-
tion and tumor regression through their ability to
migrate into tissues. CXCL12 is a chemokine that pro-
motes lymphocyte invasion and migration into tis-
sues; however, the mechanism for this process
remains incompletely understood. In this study,
we show that CXCL12 significantly enhanced
CD16�CD56� human peripheral NK-cell invasion into
type I collagen by the catalytic activity of matrix met-
alloproteinase-1 (MMP-1). Confocal immunofluores-
cence and co-immunoprecipitation studies suggest
that MMP-1 colocalized with �2�1 integrin on CXCL-
12-stimulated NK-cell surface. The binding of pro-
MMP-1 with �2�1 integrin required activation of Gi-
coupled pathway. However, the production of MMP-1
from CXCL12-stimulated NK cells was mediated by
p38 and mitogen-activated or extracellular signal-regu-
lation protein kinase kinase 1/2 in a manner indepen-
dent of the Gi-coupled pathway. These results suggest
that CXCL12/CXCR4 interaction transduces the two sig-
naling pathways to promote NK-cell invasion, which
stimulates pericellular degradation of extracellular ma-
trix proteins by membrane-associated MMP-1. The
mechanisms would thus play a role in facilitating lym-
phocyte trafficking and accumulation in tissues during
physiological and pathological processes. (Am J Pathol
2006, 169:445–458; DOI: 10.2353/ajpath.2006.050676)

Natural killer (NK) cells were first discovered based on
their cytolytic ability against tumor cells and are consid-

ered to be a subset of immune cells responsible for tumor
regression and inhibition of tumor metastasis.1 The ability
of NK cells to migrate appears to be tightly regulated by
various molecules, such as integrins, chemokines, and
proteinases. Chemokines regulate lymphocyte trafficking
in the body and also selectively induce the migration of
lymphocytes into inflammatory sites. Stromal cell-derived
factor 1� (CXCL12) is the only known ligand for the
chemokine receptor CXCR4.2–4 CXCL12 stimulates mi-
gration of specific types of lymphocytes including CD34�

hematopoietic progenitor cells; T, B, and NK cells; and
monocytes5–8 but not neutrophils.5–7,9,10 Although the
significance of lymphocyte invasion into tissues has been
described, the molecular mechanisms of chemokine-
stimulated invasion of lymphocytes, such as NK cells,
remain poorly understood.

Remodeling and degradation of the extracellular ma-
trix (ECM) are vital components of physiological and
pathological processes such as differentiation, prolifera-
tion, cell migration, and invasion. During cellular invasion,
cells must degrade pericellular collagens such as type I
collagen. The matrix metalloproteinases (MMPs) are zinc-
dependent endopeptidases that play a primary role in the
degradation of ECM proteins.11 So far, there are several
MMPs categorized as collagenases: MMP-1, MMP-8,
MMP-13, MMP-14, and to some extent MMP-2.12 These
enzymes hydrolyze native collagens to generate one-
fourth and three-fourths fragments, which can then act as
gelatinases and stromelysins.13 Because gelatinases
and stromelysins fail to degrade native collagens,13 it is
plausible that the catalytic activity of collagenases plays
a key role not only in disease status (ie, inflammation and
tumor invasion) but also in the normal development of
organogenesis.
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Previous studies showed that cytokines such as inter-
leukin-2 (IL-2) stimulate expression of multiple MMPs
from lymphocytes,14 suggesting that the MMPs serve to
degrade ECM proteins as lymphocytes extravasate from
blood vessels and accumulate in the target sites. How-
ever, the mechanism by which lymphocytes invade tis-
sues is not clear. In this study, we characterized the
invasion of CD16�CD56� human peripheral NK cells into
type I collagen. Our results indicate that MMP-1 plays a
key role in promoting NK-cell invasion in response to
CXCL12. The association of MMP-1 with �2�1 integrin on
CXCL-12-stimulated NK cells suggests that this integrin
is important not only to promote cell adhesion to type I
collagen but also to concentrate MMP-1 in the pericellular
spaces to facilitate matrix protein degradation. These
results suggest that the selective regulation of MMP-1
production and/or localization in NK cells may lead to
effective strategies in controlling inflammation and tumor
elimination.

Materials and Methods

Regents and Antibodies

Collagen type I was obtained from Nitta Gelatin Inc.
(Osaka, Japan). Recombinant human tissue inhibitor of
metalloproteinase-2 (TIMP-2) was purchased from Wako
Pure Chemical Industries (Osaka, Japan). Anti-CXCR4
(12G5) antibody, a neutralizing anti-MMP-1 antibody
(MAB901), and human recombinant CXCL12 were
purchased from R&D Systems (Minneapolis, MN).
SP600125, U0126, SB203580, GM6001, anti-MMP14
(Ab-2) polyclonal antibody, and anti-MMP-1 polyclonal
antibody were purchased from Calbiochem (Darmstadt,
Germany). Anti-�2�1-integrin antibody (MAB1998Z), anti-
�2-integrin antibody (AB1936), and a neutralizing anti-
MMP-1 (MAB13402)15 antibody were purchased from
Chemicon (Temecula, CA). Anti-�2 (P1H5) and anti-
TIMP-1 (H-150) antibodies were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). Streptavidin
PerCP, fluorescein isothiocyanate (FITC)-conjugated an-
ti-CD16, anti-CD49b, anti-CD29, and phycoerythrine-

conjugated anti-CD56 antibodies were obtained from BD
Biosciences (San Jose, CA). Biotinylated horse anti-
mouse IgG was obtained from Vector Laboratories (Bur-
lingame, CA). Mouse IgG1� (MOPC) was purchased
from Sigma Chemical Co. (St. Louis, MO). Alexa Fluor
488 goat anti-mouse IgG (H�L), Alexa Fluor 546 goat
anti-rabbit IgG (H�L), and DQ-collagen I were pur-
chased from Molecular Probes (Eugene, OR). Recombi-
nant pro-MMP-1 was purchased from Oncogene (Boston,
MA).

Isolation of Human NK Cells

The following studies using human donors were per-
formed in accordance with the Osaka Dental University
(Osaka, Japan) (protocol no. 040522). Peripheral blood
mononuclear cells were isolated from samples of venous
blood from consenting healthy volunteers by Ficoll-Paque
(Pharmacia Biotech, Uppsala, Sweden) density-gradient
centrifugation. For NK-cell isolation, cells were depleted
of T lymphocytes, B lymphocytes, and macrophages/
monocytes using an NK isolation kit II (Miltenyi Biotec
GmbH, Bergisch Gladbach, Germany). Using a MACS
magnetic separator (MiniMacs MS�/RS; Miltenyi Biotec
GmbH), more than 85% of NK cells were CD16�CD56�

as shown in Figure 1.

Fluorescence-Activated Cell Sorting (FACS)
Analysis

Expression of surface antigens was measured by FACS
analyses. The purified NK cells were incubated at 4°C for
30 minutes with FITC-conjugated anti-CD16 and PE-con-
jugated anti-CD56 antibodies and washed extensively to
remove excess amounts of the antibodies. The purified
CD16�CD56� NK cells were incubated with FITC-conju-
gated anti-CD49b (�2 integrin), or FITC-conjugated anti-
CD29 (�1 integrin) antibodies. For detecting CXCR4 on
CD16�CD56� NK cells, cells were incubated with anti-
CXCR4 antibody, washed, and incubated with biontiny-
lated horse anti-mouse IgG, followed by streptavidin

Figure 1. Expression of CXCR4 on freshly isolated CD16�CD56� human peripheral NK cells. This figure shows the results of purified NK cells using a magnetic
separator as described in Materials and Methods. Panel I shows the purified CD16�CD56� NK cells; more than 85% of NK cells were CD16�CD56�. Panel II:
The CD16�CD56� NK cells were further purified and stained with anti-CD29 (�1 integrin) (A), anti-CD49b (�2 integrin) (B), or anti-CXCR4 antibodies (C) as
described in Materials and Methods. The dotted lines represent the patterns of staining with the secondary antibody only. Results shown are for one donor (the
same donor shown in other assay) but are representative of 12 donors tested.
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PerCP. Cells were washed extensively and analyzed us-
ing a FACS Caliber (BD Biosciences, Mountain View,
CA).

Invasion Assays

CD16�CD56� NK-cell invasion was evaluated using type
I collagen gels cast in 24-well transwell culture inserts
with 3-�m pore size (Corning Incorporated, Corning, NY).
Type I collagen was diluted in serum-free RPMI 1640
(RPMI-SF) to a final concentration of 200 �g/ml. One
hundred microliters of the diluted type I collagen solution
was allowed to form a gel in the upper chamber of a
24-well transwell by incubating at 37°C for 4 to 5 hours.
Gels were washed twice with prewarmed RPMI-SF. Pe-
ripheral NK cells were harvested, washed three times
with RPMI 1640 to 10% fetal calf serum, and then resus-
pended in RPMI 1640 to 1% fetal calf serum at a con-
centration of 1 � 106 cells/ml to ensure the viability of NK
cells during the assay period. The cell suspension (100
�l) was placed in the upper chamber of each transwell.
The lower chamber was filled with 600 �l of RPMI-SF
containing 10 �g/ml human plasma fibronectin as an
adhesive matrix. CXCL12 was added to the bottom
chambers (200 ng/ml). MMP inhibitors (20 �mol/L
GM6001, 200 ng/ml TIMP-2, or 2 and 20 �g/ml neutral-
izing anti-MMP-1 monoclonal antibodies) and anti-�2 in-
tegrin antibody (P1E6) (20 �g/ml) were added to both the
cell suspension and the collagen gel. Isotype-matched
control antibody was used at a concentration of 20 �g/ml.
NK cells were preincubated with 5 �mol/L U0126, 10
�mol/L SB203580, and 100 �mol/L SP600125 for 30 min-
utes at 37°C, and these inhibitors were included in cell
suspension and collagen gel during invasion assays for
20 hours. The polycarbonate membranes were stained
with Diff-Quick (Baxter, Miami, FL), and noninvaded cells
were removed by scraping from the upper side of the
membranes. Invaded cells were visualized microscopi-
cally (50�) and counted from three randomly selected
areas from one membrane. Each assay condition was
performed in triplicate, and the results were expressed as
means � SD per mm2 from one representative experi-
ment. In each experiment, we have checked bottom
chambers to ensure that there were no floating cells that
had failed to attach to the membrane.

Migration Assays

NK cells were serum-starved in migration medium (RPMI
1640 containing 1% bovine serum albumin [BSA] and 10
mmol/L HEPES buffer, pH 6.9) for 4 hours. Migration
assays were performed in transwell chambers with 3-�m
polycarbonate membrane (Corning Incorporated) pre-
coated with 100 �g/ml type I collagen or BSA on both
sides of the filter. Human CXCL12 (100 ng/ml) was di-
luted to appropriate concentrations in migration medium
and added to the lower chamber of the transwell cham-
bers. Medium alone was added to wells left unstimulated.
The cells were allowed to migrate for 4 hours at 37°C in
5% CO2. Filters were stained with Diff-Quick. Each sam-

ple was assayed in triplicate, and migrated cells were
counted in five randomly selected high power fields
(�400) per well. Results were expressed as mean � SD
per mm2 from one representative experiment.

DQ-Collagen Degradation Assay

Precoated glass slides were coated with 25 �g/ml
quenched fluorescent substrate DQ-collagen I (Molecu-
lar Probes). Fresh NK cells were incubated with 20 ng/ml
CXCL12 for 20 hours followed by incubating on DQ-
collagen I-coated plates for a period of 4 hours. Cells
were gently resuspended and placed on glass slides and
fixed with 2% paraformaldehyde in phosphate-buffered
saline (PBS). The slides were mounted with coverslips
using glycerol/PBS and examined with 488 nm (excita-
tion) and 533 nm (emission) using an Olympus LSM-
GB200 (Olympus, Tokyo, Japan) with an oil immersion
lens. Differential interference contrast (DIC) was shown to
visualize cells cultured on the matrix.

Western Blot Analysis

CD16�CD56� NK (1 � 106) cells were incubated in
serum-free RPMI 1640 with 20 ng/ml CXCL12 or 500 U/ml
IL-2 for 24 hours. Conditioned media were collected,
centrifuged to remove debris, and concentrated in Ami-
con Centriprep concentrators (Millipore Corporation,
Bedford, MA) up to 10-fold, to visualize proteins by West-
ern blotting and zymography analysis. Total cell lysates
were prepared by dissolving cells in sodium dodecyl
sulfate (SDS)-sample buffer and briefly sonicated to
sheer DNA. In some studies, freshly isolated NK cells
were preincubated with 100 ng/ml pertussis toxin, 5
�mol/L U0126, 10 �mol/L SB203580, or 100 �mol/L
SP600125 for 30 minutes at 37°C before incubation with
CXCL12. Samples were separated on 10% SDS poly-
acrylamide gels (SDS-PAGE) under reducing conditions.
Proteins were transferred to polyvinylidene difluoride (Im-
mobilon-P) membranes (Sigma Chemical Co.). Mem-
branes were incubated for 3 hours with primary antibod-
ies in PBS containing 0.05% Tween 20 and 10%
Blockace (Dainippon Pharm Co., Osaka, Japan). Perox-
idase-conjugated secondary antibody (Amersham Bio-
sciences, Piscataway, NJ) was used at a 1:1000 dilution,
and immunoreactive bands were visualized using Super
Signal West Pico chemiluminescent substrate (Pierce
Biotechnology Inc., Rockford, IL). Signals on each mem-
brane were analyzed with VersaDoc 5000 (Bio-Rad, Her-
cules, CA).

Immunoprecipitation

CD16�CD56� NK (1.5 � 107) cells were preincubated
with 100 ng/ml PTX, 5 �mol/L U0126, or 10 �mol/L
SB203580 for 30 minutes at 37°C, and then NK cells were
placed in serum-free RPMI 1640 with 20 ng/ml CXCL12
overnight and lysed by adding 200 �l of lysis buffer (50
mmol/L Tris-HCl [pH 7.4], 150 mmol/L NaCl, 0.1% SDS,
1% Igepal, 1 mmol/L ethylenediamine tetraacetic acid, 2
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mmol/L phenylmethylsulfonyl fluoride [PMSF], 2 mmol/L
sodium vanadate, 20 �g/ml leupeptin, and 20 �g/ml
aprotinin). Lysates were clarified by centrifugation at
12,000 rpm for 10 minutes at 4°C. Immunoprecipitations
were performed as previously described using anti-�2�1

integrin antibody (MAB1998Z) and protein G beads (Am-
ersham Biosciences) for 2 hours at 4°C as previously
described.16,17 After washing with lysis buffer, proteins
were released from the beads by heating at 95°C for 5
minutes. Samples were separated on 8% SDS polyacryl-
amide gels (SDS-PAGE) under reducing conditions. Pro-
teins were transferred and detected as described above.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

Total RNA was isolated from human NK cells by RNeasy
kit (Qiagen, Valencia, CA). Fresh NK cells were placed in
serum-free RPMI 1640 with 50 ng/ml CXCL12 in suspen-
sion at indicated periods. After denaturation of total RNA
at 70°C for 10 minutes, cDNA was synthesized with
oligo-dT primer by incubating with reverse transcriptase
(Qiagen) at 50°C for 30 minutes. The primers for MMP-1
were 5�-AAT GGA AAA CAC ATG GTG TGA GTC C-3�
(forward) and 5�-TAT CTA GGG TGA CAC CAG TGA
CTG-3� (reverse). The primers for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were 5�-ACC ACA
GTC CAT GCC ATC AC-3� (forward) and 5�-TCC ACC
ACC TTG CTG CTG TA-3� (reverse). Polymerase chain
reactions were performed with Pfu polymerase (Qiagen)
initiated by 1 cycle at 95°C for 15 minutes followed by 30
cycles at 94°C for 45 seconds, 55°C for 45 seconds,
72°C for 1 minute, and then 1 cycle at 72°C for 10 minutes
for final extension. PCR products were loaded onto aga-
rose gel and stained with ethidium bromide. The bands
were analyzed using AlphaImager IS-3400 software (Al-
pha Innotech, San Leandro, CA). Briefly, integrated den-
sity value (IDV) was measured as the sum of all of the
pixel values after background correction in each band.
The values (AVG) of each band were calculated as IDV/
area, where area is the size of the region that was mea-
sured. The results are shown the values of AVGMMP1/
AVGGAPDH at each time point.

Gelatin Zymography

The ability of NK cells to produce MMP-2 and MMP-9 was
determined by gelatin zymography as described previ-
ously.18 In brief, cells were incubated in serum-free me-
dium containing 20 ng/ml CXCL12 or 500 U/ml IL-2. After
a 24-hour incubation at 37°C, the supernatants were
collected, concentrated, and resolved under nonreduc-
ing conditions on 10% polyacrylamide gels containing 1
mg/ml gelatin (Sigma Chemical Co.). Gels were rinsed
once in 2.5% Triton X-100 for 30 minutes at room tem-
perature and then incubated in developing solution (50
mmol/L Tris-HCl, 5 mmol/L CaCl2, and 1 �mol/L ZnCl2,
pH 7.6) for 8 to 16 hours at 37°C. Gels were stained with
Coomassie blue, and areas of gelatinolytic activity were
detected as transparent bands. As a standard control,

the conditioned medium prepared from HT1080 cells
stimulated with ConA was used to show the pro-, inter-
mediate, and active forms of MMP-2.

Subcellular Fractionation

Cellular fractionation was adapted from previously de-
scribed methods for isolating cytosolic and membrane
fraction.19 NK cells (1 � 107) were stimulated with 20
ng/ml CXCL12 for 3 minutes. Cells were resuspended in
1 ml of hypotonic buffer (10 mmol/L Tris, pH 8.0, 1 mmol/L
MgCl2, 1 mmol/L NaOVO4, 1 mmol/L PMSF, 1 �g/ml
aprotinin, and 1 �g/ml leupeptin) and sonicated for 1
minute. Thirty microliters of 5 mol/L NaCl was added, and
the lysate was spun down at 200 � g for 10 minutes. The
pellet containing membrane proteins was resuspended
in 1 ml of 2-(N-morpholino)ethanesulfonic acid-4-mor-
pholineethanesulfonic acid (MES)-buffered saline (25
mmol/L MES, 150 mmol/L NaCl, pH 6.5, 2 mmol/L ethyl-
enediamine tetraacetic acid, 0.5% Triton X-100, 1 mmol/L
NaOVO4, 1 mmol/L PMSF, 1 �g/ml aprotinin, and 1 �g/ml
leupeptin) and sonicated for 1 minute. Protein concentra-
tions were determined, and then the same amounts of
proteins were separated on SDS-PAGE and blotted with
anti-MMP-1 antibody as described above.

Laser Scanning Confocal Microscopy

Peripheral blood NK cells were stimulated with 20 ng/ml
CXCL12 for 24 hours. Cells were washed twice and in-
cubated with anti-MMP-1 antibody and anti-�2 antibody
(P1H5) for 30 minutes on ice, washed twice in ice-cold
PBS containing 0.2% BSA (PBS/BSA), and then incu-
bated with the Alexa Fluor 488-goat anti-mouse IgG
(H�L) secondary antibody and the Alexa Fluor 546-goat
anti-rabbit IgG (H�L) secondary antibody for 30 minutes
on ice. Cells were gently resuspended and placed on
glass slides and fixed with 2% paraformaldehyde in PBS.
The slides were mounted with coverslips using glycerol/
PBS and examined using an Olympus LSM-GB200
(Olympus) with an oil immersion lens. Appropriate exci-
tation and barrier filters were used to observe fluores-
cence. For determining the distribution of antigens, ap-
proximately 200 cells were evaluated per slide. DIC was
shown to indicate the presence of cells. Photographs of
cells shown in figures are representative of the majority of
cells displaying cell surface staining patterns observed in
these experiments.

Pro-MMP-1 Binding Assay

Peripheral blood NK cells were incubated with 1 ng/ml
recombinant pro-MMP-1 and 20 ng/ml CXCL12 in the
presence or absence of PTX (100 ng/ml) for 10 minutes in
RPMI serum-free medium. Cells were washed twice and
incubated with anti-MMP-1 antibody for 30 minutes on
ice, washed twice in ice-cold PBS containing 0.2% BSA
(PBS/BSA), and then incubated with the Alexa Fluor 546-
goat anti-rabbit IgG (H�L) secondary antibody for 30
minutes on ice. Cells were gently resuspended and
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placed on glass slides and fixed with 2% paraformalde-
hyde in PBS. The slides were mounted with coverslips
using glycerol/PBS and examined using an Olympus
LSM-GB200 (Olympus) with an oil immersion lens.

Statistical Analysis

Values shown are mean � SD. All data were analyzed by
analysis of variance followed by a paired Tukey-Kramer
multiple comparison method. Statistically significant dif-
ferences are shown with asterisks.

Results

CXCL12 Enhanced CD16�CD56� NK-Cell
Invasion into Type I Collagen in an MMP-
Dependent Manner

Although CD16�CD56� NK cells have been demon-
strated to play a key role in tumor elimination by travers-
ing from blood vessels to tumor mass,1 the molecular
mechanisms for invading into tissues are not clear. The
purified NK cells (Figure 1I) demonstrated that this pop-
ulation consisted of more than 85% of CD16�CD56�

cells. The double positive population was further purified
and stained with anti-�2 (Figure 1I, A), anti-�1 (Figure 1I,
B), and anti-CXCR4 (Figure 1I, C) antibodies with appro-
priate secondary antibodies (Figure 1). The purified
CD16�CD56� NK cells uniformly expressed type I colla-
gen receptor �2�1 integrin, and the majority of them
express CXCR4 chemokine receptor, consistent with the
predominance of this population in CXCL12 (SDF-1�/
PBSF)-attracted populations9 (Figure 1). Stimulation of
purified CD16�CD56� NK cells with CXCL12 significantly
enhanced migration to type I collagen or fibronectin
(not shown), suggesting that CXCR4 expressed on
CD16�CD56�NK cells can functions to induce signals.
When CD16�CD56� NK cells were cultured on type I
collagen and stimulated with CXCL12 in the bottom
chamber, a significant increase in the NK-cell invasion
was observed (Figure 2A). Because type I collagen is a
substrate for MMPs, we used GM6001, a broad synthetic
MMP inhibitor, to inhibit the increased invasion. GM6001
significantly inhibited CXCL12-stimulated enhanced inva-
sion (Figure 2A). Furthermore, recombinant tissue inhib-
itor of metalloproteinases, TIMP-2, a well-characterized,
naturally occurring MMP inhibitor, also significantly inhib-
ited CXCL12-stimulated invasion into type I collagen (Fig-
ure 2A). These results indicate that MMPs play a key
role in CXCL12-stimulated NK-cell invasion into type I
collagen.

To show that CXCL12 stimulation of NK cells enhanced
type I collagen degradation, NK cells were incubated on
intramolecular-quenched fluorescent protein substrate,
DQ-type I collagen (Figure 2B). Fresh NK cells were
incubated in the presence or absence of CXCL12 and
plated on the DQ-collagen I-coated plates as described
in Materials and Methods. Degradation of DQ-collagen I
was visualized in optical section as green fluorescent

signal. Whereas unstimulated NK cells gave minimal vis-
ible signals (Figure 2B, a), CXCL12-stimulated cells sig-
nificantly enhanced degradation of type I collagen as
visualized by the increased green fluorescence signals
(Figure 2B, d). This enhanced degradation was signifi-
cantly inhibited by GM6001 or TIMP-2, although there
was residual degradation of type I collagen (Figure 2B, g
and j). The degradation was semiquantitatively deter-
mined in more than 100 cells by calculating green fluo-
rescence-positive cells in randomly chosen fields. Al-
though unstimulated NK cells that degrade type I
collagen represented less than 0.1% (Figure 2B, a),
CXCL12 stimulated type I collagen degradation by up to
80% (Figure 2B, d). Conversely, treatment with GM6001
(Figure 2B, g) or TIMP-2 (Figure 2B, j) reduced CXCL12-
stimulated degradation back to 0.8 and 10%, respec-
tively. The incomplete inhibition of degradation of type I
collagen can account for the residual invasion of
CXCL12-stimulated NK cells in the presence of these
inhibitors (Figure 2A). More importantly, the type I colla-
gen degradation by CXCL12-stimulated NK cells was
localized to the cell surface (Figure 2B, n), and the
pericellular degradation was significantly inhibited by
GM6001 (Figure 2B, o) or TIMP-2 (Figure 2B, p), suggest-
ing that CXCL12 enhances NK-cell surface proteolysis of
type I collagen in an MMP-dependent manner, thereby
promoting NK-cell invasion into the matrix.

Characterization of MMPs and TIMPs Produced
from CXCL12-Stimulated NK Cells

Because the type I collagen used in this study was not
digested with pepsin, the triple helical structure of type I
collagen would be native. Thus, we hypothesize that
CXCL12-stimulated NK-cell invasion into type I collagen
could be mediated by enhanced production or activity of
collagenases. We characterized MMP-1, -2, -8, -13, and
-14 expression in CXCL12-stimulated NK cells. When NK
cells were cultured in the presence of CXCL12, the pro-
duction of MMP-1 in the serum-free conditioned medium
was significantly enhanced compared with the unstimu-
lated NK cells (Figure 3A). These results were confirmed
by RT-PCR studies demonstrating that expression of
MMP-1 mRNA was enhanced 2 hours after CXCL12 treat-
ment and gradually decreased over the time course (Fig-
ure 3A). In contrast, the production of MMP-1 from IL-2-
stimulated NK cells was enhanced but was not as
significant as that from CXCL12-stimulated NK cells (Fig-
ure 3A), which could account for the inability of IL-2 to
enhance NK invasion into collagen I (not shown). When
NK cells were cultured with CXCL12 in the presence or
absence of type I collagen matrix, the expression of
MMP-1 was not affected, as evaluated by RT-PCR and
Western blotting analysis (not shown), suggesting that
the induction of MMP-1 from NK cells was enhanced by
CXCL12 but not by the matrix. The same samples pre-
pared in Figure 3A were separated on gelatin zymogra-
phy to visualize MMP-2 and MMP-9. Unstimulated NK
cells spontaneously produced the latent form of MMP-9,
and the amount was not altered by stimulation with
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Figure 2. CXCL12 enhances NK-cell invasion and degradation of type I
collagen. A: NK cells were assayed for invasive activity in transwell chambers
precoated with type I collagen gel (200 �g/ml). CXCL12 (200 ng/ml) was
added to the bottom chambers. For inhibiting NK-cell invasion, MMP inhib-
itors GM6001 (20 �mol/L) or TIMP-2 (200 ng/ml) were added to both the
cell suspension and the collagen gel during invasion assays for 20 hours.
Results are shown as the mean number of invasive cells in 10 randomly
selected fields in a single representative experiment of four performed. **P �
0.001 compared with unstimulated NK cells. B: Glass slides were coated with
25 �g/ml of quenched fluorescent substrate DQ-collagen I. Fresh NK cells
were incubated in the presence or absence of 20 ng/ml CXCL12 for 20 hours.
Cells were cultured on DQ-collagen I-coated plates for an additional 4 hours.
Unstimulated NK cells (a, b, c, and m), CXCL12-stimulated NK cells (d, e, f,
and n), and CXCL12-stimulated NK cells with MMP inhibitors GM6001 (20
�mol/L) (g, h, i, and o) or TIMP-2 (200 ng/ml) (j, k, l, and p) are shown.
Degradation of type I collagen (green fluorescence) was detected by con-
focal microscopy (excitation, 488 nm; emission, 530 nm). Pictures were
taken at �40 magnitude (a–l). DIC images are shown. Bar represents 500
�m. The images in the right column (m–p) are shown of the representative
degradation of type I collagen by one NK cell taken at �100 magnitude.
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CXCL12 or IL-2, thus serving as a loading control for
Figure 3A (Figure 3B). These stimulations failed to induce
the production of MMP-2 (Figure 3B). MMP-14 is a mem-
brane-associated collagenase and has been demon-
strated to promote cell invasion into type I collagen.20

The cell lysates prepared from CXCL12 or IL-2-stimulated
NK cells were tested for the production of MMP-14. Nei-
ther IL-2 nor CXCL12 stimulated MMP-14 expression
(Figure 3C). Neither MMP-8 nor MMP-13 expression was
detected in CXCL12-stimulated NK cells (not shown).

Because IL-2-activated mouse NK cells produce
TIMPs,14,21 we also tested whether CXCL12-stimulated
NK cells produce TIMP-1 and -2. Using Western blotting
analysis, we did not detect these inhibitors in the condi-
tioned medium of CXCL12-activated NK cells (not
shown). Taken together, these results suggest that
CXCL12 specifically stimulates the production of MMP-1
from NK cells without altering the production of other
collagenases and TIMPs.

To evaluate the role of MMP-1 activity in CXCL12-
stimulated NK-cell invasion into type I collagen, we tested
two neutralizing antibodies against MMP-1 for their ability
to inhibit invasion into type I collagen. In both experi-

ments, treatment with the inhibitory antibodies signifi-
cantly (more than 80%) inhibited CXCL12-stimulated NK-
cell invasion at a concentration of 20 �g/ml, whereas the
isotype-matched control antibody (MOPC) did not affect
the cell invasion at this concentration. (Figure 4, A and B).
The concentrations of the antibodies that inhibited the
invasion were similar to those that inhibited epithelial cell
migration.15 These results indicate that the catalytic ac-
tivity of MMP-1, as a major matrix-degrading enzyme, is
important in promoting invasion into type I collagen. The
incomplete inhibition observed by these antibodies
would be because of the insufficient accessibility of the
antibodies on NK-cell surface. It is also possible that
other MMPs are involved in the process.

Cell Surface Association of MMP-1 in CXCL-12-
Stimulated NK Cells

To test whether Gi-coupled signaling pathways were in-
volved in the CXCL12-stimulated NK-cell invasion into
type I collagen, NK cells were incubated with CXCL12 in
the presence or absence of PTX. PTX significantly inhib-

Figure 3. Expression of MMPs from CXCL12-stimulated NK cells. NK cells were incubated in serum-free RPMI 1640 containing 500 U/ml IL-2 or 20 ng/ml CXCL12
for 24 hours, and the conditioned medium and total cell lysates were prepared as described in Materials and Methods. A: The concentrated conditioned medium
was separated on SDS-PAGE and blotted with anti-MMP-1 antibody and visualized with Super Signal West Pico chemiluminescent substrate. Molecular markers
(kd) are shown in the left column. Total RNA was isolated from NK cells cultured in the presence of CXCL12 for 0, 2, 4, or 6 hours and subjected to RT-PCR
experiments by using specific primers for MMP-1 (top) or GAPDH (bottom). The RT-PCR results were subjected to densitometry analysis as described in Materials
and Methods. The result is shown as the ratio of MMP-1 to GAPDH at each time point. B: The concentrated conditioned medium was analyzed by
gelatin-zymography as described in Materials and Methods. As a standard, conditioned medium prepared from HT1080 cells stimulated with ConA was used to
localize pro- (top), intermediate (middle), and active (bottom) forms of MMP-2 are shown as lines. Molecular markers (kd) are shown in the left column. C:
Total cell lysates were separated on SDS-PAGE, blotted with anti-MMP-14 antibody, and visualized with Super Signal West Pico chemiluminescent substrate. As
a standard, HT1080 cells lysates stimulated with ConA were used. Note that the MT1-MMP proteins were detected as three species. The 56- and 54-kd bands
represent zymogen and active form, respectively.47 The 45-kd band is a degraded MT1-MMP.47 Molecular markers (kd) are shown in the left column.
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ited CXCL12-stimulated NK-cell invasion (Figure 5A), in-
dicating the involvement of Gi-coupled pathway in the
process of invasion. Although PTX did not affect CXCL12-
stimulated MMP-1 production in the conditioned medium
(Figure 5B, top panel), PTX significantly reduced the
amount of MMP-1 associated with plasma membrane
fractions of CXCL12-stimulated NK cells (Figure 5B, bot-
tom panel). GM6001 did not affect the membrane asso-
ciation of MMP-1 (Figure 5B, bottom panel). These results
indicate that membrane association of MMP-1 is regu-
lated by Gi-coupled pathway but not by the enzymatic
activity of MMP-1 in CXCL12-stimulated NK cells.

To further characterize the Gi-coupled pathway in MMP-1
associated with NK-cell surface, NK cells were incubated
with CXCL12 in the presence of recombinant pro-MMP-1 for
a short period (10 minutes) and stained with anti-MMP-1
antibody with a fluorescence-conjugated secondary anti-
body (Figure 5C). In the following studies, we observed
more than 200 cells in each experiment and showed one
NK-cell representing the localization of MMP-1 on cell sur-
face. Whereas exogenous pro-MMP-1 bound minimally to
CXCL12-stimulated NK cells immediately after the incuba-
tion (Figure 5C, a and c), it efficiently bound to CXCL12-
stimulated NK cells at the 10-minute time point (Figure 5C,
d and f). The binding was significantly decreased when
CXCL12-stimulated NK cells were incubated in the pres-
ence of PTX (Figure 5C, g and i). Endogenous production of
MMP-1 from CXCL12-stimulated NK cells was not detected
at the 10-minute incubation period (not shown), indicating
that the MMP-1-associated NK-cell surface was derived
from the exogenous pro-MMP-1. Taken together, these re-
sults suggest that the MMP-1 association with CXCL12-
stimulated NK cells requires the activation of the Gi-coupled
pathway.

�2�1-Integrin Plays a Major Role for Promoting
Invasion and Association with MMP-1

There is substantial evidence demonstrating that �2�1 inte-
grin promotes cell adhesion to type I collagen.22 CXCL12-
stimulated NK-cell invasion into type I collagen gel was
significantly inhibited by a function-blocking anti-�2 integrin
antibody but not by an isotype-matched control antibody
(MOPC) (Figure 6). Thus, these results suggest that both the
catalytic activity of MMP-1 and the function of �2�1 integrin
are responsible for promoting CXCL12-stimulated NK-cell
invasion into type I collagen, and the two proteins may form
a complex on CXCL-12-stimulated NK cells.

To localize MMP-1 and �2 integrin subunit on NK-cell
surface, NK cells cultured in the presence or absence of
CXCL12 were stained with anti-MMP-1 antibody (red)
and anti-�2 integrin antibody (green). Although unstimu-
lated NK cells did not express any detectable MMP-1 on
cell surface (Figure 7A, b), stimulation with CXCL12 en-
hanced MMP-1 expression on NK-cell surface (Figure
7A, f). More importantly, the majority of the MMP-1 colo-
calized with �2 integrin subunit (Figure 7A, g). When NK
cells were stimulated by CXCL12 in the presence of PTX,
there was significantly less MMP-1 on the cell surface
(Figure 7A, j). The results were confirmed by co-immu-
noprecipitation studies (Figure 7B). Although MMP-1 was
not detected in the immunoprecipitates with anti-�2 inte-
grin antibody in unstimulated NK cells, CXCL12 stimu-
lated the production and association of MMP-1 with �2

integrin subunit (Figure 7B). Treatment of CXCL12-stim-
ulated NK cells with PTX abolished the association of
MMP-1 with �2�1 integrin (Figure 7B). These results sug-
gest that �2�1 integrin expressed on CXCL12-stimulated

Figure 4. MMP-1 plays a key role in CXCL12-stimulated NK-cell invasion into type I collagen. NK cells were assayed for invasive activity in transwell chambers
precoated with type I collagen gel (200 �g/ml). CXCL12 (200 ng/ml) was added to the bottom chambers. Anti-MMP-1 antibody (MAB13402) (A) or anti-MMP-1
antibody (MAB901) (B) was added to both cell suspension and the collagen gel. The concentrations of the inhibitors are shown in the figure. Isotype-matched
control antibody (MOPC) was used at a concentration of 20 �g/ml. Results are shown as the mean number of invasive cells in 10 randomly selected fields in a
single representative experiment of four performed. **P � 0.001, *P � 0.05 (compared with unstimulated NK cells).
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NK cells associates with MMP-1, and the association
requires the activation of Gi-coupled pathway.

p38 and MEK1/2 Are Involved in CXCL12-
Stimulated MMP-1 Production and Invasion into
Type I Collagen on NK Cells

Previous studies demonstrated that CXCL12/CXCR4 in-
teraction stimulates both Gi-coupled pathway-dependent
and -independent signaling in T cells.23 We demon-
strated that MMP-1 production from CXCL12-stimulated
NK cells is independent of the Gi-coupled pathway (Fig-
ure 5B). Because mitogen-activated protein (MAP) ki-
nases such as p38, MEK1/2, and JNK are involved in
MMP production in various cell types,24,25 we tested
specific inhibitors of these MAP kinases for the ability to
inhibit MMP-1 production from CXCL12-stimulated NK
cells. The production of MMP-1 was significantly inhibited
by SB203580 (p38 inhibitor) and U0126 (MEK1/2 inhibi-

tor) but not by SP600125 (JNK inhibitor) (Figure 8A),
indicating that p38 and MEK1/2 play a key role in Gi-
coupled pathway-independent MMP-1 production from
CXCL12-stimulated NK cells. To test whether inhibitors
for p38 and MEK1/2 inhibit CXCL12-stimulated NK-cell
invasion into type I collagen, invasion assays were per-
formed in the presence of SB203580, U0126, or
SP600125 (Figure 8A). Under these experimental condi-
tions, SB203580 and U0126 but not SP600125 signifi-
cantly inhibited the enhanced NK-cell invasion. In
contrast, neither SB203580 nor U0126 inhibited CXCL12-
stimulated migration to type I collagen (Figure 8B) as
previously reported in T cells.26,27 These results suggest
that production of MMP-1 is responsible for promoting
CXCL12-stimulated NK-cell invasion, which is indepen-
dent of the ability of the stimulated cells to migrate.

To test whether p38 and MEK1/2 are involved in the
association of MMP-1 with CXCL12-stimulated NK cells,
we conducted confocal immunostaining and co-immuno-

Figure 5. PTX inhibits CXCL12-stimulated NK-cell invasion. A: NK cells were pretreated with PTX (100 ng/ml) at 37°C for 30 minutes and assayed for the invasive
ability into type I collagen in the continuous presence of PTX (100 ng/ml) in both the cell suspension and the collagen gel. CXCL12 (200 ng/ml) was added to
the bottom chambers and gel during invasion assays for 20 hours. Results are shown as the mean number of invasive cells in 10 randomly selected fields in a single
representative experiment of four performed. **P � 0.001 compared with unstimulated NK cells. B: NK cells were pretreated with PTX (100 ng/ml) for 30 minutes
and incubated in serum-free RPMI 1640 containing 20 ng/ml CXCL12 for 24 hours. Medium supernatants were concentrated and blotted with anti-MMP-1 antibody
(top panel). Membrane fraction was purified from CXCL12-stimulated NK cells cultured in the presence or absence of PTX (100 ng/ml) or GM6001 (20 �mol/L)
for 24 hours and separated on SDS-PAGE. Membranes were blocked and incubated with anti-MMP-1 antibody followed by Super Signal West Pico chemilumi-
nescent substrate. Molecular weight markers (kd) are shown in the left column (bottom panel). C: Fresh NK cells were incubated for 10 minutes with CXCL12
(20 ng/ml) and recombinant pro-MMP-1 (1 ng/ml) in the absence (d–f) or presence (g–i) of PTX (100 ng/ml). Cells were incubated with anti-MMP-1 antibody
and then incubated with the Alexa Fluor 546-goat anti-rabbit IgG (H�L) secondary antibody for 30 minutes on ice (a, d, and g). A representative cell from the
200 examined in each experimental condition is shown. The top panel (a–c) shows an NK cell immediately after incubation with CXCL12 and exogenous
pro-MMP-1. DIC (b, e, and h); merged images (c, f, and i) of the same cells are shown.
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precipitation assays. When NK cells were pretreated with
SB203580 or U0126 before stimulation with CXCL12,
membrane-associated MMP-1 was almost totally abol-
ished (Figure 8C, b and f). Further studies with co-immu-
noprecipitation indicate that both SB203580 and U0126
abrogated association of MMP-1 with �2�1 integrin in
CXCL12-stimulated NK cells without affecting the expres-
sion level of �2 integrin (Figure 8D). These results sug-
gest that the CXCL12-stimulated NK-cell invasion and
migration are regulated by the distinct mechanisms in-
volving MAP kinases including p38 and ERK1/2 and con-
firmed the critical role for membrane-associated MMP-1
in promoting CXCL12-stimulated NK-cell invasion.

Discussion

The migration of lymphocytes through the tissues in re-
sponse to chemokines is a multistep process that re-
quires cell adhesion coupled with mechanisms to over-
come the physical tissue barrier. MMPs have been
demonstrated to play a key role in the degradation of
ECM and hence are important in cellular invasion and
migration into tissues.28 In this study, we demonstrate
that CXCL12-stimulated CD16�CD56�NK cells efficiently
invade into type I collagen gel in an MMP-1-dependent
manner. Confocal immunofluorescence and co-immuno-
precipitation studies indicate that MMP-1 is produced
and associates with �2�1 integrin in CXCL12-stimulated
NK cells. These results suggest that integrins play a key
role in regulating lymphocyte migration into tissues not
only by recognizing ECM proteins but also by immobiliz-
ing matrix-degrading enzymes on cell surface to facilitate
pericellular degradation of ECM. Thus, CXCL12 would be
important for promoting invasion and accumulation of NK
cells through the production of MMP-1 and activation of
�2�1 integrin in physiological and disease status.

The cell surface expression and secretion of MMPs are
important for invasion in lymphocytes. We demonstrate
that CXCL12 significantly enhanced type I collagen deg-
radation on the NK-cell surface. The degradation was
dependent on the catalytic activity of MMPs expressed
on cell surface. Similarly, CXCL12 stimulated NK-cell in-
vasion in an MMP-dependent manner. These results sug-
gest that the pericellular degradation of type I collagen
on the NK-cell surface by MMPs is a critical step for
promoting invasion. However, the enhanced invasion of
NK cells by CXCL12 was not completely inhibited by
GM6001 or TIMP2. This can be accounted for by the fact
that these inhibitors failed to completely inhibit the deg-
radation of type I collagen. It is also possible that MMPs
and other proteases such as serine proteases coopera-
tively enhance CXCL12-stimulated NK-cell invasion. Pre-
vious studies have shown that NK cells produce both
types of enzymes, and the addition of inhibitors against
both types exhibited a more potent inhibitory effect on
NK-cell invasion than either inhibitor alone.29 Although
the exact roles for these matrix-degrading enzymes in
NK-cell invasion into tissues is incompletely understood,
chemokines such as CXCL12 produced in inflammation
or disease status may facilitate lymphocyte migration and
accumulation by inducing the expression of matrix-de-
grading enzymes on the cell surface.

For lymphocytes to extravasate from the blood stream
to tissues, cells must degrade ECM proteins in the base-
ment membrane and interstitial stroma. MMP-2 and
MMP-9 have been demonstrated to promote cell invasion
into basement membrane,21 because of their ability to
degrade type IV collagen. However, cellular extravasa-
tion from the bloodstream also requires lymphocytes to
traverse the interstitial stroma, which is made up of col-
lagens I and III. Of significance is the fact that this deg-
radation is accomplished most efficiently by the intersti-
tial collagenases such as MMP-1, MMP-8, MMP-13, and
MMP-14.30 Previous studies showed that CXCL12 stimu-
lates production of MMP-9 from monocytes and
megakaryocytes.31,32 Our results, however, indicate that
CXCL12/CXCR4 ligation specifically induces MMP-1 from
NK cells, suggesting that CXCL12 plays a role in regu-
lating immune cell functions by inducing MMPs in a cell
type-specific manner. Ishida et al33 reported that IL-18
stimulates the production of MMP-14 from CD16�CD56�

NK cells and promotes invasion into Matrigel, further
supporting a pivotal role for collagenases in promoting
lymphocyte invasion into tissues. Given the potent col-
lagenolytic activity of MMP-1 and its association with
NK-cell surface, it is possible that MMP-1 promotes NK-
cell invasion by degrading matrix proteins on cell surface
by similar mechanisms as previously reported in tumor
cells.34 Recent studies suggest that MMPs degrade not
only ECM proteins but also non-ECM substrates such as
chemokines to alter their biological functions.35 For ex-
ample, MMP-1 has been shown to degrade chemokines
including MCP-1, -2, and -3 and to process them to act as
antagonists to their cognate receptors.36 Although the
exact details of in vivo functions of MMP-1 produced from
NK cells still need to be studied, these results suggest
that MMP-1 produced from CD16�CD56� NK cells would

Figure 6. �2�1 integrin mediates CXCL12-stimulated NK-cell invasion. NK
cells were assayed for invasive activity in transwell chambers precoated with
type I collagen gel (200 �g/ml). CXCL12 (200 ng/ml) was added to the
bottom chambers. For inhibiting NK-cell invasion, anti-�2 integrin antibody
(P1E6) (20 �g/ml) was added to both the cell suspension and the collagen
gel during invasion assays for 20 hours. MOPC was used as an isotype-
matched control antibody at a concentration of 20 �g/ml. Results are shown
as the mean number of invasive cells in 10 randomly selected fields in a
single representative experiment of four performed. **P � 0.001 compared
with unstimulated NK cells.
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play a role in traversing of tissues by promoting degra-
dation of matrix collagens as well as processing of
chemokines.

We demonstrate that MMP-1 is associated with
CXCL12-stimulated NK cells through its interaction with
�2�1 integrin. These results are consistent with the pre-
vious studies showing the association of MMP-1 with
�2�1 integrin in keratinocytes.37 Despite the fact that
blocking antibodies against MMP-1 can significantly in-
hibit NK-cell invasion into type I collagen, we could not
detect the active form of this enzyme from either serum-
free conditioned medium or cell surface. The critical step
in the activation of pro-MMPs is disruption of the interac-
tion of the conserved cysteine residue in the pro-domain
with the zinc ion of the catalytic center, and this process
does not necessarily require proteolysis.38 Our results
indicate that a Gi-coupled pathway activated by CXCL12/
CXCR4 interaction enhances the association of MMP-1
with �2�1 integrin in NK cells. Thus, these results suggest
that MMP-1 that binds to activated �2�1 integrin would be

in the catalytically active state to degrade substrates on
NK-cell surface.37 The binding of MMPs to integrins
would be a critical step for promoting lymphocyte migra-
tion and would likely be dependent on cell type, because
pro-MMP-9 and pro-MMP-9 directly associates with �2
integrins on lymphocytes, and the disruption of this as-
sociation decreased migratory abilities of the cells.39 To
further characterize the mechanisms of MMP-1-mediated
NK-cell invasion, we are now identifying the domains of
MMP-1 that directly bind to �2�1 integrin on NK cells
including the hinge and hemopexin domains as reported
previously.37

Our results indicate that Gi-coupled pathway-indepen-
dent signaling is important for promoting CXCL12-stimu-
lated NK-cell invasion, demonstrated by the results in
which the production of MMP-1 is not affected by PTX but
significantly decreased in the presence of inhibitors for
p38 and MEK1/2. Conversely, NK-cell migration stimu-
lated with CXCL12 is mediated by Gi-coupled pathway
but not by these MAP kinases, as previously reported in

Figure 7. PTX inhibits �2�1 integrin associate with MMP-1 on CXCL12-stimu-
lated NK cells. A: NK cells were incubated with CXCL12 (20 ng/ml) in the
absence (e–h) or presence (i–l) of PTX (100 ng/ml) for 24 hours. Unstimulated
NK cells are shown in a–d. Cells were incubated with anti-MMP-1 (b, f, and j)
and anti-�2 antibodies (a, e, and i) and then incubated with the Alexa Fluor
488-goat anti-mouse IgG (H�L) secondary antibody and the Alexa Fluor 546-
goat anti-rabbit IgG (H�L) secondary antibodies. Confocal images of the local-
ization of �2 integrin (green) and MMP-1 (red) are shown. Merged images
(yellow) are shown (c, g, and k). DIC of the same cells are also shown (d, h, and
i). B: Cell lysates prepared from unstimulated, CXCL12-stimulated, or CXCL12-
stimulated in the presence of PTX were immunoprecipitated with anti-�2�1

integrin antibody (MAB1998Z). Immunoprecipitates were separated on SDS-
PAGE and blotted with anti-MMP-1 antibody. Membranes were subsequently
stripped and reprobed with anti-�2 integrin antibody (AB1936). Proteins were
detected with Super Signal West Pico chemiluminescent substrate. Molecular
weight markers (kd) are shown in the left column.
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T cells,26,27 indicating that CXCL12/CXCR4 stimulates
distinct mechanisms for promoting invasion and migra-
tion in NK cells. Earlier studies showed that CXCL12
stimulates Gi-coupled pathway-independent signaling in-
volving activation of p38 and JANUS-kinase family mem-
bers such as JAK2 and JAK3 in T cells.23,40 Although the
biological functions of the pathway are not well under-
stood, it is possible that the activation of Gi-coupled
pathway-independent signaling would play a key role in
mandating cell fate in tissues. The activation of p38
through the ligation of CXCL12/CXCR4 induces cell
death, whereas Gi-coupled pathway induces cell surviv-
al.23 In this regard, the production of MMP-1 from
CXCL12-stimulated NK cells provide an additional func-
tion of the Gi-coupled pathway-independent signaling
that directly regulates NK-cell invasion into tissues on
stimulation with CXCL12, mechanisms of which may reg-

ulate T cell invasion as described previously.41 The
CXCL12/CXCR4 pathway was first identified to be func-
tionally important in the homing or immobilization of he-
matopoietic stem cells.42 Previous studies showed that
CXCL12 stimulates homing of hematopietic cells to the
target organs (ie, liver), and this process was enhanced
by the production of MMPs in liver.43 Although the details
of the mechanisms of homing of hematopietic cells
should be studied in detail, our results suggest that
CXCL12 could induce homing of hematopoietic cells to
target organs by inducing MMP production and activat-
ing integrins to immobilize MMPs on cell surface.
CXCL12 stimulates MMP productions from peripheral he-
matopoietic cells and promotes cell invasion.44 Thus,
further characterization of the downstream signaling
pathways on CXCL12/CXCR4 ligation in lymphocytes
would provide important information for mechanisms for

Figure 8. MAP kinase inhibitors reduce CXCL12-stimulated production of MMP-1 and NK-cell invasion. A: The concentrated conditioned medium prepared from
unstimulated NK cells (lane 1), CXCL12-stimulated NK cells (lane 2), CXCL12-stimulated NK cells cultured in the presence of dimethylsulfoxide (DMSO; solvent
control) (lane 3), SB203580 (10 �mol/L) (lane 4 in the top panel), U0126 (5 �mol/L) (lane 4 in the middle panel), or SP600125 (100 �mol/L) (lane 4 in the
bottom panel) were separated on SDS-PAGE. The membranes were blotted with anti-MMP-1 antibody and visualized with Super Signal West Pico chemilumi-
nescent substrate. Molecular weight markers (kd) are shown in the left column. NK cells were pretreated with DMSO (D), MAP kinase inhibitors U0126 (5
�mol/L) (U), SB203580 (10 �mol/L) (SB), or SP600125 (100 �mol/L) (SP) at 37°C for 30 minutes and assayed for the invasive ability into type I collagen in the
continuous presence of these inhibitors in both the cell suspension and the collagen gel. CXCL12 (200 ng/ml) was added to the bottom chamber gel during
invasion assays for 20 hours. **P � 0.001 compared with unstimulated NK cells. B: The ability of migration of NK cells by CXCL12 toward type I collagen was
evaluated in the transwell chambers. NK cells were treated with DMSO (D), SB203580 (SB), or U0126 (U) at the same concentrations as described above. PTX
was used at a concentration of 100 ng/ml. Migration assays were performed for 4 hours. Results are shown as the mean number of invasive cells in 10 randomly
selected fields in a single representative experiment of four performed. **P � 0.001 compared with unstimulated NK cells. C: NK cells that were prepared as
described for A were stained with anti-MMP-1 and anti-�2 integrin antibodies followed by secondary antibodies as described for Figure 7A. Confocal
immunofluorescence images of the localization of �2 integrin (green) (a and e), MMP-1 (red) (b and f) and their merged images (yellow) (c and g) are shown.
DIC (d and h) of the same cells are shown. D: Cell lysates were prepared from unstimulated, CXCL12 (20 ng/ml)-stimulated, and CXCL12 (20 ng/ml)-stimulated
cells in the presence of DMSO, SB203580 (10 �mol/L) (SB), or U0126 (5 �mol/L) (U) for 20 hours. Cell lysates were immunoprecipitated with anti-�2�1 integrin
antibody (MAB1998Z). Immunoprecipitates were separated on SDS-PAGE and blotted with anti-MMP-1 antibody. Membranes subsequently stripped and reprobed
with anti-�2 integrin antibody (AB1936). The proteins were detected by Super Signal West Pico chemiluminescent substrate. Molecular weight markers (kd) are
shown in the left column.
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lymphocyte invasion, migration, and survival in the target
organs.

In conclusion, our studies suggest a pivotal role of
MMP-1 in promoting CD16�CD56� NK-cell invasion into
tissues. This subset of NK cells has been characterized
as cytotoxic NK cells,45 and they need to traverse from
blood vessels to the tumor mass. Recent studies demon-
strate that the expression of CXCL12 by melanoma cells
can stimulate CTL migration toward tumors, resulting in
tumor cell apoptosis.46 Thus, further characterization of
lymphocyte-trafficking mechanisms involving the produc-
tion of matrix-degrading enzymes and their mechanisms
of cell surface association can provide targets for tumor
growth inhibition by using immune cells such as
CD16�CD56�NK cells and CTL.
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