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Natural killer (NK) cell recognition and formation of a conju-
gate with target cells, followed by intracellular signal pathway
activation and degradation of cytolytic granules, are essential
for NK cell cytotoxicity. In this study, NK92 cells were used to
investigate synapse formation and subsequent signaling after
binding to the target cell. The binding rate of the NK92-target
cell was associated with NK92 cell cytotoxicity. Confocal results
showed that adhesion molecules, LFA-1 (CD11a) and CD2,
accumulated at the interface of the NK92-K562 contact. Liga-
tion with K562 cells activated the Erk1/2 signal pathway of
NK92 cells. The blocking of the NK-target conjugate by EDTA
or anti-CD11a or/and anti-CD2 antibody decreased the phos-
phorylation of Erk1/2 and NK cell cytotoxicity. Inhibition of
Erk1/2 phosphorylation by the chemical inhibitor U0126 sup-
pressed the cytolytic activity of NK92 cells, but had no effect on
NK-target conjugate formation. Thus, conjugate formation of
the NK92-target cell was prerequisite to NK cell activation, and
subsequent signal transduction was also required for NK cell
cytotoxicity.

Natural killer (NK)? cells are a population of granular lym-
phocytes that play an essential role in cellular immune defense
against a variety of tumor cells, virus-infected cells, or alloge-
neic cells (1-3). NK cells are critical for host immunity for their
ability for a quick cytotoxic response and to produce a wide variety
of cytokines and chemokines to modulate other cellular compo-
nents of the immune system (4, 5). NK cells express two functional
types of receptors: activating and inhibitory receptors (6 —8). The
effector function of NK cells is regulated by a balance between
opposite signals delivered by the MHC class I-specific inhibitory
receptors and the activating receptors responsible for NK cell trig-
gering to permit elimination of pathogens (6).

NK cell recognition and binding to target cells, as well as
formation of conjugates, are essential for NK cell cytotoxicity
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(9). Conjugate formation by the NK cell with a target cell is a
process mediated by integrins and immunoglobulin superfam-
ily molecules including CD2, CD11a (LFA-1), CD11b, CDl1l1c,
and CD28, which also participate in the promotion of NK cell
function (10-12). They participate in adhesion between the NK
cell and the target cell, and blocking antibodies suppress the
adhesion. In addition to possessing an adhesive role, ligation of
CD2 induces kinase function and lipid raft polarization (11),
whereas ligation of CD11a, CD11b, and CD11c induces phos-
phorylation-dependent NK cell activation (13, 14). The inter-
action of specific cell surface receptors with their ligands on a
target cell at their interface forms specific activating NK cell
immunological synapses and leads to the activation of a cascade
of intracellular signals, resulting in Ca®" flux, polarization of
granules, and subsequent release of lytic molecules (13, 15, 16).
The Erk1/2 (p44/42 mitogen-activated protein kinase) pathway
plays an important role in NK cell cytotoxicity (17-21). Inhibi-
tion of Erk1/2 might block NK cell cytolytic activity by compro-
mising the release of perforin (22). In this study, the roles of
adhesion molecules in NK92-target cell conjugate formation of
immunological synapse, and subsequent Erk1/2 activation in
NKO92 cells was investigated.

EXPERIMENTAL PROCEDURES

Cell Culture—The IL-2-dependent NK cell line NK92 was
maintained in a-MEM (Invitrogen) containing 12.5% heat-in-
activated fetal bovine serum (Invitrogen), 12.5% equine serum
(HyClone), 2 mm L-glutamate, 100 units/ml penicillin, 100
pg/ml streptomycin, and supplemented with 100 units/ml
rhIL-2 (Changchun Institute of Biological Products Ministry of
Public Health People’s Republic of China). The target cell lines
of NK92, K562, and HL60, were cultured in RPMI 1640
medium (Invitrogen) supplemented with 10% heat-inactivated
fetal bovine serum, 100 units/ml penicillin, and 100 ug/ml
streptomycin. The cell culture was performed at 37 °C in a 5%
CO,-humidified atmosphere. Cells from a mid-log phase cul-
ture were harvested.

Antibodies—FITC-conjugated CD2, CD28, CD56, and
CD85j, Alexa Fluor 488-conjugated CD11b; PE-conjugated
CD56,CD11a,CD11c, CD54, HLA-ABC, phospho-p44/42, and
PE-Cy5-CD56 were purchased from BD PharMingen; anti-
CDl11a (LFA-1a) mAb (clones TS1/22) and anti-CD2 (clone
TS2/18) were from Pierce; p44/42 MAPK (Erk1/2) antibody,
phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody,
and B-actin antibody were from Cell Signaling Technology;
horseradish peroxidase-conjugated goat anti-rabbit IgG sec-
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FIGURE 1. Detection of NK92 cell binding with the K562 cell by flow cytometry. NK92 cells and CFSE-labeled K562 cells were mixed at an E/T of 1:1,
centrifuged at 1,000 rpm for 1 min, and incubated at 37 °C for 10 min. Then the cells were harvested, fixed, stained with PE-CD56 mAb, and analyzed by flow

cytometry. One representative example is shown.

ondary antibody was from Wuhan Boster Biological Technol-
ogy, LTD.

Flow Cytometry—Cells were washed twice, blocked, and
incubated with saturating concentrations of the appropriate
mAbs for 30 min at 4 °C. Thereafter, cells were washed twice
and analyzed using FACSCalibur (Becton Dickinson).

CFSE Staining—Target cells were washed and suspended in 1
ml of PBS, 1% bovine serum albumin at a final concentration of
5 X 10°/ml, then labeled for 10 min at 37 °C with CFSE (2 um,
Sigma). Quench-staining was performed on ice for 5 min by
adding 5 volumes of ice-cold RPMI 1640/10% fetal bovine
serum. Then the cells were washed three times with ice-cold
PBS, 1% bovine serum albumin and cultured under appropriate
conditions.

Cell Conjugation Assay—NK92 cells at a concentration of
5 X 10° cells per milliliter were mixed with 5 X 10° CFSE-labeled
target cells at an effector to target ratio of 1:1, allowing the
formation of effector-target conjugates. The NK92-K562 cell
mixture was centrifuged at 1,000 rpm for 1 min and incubated
in 37 °C for the indicated time points. Then the cell mixture was
gently resuspended and fixed with 2% paraformaldehyde. The
cells were blocked, stained with PE-CD56 at 4 °C for 30 min,
and analyzed by flow cytometry. The conjugation ratio was cal-
culated as the portion of FITC/PE double-positive events
within the PE-positive events. For antibody-blocking experi-
ments, 5 X 10° NK92 cells were incubated with 10 wg/ml mAbs
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for 30 min or mouse IgG as a negative control in advance, and
then the conjugation ratio was detected by flow cytometry (23).
Intracellular Erkl/2 Detection by Flow Cytometry—NK92
and target cells were cultured with serum-free medium for 4 h
to reduce the background phosphorylation of Erk1/2. NK92
cells at a concentration of 5 X 10° cells/ml were incubated with
equal numbers of CFSE-labeled target cells at an E/T of 1:1 for
indicated times. The cell mixture was gently resuspended and
fixed with 2% paraformaldehyde for 15 min at room tempera-
ture in the dark. After washing twice with PBS, the cells were
stained with PE-Cy5-CD56 at 4 °C for 30 min. Then the cells
were permeabilized and stained with PE-conjugated phospho-
p44/42 MAP kinase for 1 h at room temperature in the dark.
Cells were washed twice and analyzed by flow cytometry.
Confocal Microscopy—NK92 cells at a concentration of 5 X
10° cells/ml were conjugated to K562 cells at a 1:1 ratio for 5 min
at 37 °Cin suspension. The cell mixture was resuspended gently
and adhered to poly-L-lysine-coated (Sigma) glass slides for 15
min at 37 °C. The cells were fixed with 2% paraformaldehyde
and incubated with antibodies against cell surface markers. For
intracellular phospho-Erk1/2 detection, adherent cell mixtures
were permeabilized with 0.1% saponin and 0.1% Triton X-100
and stained with PE-phospho-p44/42 or PE-IgG2a control in
PBS for 1 h after cell surface staining with FITC-CD56. Slides
were washed twice with PBS and visualized using a Zeiss LSM
510 laser-scanning confocal microscope. Protein clustering was
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considered when the fluorescence intensity around the effec-
tor-target interface was at least twice the sum of the fluores-
cence in the unconjugated membranes.

Cytotoxicity Assay—The cytotoxic activity of NK92 cells
against target cells was measured by a standard 4-h >'Cr release
assay, as previously described (24). Briefly, K562 or HL60 were
labeled with 200 wCi of sodium [*'Cr]chromate (PerkinElmer
Life Sciences) per 10° for 1 h at 37 °C. NK92 cells were incu-
bated with K562/HL60 in 96-well round bottom plates for 4 h at
37°C in 5% CO,. The percentage of specific >'Cr release was
calculated by the formula (A — B)/(C — B) X 100%, where A is
>1Cr release in the presence of effector cells, B is the spontane-
ous release in the absence of effector cells, and Cis the total >'Cr
release from K562 incubated with 1% Triton X-100. Spontane-
ous release did not exceed 10% of the maximum release.

Western Blotting—After stimulation, cells were collected,
washed in ice-cold PBS, and lysed in lysis buffer containing 20
mwm Tris-HCI, pH 7.5, 1% Nonidet P-40 (v/v), 10 mm HEPES, pH
7.5, 150 mm NaCl, 10% glycerol, 10 mg/ml each aprotinin and
leupeptin, 1 mm phenylmethylsulfonyl fluoride (Sigma), 1 mm
Na,VO,, 50 mm NaF, and 1 mm EDTA (Sigma). Lysates were
centrifuged at 13,000 rpm for 20 min at 4 °C to remove nuclei
and cell debris. The supernatants were retained. Equivalent
amounts of total protein were resolved on 12% SDS-polyacryl-
amide gels followed by electrophoretic transfer to polyvinyli-
dene difluoride membranes (Millipore). The membranes were
blocked in Tris-buffered saline supplemented with 5% nonfat
milk and 0.1% Tween 20 and incubated with the primary anti-
body at 1:1000 dilution for 1 h at room temperature. The mem-
brane was then incubated with horseradish peroxidase-conju-
gated goat anti-rabbit IgG secondary antibody. Immunoblots
were developed using ECL Western blotting detection reagents
(Pierce).

Statistical Analysis—Statistical analysis was performed using
the Student’s ¢ test. All p values were two-tailed, and p < 0.05
was taken as statistically significant.

RESULTS

The Binding Rate of NK92 Target Cells Is Associated with
Natural Cytotoxicity—NK92 cells were mixed with CFSE-la-
beled K562 cells and incubated at 37 °C for 10 min. Then the
cells were fixed and stained with PE-CD56 and analyzed by flow
cytometry. As shown in Fig. 1, one cell population exhibited
higher forward scatter, and side scatter was observed after 10
min of incubation. Phenotypic analysis showed that the cell
population was almost CD56 and CFSE double-positive, while
the original cell population was CD56 or CFSE single-positive.
This result indicated that NK92 cells could bind with K562 cells
and form conjugates.

NK cell recognition of a target cell is a complex process: bind-
ing with a potential target cell, interaction between ligand-re-
ceptor, activating and inhibitory signal transduction and inte-
gration, and effector cytolysis (6, 25). K562 and HL60 cells are
two tumor cell lines with different sensitivities to NK92 cells
(Fig. 2A), and the results of conjugate formation showed that
NK92-K562 conjugates are significantly greater than those of
NK92 with HL60 cells during the 30-min incubation period
(Fig. 2B). As adhesion molecule CD11a (LFA-1) played an
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FIGURE 2. Binding rate of NK92-target cells was associated with NK92
natural cytotoxicity. A, cytotoxicity of NK92 cells against K562 or HL60 was
detected by a 4-h >'Cr-release assay. B, NK92- and CFSE-labeled K562 or HL60
were mixed and incubated in 37 °C for different times. Then the cells were
harvested, fixed, stained with PE-CD56 mAb, and analyzed by flow cytometry.
Data were collected from at least three independent experiments and ana-
lyzed by Student’s t test; *, p < 0.05; **, p < 0.01. C, NK92, K562, and HL60 cells
were stained with the indicated mAb and analyzed by flow cytometry.

important role in NK cell adhesion, we wondered if the differ-
ent binding rates of NK92 to K562 and HL60 cells were because
of the different expression levels of CD54, the ligand of CD11a,
in these two target celllines. The results showed that NK92 cells
expressed CD11a, and both K562 and HL60 cells expressed
high levels of CD54 (Fig. 2C). It was reported that NK cell adhe-
sion to target cell could be disrupted by MHC I molecule-spe-
cific KIR (23). We found that NK92 cells expressed the inhibi-
tory NK cell receptor CD85j, which recognized the HLA class I
molecules (26-28). The phenotypic analysis of target cells
showed that HLA-A, -B, -C were not detected on K562 cells but
were highly expressed on HL60 cells (Fig. 2C). The inhibitory
signal transmitted by CD85j disrupted the conjugation of NK92
and HL60, which might be the major reason for low NK92 cyto-
toxicity against HL60 cells.
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FIGURE 3. The decrease of binding rate impaired the cytotoxicity of NK92 cells against K562 cells. A, NK92 and CFSE-labeled K562 were mixed and
incubated in 37 °C for different times with or without the presence of 1% EDTA. Then the cells were harvested, fixed, stained with PE-CD56 mAb, and analyzed
by flow cytometry. One representative example is shown from three independent experiments. B, cytotoxicity of NK92 cells against K562 cells with or without
the presence of 1% EDTA was detected by 4-h >'Cr-release assay. Data were collected from three independent experiments and analyzed by Student’s t test,

** p<0.01.

The binding of the NK cell with the target cell was essential to
NK cytolysis. In our study, the conjugation of NK92 with K562
cells was significantly inhibited by EDTA (Fig. 3A4), similar to
the previous report (29, 30). Accordingly, the cytolytic activity
of NK92 cells pretreated with EDTA against K562 cells was
significantly alleviated (Fig. 3B). These results suggest that
NK92 cell binding with the target cell and formation of the cell
conjugate are prerequisite to NK92 cell cytotoxicity.

CD2 and CDIlla Play Important Roles in NK92 Cell
Cytotoxicity—At the early stage of the cytolysis process, cell
surface adhesion molecules, such as integrins and the immuno-
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globulin superfamily molecules, participated in effector-target
recognition, interaction, and stable conjugate formation. The
formation of cell conjugate and immunological synapse is a
dynamic process, and the accumulation of adhesion molecules
plays critical roles in the process (31).

To explore the possible adhesion molecules involved in the
conjugate formation, NK92 cells were screened for the expres-
sion of CD2, CD11a, CD11b, CD11c, and CD28. As shown in
Figs. 2C and 4A4, CD2, CDl11la, CDllc, and CD28 were
expressed, while CD11b was not detected on NK92 cells. Mean-
while, the detection of their reciprocal ligands demonstrated
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FIGURE 5. NK92-K562 interaction caused phosphorylation of Erk1/2in NK92 cells. A, flow cytometric analysis of
Erk1/2 activation after binding with target cells. NK92 cells were cultured with serum-free medium for 4 h to reduce
the background phosphorylation of Erk1/2. Target cells were stained with CFSE and starved from serum for equal
time with NK92. NK92 cells and target cells were mixed at equal numbers for different times. The cell mixture was
fixed, stained with PE-Cy5-CD56 and PE-phospho-p44/42, and analyzed by flow cytometry. NK92 cells that conju-
gated with K562 cells were gated and analyzed. B, Western blotting analysis of Erk1/2 activation after binding with
target cells. NK92 and target cells were starved for 4 h, mixed with an equal number for different time points and
lysed. Equal amounts of total cell lysate were loaded onto SDS-PAGE gels for Western blot analysis. C, confocal
microscopic (400X) analysis of Erk1/2 activation in NK92 cells after stimulation with target cells. D, flow cytometric
analysis of Erk1/2 activation in NK92 cells that pretreated with anti-CD2 or/and anti-CD11a mAbs. NK92 and K562
cells were starved for 4 h, and NK92 cells were preincubated with 10 pwg/ml mouse IgG, anti-CD2, anti-CD11a, or
anti-CD2 + anti-CD11a for 30 min. Then they were mixed at equal numbers for 10 min and stained as described in
A.NK92 cells (CD56+) were gated and analyzed the phosphorylation of Erk1/2.

that little or no CD80 or CD86
(ligands of CD28) but high levels of
CD54 (ligand of CD11a and CD11c)
and CD58 (ligand of CD2) were
expressed on K562 cells (data not
shown) (19, 28, 32). Confocal
microscopy was used to detect the
accumulation of CD2, CD11a, and
CD11c at the interface of the NK92-
K562 interaction. As shown in Fig.
4B, CD2 and CD11a were accumu-
lated at the interface of the NK92-
K562 cell contact, but CD11c was
not. The results suggested CD2 and
CD11a might play critical roles in
NK92-K562 interaction. The block-
ing mAbs were then used to deter-
mine the potential effects of CD2
and CD11a in NK92 cell cytotoxic-
ity. These results showed that effec-
tor-target conjugate formation and
cytotoxicity of NK92 against K562
were modestly inhibited by anti-
CD2 and anti-CD11a mAbs, and the
combination of these two mAbs
exhibited a stronger effect.

Erk1/2 Is Involved in NK92 Cell
Cytotoxicity—After the synapse of
the NK-target cells formed, the sig-
nal pathways of NK cells were acti-
vated (9, 15, 17). It was already
reported that Erk1/2 was one of the
important signal pathways for NK
cell cytotoxicity (17). In our study,
NK92-K562 interactions caused
rapid phosphorylation of Erkl/2,
and the signal activation was peaked
at about 10 min after their binding,
but when HL60 were used as target
cells, the phosphorylation of Erk1/2
in NK92 cells was greatly decreased
(Fig. 5, A and B). To confirm that
Erk1/2 phosphorylation was in the
activated NK92 cells but not in K562
cells, NK92-K562 conjugates were
observed by confocal microscopy.
Images of NK92-K562 conjugates
indicated that the phosphorylation
of Erkl/2 was mainly located in
NK92 cells (Fig. 5C). When NK92

FIGURE 4.CD2 and CD11a played important roles in NK92 cell cytotoxicity. A, expression of some adhesion molecules on NK92 cells. NK92 cells were stained with
indicated mAbs and analyzed by flow cytometry. B, confocal microscopic observation of accumulation of CD2, CD11a, and CD11c at the interface of NK92-K562
interaction (400X). C, blockade of CD2 or/and CD11a affected NK92-K562 conjugate formation. NK92 cells were preincubated with 10 nwg/ml mouse IgG, anti-CD2,
anti-CD11a, or anti-CD2 + anti-CD11a for 30 min and were mixed with equal numbers of CFSE-labeled K562 at 37 °C for 15 min. Then the cells were harvested, fixed,
stained with PE-CD56 mAb, and analyzed by flow cytometry. D, blockade of CD2 or/and CD11a affected NK92 cell cytotoxicity against K562 targets. NK92 cells were
preincubated with 20 ug/mlmouse IgG, anti-CD2, anti-CD11a, or anti-CD2 + anti-CD11a for 30 min, then equal volumes of K562 cells were added for a 4-h >'Cr-release
assay. For Cand D, data of control group were taken as 100%, and the relative ratio of other groups against control were presented. Data were collected from three

independent experiments and analyzed by Student's t test, *, p < 0.05; **, p < 0.01 compared with control.
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FIGURE 6. Erk1/2 inhibitor U0126 directly decreased cytotoxicity of NK92
cells without influencing NK92-K562 binding. NK92 cells and CFSE-label-
ing K562 cells were starved of serum for 4 h and mixed with equal numbers
with or without the presence of 10 um U0126. A, phosphorylation of Erk1/2
in NK92 cells was analyzed by flow cytometry. NK92 cells ligated with K562
cells were gated and analyzed. The number indicates the mean
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cells were pretreated with anti-CD2 and anti-CD11a mAbs, the
phosphorylation levels of Erk1/2 in NK92 cells and NK92-K562
conjugates were greatly decreased (Fig. 5D).

To further analyze the role of Erk1/2 in NK92 cytolysis,
U0126, one of the chemical inhibitors of the Erk1/2 pathway,
was used. As shown in Fig. 6, A and B, U0126 inhibited the
phosphorylation of Erk1/2 in NK92 cells that conjugated with
K562 cells and thus directly decreased the cytotoxicity of NK92
cells (Fig. 6C). However, U0126 pretreatment did not down-
regulate NK92-K562 conjugate formation (Fig. 6D).

DISCUSSION

NK cells are well known for their recognition and cytolysis of
tumor cells without prior sensitization. During the triggering
stage of cytolysis, it is necessary for NK cells to bind with target
cells and form conjugates. In this study, we demonstrated by
using flow cytometry that NK92, one of the important NK cell
lines that is commonly used to study NK cell function and as an
immunotherapeutic agent in clinical therapy (28, 33), was capa-
ble of rapidly binding with target cells. The binding rates of
NK92 cells against different target cells were correlated with
their cytolysis activities. The cytotoxicity of the NK cell could
be affected by the factors influencing cell conjugate formation,
including NK inhibitory receptors (23). Although most of the
inhibitory receptors were deficient on NK92 cells (28), CD85j
was expressed, which can recognize MHC I molecules on target
cells and might inhibit effector-target conjugate formation (27).
In addition, EDTA also greatly decreased the conjugate forma-
tion of NK92 with K562 and inhibited NK92 cell cytotoxicity.
Altogether, NK cell ligation with target cell was the first and
essential step for NK cell cytolysis of the target cell.

The formation of the stable NK-target cell conjugate is a
complicated and dynamic process. In the process of conjugate
formation, integrins and immunoglobulin superfamily mole-
cules were crucial for NK cell adhesion with target cells (13, 20,
34). And different adhesion molecules were employed by differ-
ent effector cells to adhesion with target cells (13, 20, 35). In our
study, CD2 and CD11a, but not CD11c, were accumulated at
the interface of NK92-K562 interaction (Fig. 4). Blocking mAbs
of anti-CD2 and anti-CD11a could decrease the effector-target
conjugate formation and the following NK92 cell cytotoxicity
(Fig. 4).

NK cell receptors recognized their ligands on target cells and
led to a series of intracellular signal activation (30). The differ-
ent NK cell receptors/ligands could activate distinct signal
pathways including Erk1/2 and JNK (9, 17, 20, 25, 36). If the
NK-target cell conjugate was impaired, the signal pathways
would not be activated, and NK cell cytotoxicity would be
inhibited. However, when the signal pathways were inhibited,

fluorescence intensity (MFI) of phospho-Erk1/2 in NK92 cells. B, mixture was
lysed, and equal amounts of total cell lysate were loaded onto SDS-PAGE gels
for Western blot analysis of phosphorylation of Erk1/2. C, cytotoxicity of NK92
cells against K562 with or without the presence of 10 um U0126 was exam-
ined by 4-h >'Cr release assay. D, NK92- and CFSE-labeled K562 cells were
mixed and incubated at 37 °C for different times with or without the presence
of 10 um U0126. Then the cells were fixed and stained with CD56 mAb and
analyzed by flow cytometry. For C and D, data were collected from three
independent experiments and analyzed by Student’s t test; *, p < 0.05.
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NK cell cytotoxicity was suppressed, but no influence was
found on NK-target conjugate formation. In this study, Erk1/2
could be quickly activated when NK92 ligation with K562, but
not HL60 cells (Fig. 5). U0126, the inhibitor of Erk1/2, inhibited
NK92 cytotoxicity, but did not decrease NK92-K562 conjugate
formation (Fig. 6). So, the successful signal transduction
induced by effector-target interaction was also observed to be
critical for NK cell cytotoxicity (16, 17).

Thus, NK cell cytolysis required a series of cell cascade
events: NK cell ligated with the target cell and formed the acti-
vating immunological synapse; the ligand-receptor interaction-
induced intracellular signal transduction; the degradation of
lytic granules and cytolysis target cell. The blockade of any stage
including NK-target ligation or signal pathways would inhibit
NK cell cytotoxicity.
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