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Abstract When they recognize a target cell, natural killer
(NK) cells mount an attack to kill the target by exerting their
cytotoxicity via the exocytosis of cytotoxic granules. Although
the details of this process (which includes the movement of
cytotoxic granules in the immune synapse and their fusion with
the plasma membrane, releasing granzymes and perforin into
the synaptic cleft) are relatively better understood, the post-
exocytosis regulation of the process is still largely unknown.
Here we show that a clathrin-dependent endocytosis stimu-
lated by target cell occurs in NK92 cell line, which is closely
correlated with granzyme B recovery. Inhibition of the endo-
cytosis significantly attenuates the cytotoxicity of NK92 cells.
The NK cell recovery of its released effector molecules, in
turn, suggests that endocytosis may well play a key role in the
post exocytosis regulation of immune cells.
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Introduction

Cytotoxic lymphocytes mainly include cytotoxic T lym-
phocyte (CTL) and natural killer (NK) cells. They are
critical in the defense against viral infections and tumors
[1], exerting their cytotoxicity through the exocytosis of
cytotoxic granules, which serves both as the secretory
granule and as the lysosome called secretory lysosome [2—
4]. When a cytotoxic lymphocyte recognizes a target cell,
cytotoxic granules move to the immune synapse where the
cytotoxic granules fuse with the plasma membrane and
release effector molecules into the synaptic cleft [5-7]. In
NK cells, this process is regulated by the balance between
inhibitory receptors and activating receptors. Activation
receptors recognize and bind to their specific ligands,
triggering a series of responses that result in secretory
lysosome release that kill the intended target cell [8].
Activation takes place in a special contact zone between
NK cells and target cells known as the activating NK cell
immunological synapses (aNKIS). The formation of the
aNKIS can be divided into several discrete stages: an ini-
tiation stage including contact, adhesion and initial
signaling; an effector stage including tight conjugation,
signal amplification, microtubule organization center
(MTOC) polarization and secretory lysosome polarization
and release; and finally a termination stage marked by
relative inactivity and immunological synapse (IS) disas-
sembly [8, 9]. Granzymes and perforin are the main
effective molecules released from cytotoxic granules.
When it comes into contact with a target cell, granzyme B
binds to the target cell membrane by electrostatic
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interactions or by specific receptors, such as the cation-
independent mannose-6-phosphate receptor (MPR) [10].
Perforin, on the other hand, makes microscopic holes in the
plasma membrane of target cells, causing an influx of
calcium and triggering a rapid endocytosis of granzymes
bound to the cell surface [11]. Granzyme B is a caspase-
like proteinase which induces target cell apoptosis by
activating the caspases or by directly cleaving the key
caspase substrates. On the other side of the synapse,
cytotoxic lymphocytes have to deal with the released
effector molecules to avoid self-destruction [12]. The
protective mechanism against perforin autoinjury is the
same as that found in CTL. It is provided by the surface-
bound cathepsin B, which is minimally expressed on the
surface of resting CTL, but rapidly detectable therein after
degranulation. Surface cathepsin B is enzymatically active
and able to cleave perforin, protecting the activated CTL
from damage by any released perforin [13]. Although an
intracellular inhibitor of granzyme B called nucleocyto-
plasmic serpin, proteinase inhibitor-9 (PI-9) was found in
cytotoxic lymphocytes, whose primary role appears to be
the inactivation of leaked or misdirected granzyme B from
the cytotoxic granules [14], the mechanism of how cyto-
toxic lymphocytes deal with released granzyme B is still
largely unknown. This study has demonstrated the sub-
sequent recovery, via clathrin-dependent endocytosis, of
the NK granzyme B released in response to target cell
stimulation. This recovery, in turn, is closely correlated
with the cytotoxicity and self-cytotoxin resistance of NK
cells.

Materials and methods
Cell lines

The human malignant non-Hodgkin’s lymphoma NK cells,
NK92, were cultured in Alpha-Minimum Essential Med-
ium (Invitrogen, Carlsbad, CA, USA) supplemented with
12.5% fetal calf serum (Invitrogen), 12.5% horse serum
(Invitrogen) and 100 units/ml recombinant human IL-2.
Primary porcine endothelial cells (PEC) were cultured in
M199 medium supplemented with 10% fetal calf serum.
Human erythroleukemia cell line K562 was used as a target
cell and grown in RPMI 1640 supplemented with 10% fetal
bovine serum. All cell lines were maintained at 37°C in a
humidified incubator gassed with 5% CO..

Antibodies
The antibodies used were as follows: mouse anti-EEA1

monoclonal antibody (clone 14/EEA-1, BD Bioscience);
rabbit anti-granzyme B polyclonal antibody (Protein Tech

Group, Inc. Chicago, USA); mouse anti-LAMP-1 mono-
clonal antibody (clone H4A3, Abcam); mouse anti-
clathrinHC monoclonal antibody (TD.1) and mouse
anti-CD63 monoclonal antibody (NK1/C3) (Santa Cruz
Biotechnology). FITC-conjugated goat anti-mouse IgG,
TRITC-conjugated goat anti-rabbit IgG and HRP-conju-
gated goat anti-rabbit IgG were from Pierce.

Reagents

FM1-43FX, Hoechst33342 and Alexa Fluor-488-conju-
gated transferrin (Tfr) were purchased from Molecular
Probes (Invitrogen). Carboxyfluorescein succinimidyl ester
(CFSE), propidium iodide, chlorpromazine hydrochloride
(CPZ), sucrose, and crystal violet and leupeptin were
purchased from Sigma Company (Sigma, St. Louis, MO,
USA). Human granzyme B ELISA kit was from Bender
Medsystems (Bender Medsystems, Vienna, Austria).

Flash-photolysis and [Ca**]i measurement

Flashes of UV light and fluorescence excitation light were
generated as described by Liu et al. [3, 15]. Briefly, [Ca2+]i
of individual cells was monitored with a photomultiplier-
based system by using a monochromatic light source (TILL
Photonics, Grafelting, Germany) tuned to excite 2-[2-(5-
carboxy)oxazole]-5-hydroxy-6-aminobenzofuran-N,N,O-
triacetic acid fluorescence at 345 and 385 nm. [Ca2+]i was
calculated from the fluorescence ratio R according to
Grynkiewicz et al. [16]. To obtain stepwise [Ca”]i
increases, short flashes of UV light from a xenon arc flash
lamp (Rapp Opto-Electronics, Hamburg, Germany) were
applied to the whole cell loaded with caged Ca**.

Membrane capacitance measurement

Capacitance of membrane was measured with the method
described by Liu et al. [3]. Briefly, conventional whole-cell
patch-clamp measurements were performed by using an
EPC-9 patch-clamp amplifier and PULSE software
(HEKA, Lambrecht, Germany). Capacitance measure-
ments were performed by using the ‘‘sinedc’” software
lock-in amplifier method implemented in the PULSE
software. A sinusoid voltage stimulation (1,000 Hz with an
amplitude of 40 mV) was superimposed on a holding
potential of 60 mV.

Visualization of membrane endocytosis stimulated
by target cells

2 x 10° PEC cells (target cell) were preseeded on each
well of 6-well culture plates. 2 x 10° NK 92 cells (effector
cell) were incubated with 2 ml of FM1-43FX solution
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(5 pg/ml in HBSS solution) for 5 min on ice. FM1-43FX
labeled NK cells were added into PEC culture plates to
yield an effector/target (E/T) ratio of 10:1. For the obser-
vation of endocytosis, both NK and PEC cells were kept in
low concentration of FM1-43 solution (2 pg/ml). After
being incubated for 30 min at 4°C, the cells were further
incubated for 1 h at 37°C and then washed twice with ice-
cold phosphate-buffered saline (PBS) to eliminate non-
internalized cell surface FM1-43FX. For visualization of
inhibitory effect of clathrin-mediated endocytosis, 5 x 10°
NK92 cells were harvested by centrifugation at 1,200 rpm
for 5 min and washed with PBS three times. Cells were
incubated in 2 ml of serum-free medium containing 10 pg/
ml chlorpromazine hydrochloride for 30 min at 37°C and
were labeled with FM1-43FX and mixed with PEC, then
endocytosis were visualized as described above.

Quantification of internalized FM1-43FX

NK92 cells pretreated with chlorpromazine for indicated
time were harvested and incubated with PBS containing
2% FBS for 20 min on ice followed by incubation with
5 pg/ml FM1-43FX solution on ice. After incubation with
target cells at 37°C as described above, the cells were
washed twice with ice-cold PBS to eliminate non-inter-
nalized cell surface FM1-43FX. The mean fluorescence
intensity (MFI) of FM1-43FX was measured by flow
cytometry.

Cytotoxicity assay

In the NK92 cell cytotoxicity assay, two cell lines were
used as target cells. NK92 cells were pretreated with two
kinds of clathrin-mediated endocytosis inhibitors, 0.45 M
sucrose or 10 pg/ml chlorpromazine for 30 min at 37°C,
respectively. For porcine endothelial cells (PEC) as a target
cell, cytotoxicity assay based on crystal violet described by
Krizhanovsky et al. [17] with slight modifications. Briefly,
1 x 10* of PEC (target cells) were seeded per well in a
96-well plate. NK92 cells (effector cells) with or without
inhibitor treatment were added to yield indicated effector-
to-target cell (E/T) ratios. After the mixture was incubated
for 3 h, culture medium and NKO92 cells were discarded
and PEC cells were fixed with 50 pl of 2.5% glutaralde-
hyde per well for 30 min, then stained with 30 pl of 0.1%
crystal violet for 20 min. After being washed three times
and dried for 20 min, crystal violet staining PEC was dis-
solved with 100 pl of 10% acetic acid. The absorbance
value was measured at 570 nm. The specific cytotoxicity
was calculated by the following formula: [(ODconro1 PEC —
ODjssayed PEC)/ODcontrol pEc] X 100%. For K562 as a tar-
get cell, assessment of the specific cytotoxicity of NK92
cells was done by a flow cytometric assay based on a

procedure described by Piriou et al. [18] with slight mod-
ifications. Briefly, 3 x 10° K562 (target cells) in 1 ml
culture medium were incubated with 1 pl of CFSE
(450 uM) for 10 min at 37°C and washed with PBS three
times. NK92 (effector cells) were pretreated with inhibitors
and mixed with 4 x 10* labeled K562 (target cells) in a
24-well plate with indicated effector-to-target cell (E/T)
ratios. The mixture was centrifuged to enhance cell contact
and incubated for 3 h. For the last 30 min of incubation,
10 pl of 200 pg/ml propidium iodide (PI) was added to the
cells. Samples were analyzed by FCM (BD LSR-II)
immediately. Each sample was prepared and analyzed in
triplicate. The specific killing percentage was calculated by
the following formula:

[(% of target cell lysis — % of spontaneous death)/
(100 — % of spontaneous death)] x 100%

Immunofluorescence and image collection

NK cells were treated and harvested at indicated times and
fixed with 4% polyformaldehyde at room temperature for
30 min and washed twice with ice-cold PBS. The cells
were spread on glass slides and permeated with PBS con-
taining 0.2% TritonX-100 for 10 min. Non-specific binding
sites were blocked with 5 mg/ml BSA for 2 h at 37°C.
Cells were incubated with primary antibody anti-granzyme
B, anti-EEA-1, or anti-LAMP-1 or anti-CD63 and sec-
ondary antibody (FITC-conjugated, 1:200; TRITC-
conjugated, 1:200) solution supplemented with Hoechst
dye 33342 (1 pg/ml). Cells were viewed under a confocal
laser scanning biological microscope (FV500, Olympus
Inc., Japan) with 60 x (NA = 1.40) oil objective. Images
were acquired using Fluoview software that came with the
confocal microscope and analyzed with ImageJ 1.40 and
Photoshop 7.0.

siRNA transfection

The clathrin heavy chain targeting siRNAs CHC (UCU-
GAAGAGUUUUCCCAGCTT) and control (scrambled)
siRNA oligonucleotides were synthesized by GenePharma
(Shanghai, China) and 300 nM of indicated siRNAs were
transfected to 5 x 10° NK92 cells in a 12-well plate by the
Amaxa Cell line Nucleofector kit R, program A-024.
Knockdown efficiencies were tested by immunoblotting
after 48 h of siRNA transfection.

Western blot

A total of 5 x 10° NK92 cells transfected with siRNA or
stimulated with PEC for indicated time were harvested
and washed once in ice-cold PBS. Cell pellets were lysed
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on ice by non-denaturing NP40 lysis buffer (1% NP-40,
50 mM Tris—Cl (pH 8.0), 150 mM NaCl) or denaturing
SDS lysis buffer (50 mM Tris—Cl pH 6.8, 2% SDS, 10%
glycerol) in the presence of protease inhibitors cocktail
(100 pg/ml PMSF, 1 pg/ml aprotinin, and 1 pg/ml leu-
peptin) for 30 min. Cell lysates were centrifuged at
1,200 rpm for 10 min and the supernatants were subjected
to 12% SDS-PAGE and then transferred to nitrocellulose
membranes. Membranes were blocked overnight at 4°C in
blocking buffer (5% non-fat dried milk in PBS, 0.1%
Tween-20) and immunoblotted with primary antibody
anti-clathrin (1:200) or anti-granzyme B (1:200) for 2 h at
37°C. Horseradish peroxidase-conjugated (HRP) anti-IgG
diluted at 1:5,000 was used to label the membrane-bound
antibodies. The f-actin was used as a loading control. The
enhanced chemiluminescence system (Pierce) was used
for detection.

ELISA

Released granzyme B was measured using ELISA. Briefly,
NKO2 cells with or without CPZ treatment were incubated
with PEC or K562 at an E/T ratio of 10:1. At the indicated
time point (1, 3, 5 h), the supernatants were collected for
released granzyme B measurement. Each sample was
analyzed in triplicate with ELISA according to the kit
manual. The concentration of released granzyme B was
calculated according to standard curve. NK92 cells were
centrifuged and lysed with non-denaturing NP40 lysis
buffer for NK cells associated granzyme B detection by
Western blot.
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Fig. 1 Membrane internalization occurs in NK cells stimulated by
target cells. a Example traces of C,, increase and decrease from an
NK92 cell patched with 20 uM free Ca®" in the pipette solution.
b Effect of PEC stimulation on surface membrane endocytosis.
NK cells were pre-stained with FM1-43 (5 pg/ml) for 5 min and
stimulated with PEC for 1 h. a, b, ¢ Neither PEC stimulation nor PBS
wash post stimulation; d, e, f without PEC stimulation and with PBS

Statistic analysis

Results were analyzed by using Student’s 7 test. All values
were expressed as means £ SD. Differences were consid-
ered to be statistically significant when p < 0.05.

Results

Endocytosis occurred in NK92 cells stimulated
by target cells

Membrane capacitance (C,) measurement, which mea-
sures plasma membrane capacitance and its changes of a
cell, is one of the most important quantitative techniques
and widely used in the studies of exocytosis and endo-
cytosis [19]. Exocytosis increases surface membrane as
well as C,, and endocytosis decreases them. As shown in
Fig. la, following the 0.5 pF increase in Cm, which
marks that well-known exocytosis that occurs in response
to stimulation by 20 uM of [Ca®*]i, a startling decrease in
C,, then began, which continued to below the pre-stim-
ulation level, suggesting the existence of a hitherto
unknown stage of endocytosis. This appeared to be a
Ca”*-triggered post-exocytosis, endocytosis. The cyto-
toxicity and exocytosis of NK cells is usually triggered by
target cell, for example, virus-infected cells, tumor cells,
or heterologous cells [1, 3, 20]. In order to confirm
whether the endocytosis triggered by target cell occurs,
FM1-43FX, well-known to researchers in membrane
dynamics [21, 22] as an inducer of fluorescent emissions,
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wash; g, h, i with PEC stimulation and without PBS wash; j, &, [ with
both PEC stimulation and PBS wash. ¢ Effect of incubation at 4°C on
surface membrane endocytosis. NK cells were pre-stained with FM1-
43 (5 pg/ml) for 5 min and stimulated with PEC at 37 or 4°C for 1 h
as well as washed twice with PBS. Data are representative of three
independent experiments. Scale bar is 5 pm
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in double-molecular layers (not in single), was used to
label and show the endocytosis on the surface membrane
of the cell. FM1-43FX has the added advantage of being
easily removed with PBS from the surface but not from
the insides of cell membranes. As shown in Fig. 1b, (a, b,
¢), NK cells labeled with FM1-43FX but neither stimu-
lated by a target cell (PEC) nor washed, showed no
fluorescence on their surface membranes. When washed,
the FM1-43FX was removed from the surface membrane
completely and no fluorescence was detected (d, e, f),
indicating that there was no significant endocytosis in the
NK cells without target cell stimulation. In the group of
NK cells stimulated with target cell, on the other hand,
without washing, fluorescent emissions were observed not
only on the surface membrane but also inside the NK
cells (g, h, i). Washing with PBS only eliminated the NK
cell surface fluorescence without affecting the intracellu-
lar fluorescence (j, k, 1), suggesting that some of the
surface membrane emissions were internalized when the
NK cells were stimulated by target cells. As a further
confirmation that endocytosis had indeed occurred and
was an active process, as expected, no emissions were
detected at 4°C when endocytosis-dependent cellular
internalization is known not to occur [23]. This is illus-
trated in Fig. lc.

Endocytosis stimulated by target cell
was clathrin-dependent

Endocytic pathways are known to at least include both a
clathrin-dependent and a clathrin-independent pathway
[24]. Clathrin-dependent endocytosis has been best char-
acterized and has been shown to be inhibited specifically
by CPZ [25]. In this experiment, CPZ was used to detect
whether the endocytosis stimulated by target cells is
clathrin-dependent or not. In order to determine the effect
of CPZ on NK cells vitality and endocytosis, the concen-
tration of CPZ was titrated carefully. As illustrated in
supplementary Figure 1, 10 pg/ml CPZ treatment had the
strongest inhibitory effect (inhibiting about 60%) on
transferrin endocytosis which is typical clathrin-dependent,
but almost no significant effect on NK92 cells vitality. As
shown in supplementary Figure 2, the uptake of FMI-
43FX (Figure S2a) or transferrin endocytosis (Figure S2b)
in NK cells pretreated with CPZ for 30 min was no sig-
nificant difference with that at 3 h continuous treatment. So
the concentration (10 pg/ml) and treatment time (30 min)
of CPZ was selected in the following experiments. It was
discovered that CPZ treatment significantly decreased the
FM1-43FX fluorescence inside stimulated NK cells relative
to NK cells without any stimulation (Fig. 2), suggesting
strongly that endocytosis stimulated by target cell in NK92
cells is clathrin-dependent.

Inhibition of clathrin-dependent endocytosis attenuated
the cytotoxicity of NK92 cells

NK cells auto-lysis rate is an important parameter to
evaluate whether the activation induced cell death occurs.
In order to detect the effect of endocytosis on NK92 cells,
the death rate of NK92 cells was tested. The spontaneous
death of NK92 cells stimulated by target cell is similar to
that of non-stimulated NK92 cells (data not shown). As
shown in Fig. 3a, CPZ treatment did not change the death
rate of NK92 cells stimulated by target cells. The cyto-
toxicity of NK92 cells against PEC cells (Fig. 3b) or K562
cells (Fig. 3c, d) in different effector:target cell ratios was
significantly attenuated by CPZ pretreatment. Pre-treating
NK92 cells with alternative inhibitor 0.45 M sucrose
obtained similar results (Figure S3).

Clathrin heavy chain (CHC) siRNA is a more specific
inhibitor of clathrin-mediated endocytosis. After 48 h of
transfection, clathrin heavy chain was completely knocked
down in CHC siRNA transfected NK92 cells (Fig. 4a).
The cytotoxicity of NKO92 cells against K562 cells
(Fig. 4b, ¢) or PEC cells (Fig. 4d) was significantly
attenuated by CHC siRNA transfection. These results
suggest that the target cell-stimulated endocytosis had
biological significance.

Endocytosis stimulated by target cell was associated
with the recovery of granzyme B

Most internalized cargoes are delivered to the early endo-
some via vesicular (clathrin- or caveolin-coated vesicles)
or tubular intermediates (known as clathrin- and dynamin-
independent carriers (CLICs)) that are derived from the
plasma membrane [26]. Therefore, the colocalization of
cargoes and early endosome is a typical appearance of
endocytosis. The experiment here focused upon granzyme
B, a kind of effector molecule released from NK cells when
stimulated by target cells. Granzyme B and early endosome
colocalization appeared prominently in the results as
shown in Fig. 5. Without PEC stimulation, an initial
endosomal marker EEA-1 (green fluorescence) and gran-
zyme B (red fluorescence) were localized in different
compartments of NK cells (0 min, left panel). After 15 min
of stimulation with PEC, most of the EEA-1 had colocal-
ized with some of the granzyme B in NK cells (15 min, left
panel). At 30 min, colocalization of EEA-1 and granzyme
B became less prominent than before at 15 min (30 min,
left panel). CPZ pre-treatment inhibited most of EEA-1 and
granzyme B colocalization at 15 and 30 min of stimulation.
CHC siRNA treatment obtained similar results (Fig. 6)
with CPZ treatment. These results indicated that endocy-
tosis stimulated by the target cell was associated with the
recovery of granzyme B in NK92 cells.
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Fig. 2 Membrane internalization stimulated by target cells is clath-
rin-dependent. a Effect of CPZ pretreatment on membrane
internalization of NK cells stimulated by PEC. NK cells were pre-
treated with 10 pg/ml of CPZ for 30 min and labeled with FM1-43FX
(5 pg/ml) for 5 min and stimulated with PEC for 1 h. “—CPZ”: no
CPZ pretreatment; “+CPZ”: CPZ pretreatment; “—PEC”: neither
PEC stimulation nor PBS wash; “+PEC”: PEC stimulation and PBS
wash. b, ¢ Effect of CPZ pretreatment on FM1-43FX uptake of NK

Recovered granzyme B was sorted to LAMP-1-positive
lysosome

Because the recovered granzyme B does not kill parental
NK92 cells, it would appear to be reasonable to conclude
that the recovered granzyme B can only have been sorted
or re-cycled to the secretory lysosome for use again or
degeneration. CTL or NK cells that have secretory lyso-
somes package both lysosomal and secretory proteins in
one compartment [2]. Secretory lysosomes have no spe-
cific markers but share similar surface markers with
conventional lysosome, such as lysosome-associated
membrane protein-1 (LAMP-1) and CD63, so also called
LAMP-1-positive lysosome [2, 27]. In this experiment,
predominant incidences of overlapping of granzyme B and
LAMP-1 in NK cells were observed post-PEC stimulation
for 60 min. As shown in Fig. 7, a few of LAMP-1 and
granzyme B overlapped in the NKO92 cells without

cells stimulated by PEC. The mean fluorescence intensities (MFI)
showed the uptake of FM1-43FX. Black lines mean that NK cells
were stimulated with PEC, and gray lines mean that NK cells were
without PEC stimulation. The uptake of FM1-43FX in NK cells
without CPZ pretreatment was defined to 100%. Relative uptake of
FM1-43FX in CPZ pretreated NK cells was calculated by MFI
(+CPZ)/MFI (—CPZ) x 100%. Error bar indicates SD. Scale bar is
10 pm. Data are representative of three independent experiments

stimulation (0 min), which is consistent with the under-
standing that granzyme B can be constitutively expressed
and sorted to secretory lysosomes in resting NK cells [28].
After 60 min of stimulation, the colocalization of LAMP-1
and granzyme B became predominant and was signifi-
cantly reduced in NK cells pretreated by the endocytosis
inhibitor CPZ (Fig. 7 —CPZ vs. +CPZ). The co-localiza-
tion of granzyme B and LAMP-1 suggested that the
recovered granzyme B was sorted to LAMP-1" lysosome.
Proteins sorted for degeneration will be cleaved by lyso-
somal enzymes and cannot be detected by lysosome
surface maker co-localization assay, so the observed co-
localization of granzyme B and LAMP-1 means the
granzyme B was not recovered for degeneration. To fur-
ther demonstrate this point, a lysosomal enzyme blocking
assay was performed. As shown in Fig. 7, the co-locali-
zation of granzyme B and LAMP-1 was not increased
significantly by an inhibitor of lysosomal enzymes or
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Fig. 3 Cytotoxicity of NK cells is attenuated by pretreatment with
CPZ. a Spontaneous death of NK92 cells pretreated (+CPZ) or non-
pretreated (—CPZ) with 10 pg/ml CPZ and stimulated by K562 cells
at NK: K562 (E:T) ratio 10:1 for 3 h. K562 cells were labeled with
CFSE. Dead cells were labeled with PI. Upper left quadrant exhibits
dead NK cells. The number shown indicates spontaneous death rate of
NK cells. b The cytotoxicity of NK92 cells to PEC. After NK cells
with or without CPZ pretreatment and PEC cells were cocultured at
indicated ratio in the graft for 3 h, NK cells were discarded and PEC

E:T

survivals were stained with crystal violet. The absorbance value was
measured to calculate the cytotoxicity. ¢, d The cytotoxicity of NK92
cells to K562 cells. After incubation of NK cells with or without CPZ
pretreatment and K562 cells pre-labeled with CFSE at indicated ratio
in the graft for 3 h, all cells were stained with PI and analyzed by
FCM. ¢ The cytotoxicity was calculated with formula described in the
methods. d Upper right quadrant shows the K562 death rate. *CPZ
pretreatment versus no treatment, p < 0.01. Data are representative of
four independent experiments
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Fig. 4 Cytotoxicity of NK cells is hampered by clathrin knockdown.
a Clathrin heavy chain was knocked down by siRNA transfection.
b—c Cytotoxicity of NK92 cells against K562 cells. NK92 cells
transfected with CHC siRNA or scrambled siRNA were incubated
with CFSE pre-labeled K562 cells for 3 h. CFSE-positive cells were
gated and the percentage of PI-positive cells within this gate is shown.
This experiment was performed three times independently, yielding

comparable results. d Cytotoxicity of NK92 cells against PEC cells.
NKO92 cells transfected with CHC siRNA or scrambled siRNA and
PEC cells were co-cultured at the indicated ratios for 3 h, NK cells
were discarded, and PEC survivals were stained with crystal violet.
The absorbance value was measured to calculate the cytotoxicity.
*p < 0.05. Data are representative of three independent experiments
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Fig. 5 CPZ treatment attenuated colocalization of granzyme B and
EEA-1 in NK cells stimulated by PEC cells. NK cells pretreated
(+CPZ) or non-pretreated (—CPZ) with CPZ were stimulated by PEC
for 0, 15, or 30 min and then fixed, permeabilized and non-specific
binding sites blocked and incubated with anti-EEA-1 (1:200), anti-

Omin

15min

-CPZ +CPZ

granzyme B (1:200) and FITC or TRITC conjugated secondary
antibody (1:200), respectively. EEA-1 is shown in green. Granzyme
B (GrmB) is shown in red. Nucleus is shown in blue. Scale bar is
10 um. Data are representative of three independent experiments
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Fig. 6 CHC RNAI treatment attenuated colocalization of granzyme
B and EEA-1 in NK cells stimulated by PEC cells. NK cells treated
with CHC specific RNAi (CHC) or scrambled RNAi (scrambled)
were stimulated by PEC for 0, 15, or 30 min, then fixed, permeabi-
lized, and non-specific binding sites blocked and incubated with anti-

leupeptin treatment (+leupeptin-CPZ vs. —leupeptin-
CPZ). Treating NK cells with CHC siRNA obtained sim-
ilar results, as shown in Fig. 8. Using another lysosome
surface marker CD63 antibody obtained similar colocal-
ization result with LAMP-1 antibody (Figure S4).
Considering the fact that the CPZ pre-treatment or CHC
siRNA treatment significantly attenuates the cytotoxicity
of NK cells, it would appear reasonable to suggest that
most of, if not all, the recovered granzyme B was sorted to
LAMP-17 lysosomes, re-cycled, and used again.

Scrambled

CHC Scrambled

EEA-1 (1:200), anti-granzyme B (1:200) and FITC- or TRITC-
conjugated secondary antibody (1:200), respectively. EEA-1 is shown
in green. Granzyme B (GrmB) is shown in red. Nucleus is shown in
blue. Scale bar is 10 um. Data are representative of three independent
experiments

The significant change in the amount of granzyme B
was not detected in CPZ-pretreated NK92 cells
and corresponding supernatants

In order to determine the effect of CPZ pre-treatment on
the amount of internalized granzyme B, ELISA procedures
for supernatants and Western-blot procedures for the cells
were carried out. As shown in Fig. 9a, granzyme B in the
supernatant of NK92 and incubated PEC cells increased in
the CPZ pre-treatment group as time went on. It appeared
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Fig. 7 CPZ treatment attenuated colocalization of granzyme B and
LAMP-1 in NK cells stimulated by PEC cells. NK cells with CPZ
pretreatment (+CPZ) or non-treatment (—CPZ) were stimulated by
PEC for 0 or 60 min. The following immunostaining was the same as
in the Fig. 5 legend. Anti-LAMP-1 antibody was diluted in 1:150.

Fig. 8 CHC RNAI treatment

LAMP-1 is shown in green. Granzyme B (GrmB) is shown in red.
Nucleus is shown in blue. For leupeptin treatment assay, all cells were
pre-cultured for 16 h in the presence or absence of leupeptin (15 uM).
Scale bar is 10 pm. Data are representative of three independent
experiments

Omin 60min

attenuated colocalization of
granzyme B and LAMP-1 in
NK cells stimulated by PEC
cells. After NK cells with
CHC-specific RNAi
pretreatment (CHC) or
scrambled RNAI (scrambled)
pretreatment were stimulated by
PEC for 0 or 60 min, c
colocalization of LAMP-1 and
granzyme B was observed by
immunostaining. Anti-LAMP-1
antibody was diluted in 1:150
and anti-granzyme B was diluted
in 1:200. LAMP-1 is shown in
green. Granzyme B (GrmB) is
shown in red. Nucleus is shown
in blue. Leupeptin treatment is
the same as in Fig. 7

-Leupeptin

+Leupeptin

CH

as if the quantity of granzyme B had risen slightly at the
1-h and 5-h junctions. In contrast, CPZ pre-treatment caused
adecrease of intracellular granzyme B as shown in Fig. 9b, c.
A similar result was observed with alternative target cell
K562 cells (Fig. 9d—f). These results suggest that CPZ pre-
treatment not only does not significantly affect the release of
granzyme B but that the cytotoxicity of NK92 cell is at least
partly associated with the recovery of granzyme B.

Discussion

Although the mechanism underlying the NK cell release of
two major effector molecules, namely granzyme B and

LAMP-1

Scrambled .
-
Scrambled .
H

GrmB  Merged |LAMP-1  GrmB  Merged

perforin, by exocytosis of cytotoxic granules is relatively
well understood, the mechanism governing the post-release
regulation of these cytotoxic molecules is not clear. Why
granzyme B Kkills target cells but has no destructive effect
on the effector cells themselves is still an unanswered
question. One possible answer is the presence of cathepsin
B, which binds by granular fusion to the killer cell’s sur-
face membrane, inactivating (and thereby protecting)
effector cells from returned perforin [13]. The entry of
granzyme B into target cells is through the holes made by
perforin [11]. Perforin-deficient mice have demonstrated
the absolutely essential requirement of this protein for
granzyme-dependent killings [29]. However, CTL from
cathepsin B-deficient mice survive normally in vitro and in
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Fig. 9 Quantity of granzyme B in the supernatants and NK92 cells.
1 x 10° CPZ pretreated or non-pretreated NK92 cells were stimu-
lated with 1 x 10° PEC (a—c) or K562 cells (d—f) for 1, 3, and 5 h,
respectively. The supernatants were collected to test the granzyme B
with ELISA (a, d). NK92 cells were harvested to detect the granzyme
B by Western blot (b, e). ¢, f Density ratio of granzyme B versus actin
band. Data are representative of three independent experiments

vivo, after encountering and killing target cells [30]. These
observations suggest that other mechanisms underlie killer
cell self-protection from their own secretions. Another
possible mechanism involves the intracellular inhibitor of
human granzyme B, namely proteinase inhibitor-9 (PI-9),
which is expressed by lymphocytes including NK cells and
protects effector, accessory and bystander cells from
ectopic granzyme B during an immune response [12, 14].
Here we report a new possible answer that released gran-
zyme B is recovered and used again, so avoiding the attack
to NK cells themselves.

Although exocytosis is the most critical and discussed
feature of an NK cell’s anti-tumor and anti-viral defense,
there are some papers that also report the occurrence of an
endocytosis in these NK cells. These reports, in turn, beg
the question of what useful function this endocytosis may
serve. Rajagopalan et al. have reported that KIR2DL4 is
constitutively internalized into intracellular vesicles in
resting NK cells. Soluble HLA-G, which is the ligand of
KIR2DLA4, is also known to be re-cycled by endocytosis
into the KIR2DL4-containing compartments, facilitating
the re-engagement of KIR2DL4 to induce a unique pack-
age of cytokine/chemokine secretions [31]. Furthermore,
one of the inhibitory receptors of NK cells, known as

CDY94/NKG2A utilizes an uncommon means of endocyto-
sis that is associated with rapid recycling into the cell
surface [27]. Endocytosis of both KIR2DL4 and CD94/
NKG2A receptors are triggered by soluble ligands or
antibodies. This endocytosis is a primary endocytosis.
However, in physiological or pathological situations, NK
cell activity is triggered by contact with a target cell. As
mentioned earlier, in such circumstances exocytosis is
usually observed. In the present study, a target cell trig-
gered endocytosis of surface membrane was found. This
kind of endocytosis cannot be spontaneous, as the labeled
membrane is not observed in NK cells without target cell
stimulation. Only after stimulation by target cells are some
surface membranes re-cycled and internalized back into the
cytoplasm. Our previous data showed that target cell rec-
ognition induced the increase of membrane capacitance,
which immediately indicates exocytosis [3]. In the present
study, increased calcium concentration inside the NK cell
also induced an exocytosis but one followed by a second
and subsequent endocytosis. So the endocytosis observed
in the study is not a primary endocytosis, but a secondary
endocytosis, which we call post-exocytosis, endocytosis.
This endocytosis may be important for the membrane size
recovery and the continued ability of NK cells to kill tar-
gets. The colocalization of granzyme B and initial
endosomes have corroborated the existence of this post-
exocytosis, endocytosis. This second endocytosis may well
play a role in the mediation, uptake, and successful attack
of granzyme B granules on target cells, proffering a new
explanation and a new mechanism to post-exocytosis reg-
ulation of cytotoxic granules.

Clathrin-coated vesicle biogenesis is best characterized
in nerve terminals where it serves as the major pathway for
the recycling of synaptic-vesicle components after release
of neurotransmitters in response to action potentials [24].
In contrast to a neural synapse, the immunological synapse
was originally defined as the crucial junction between a T
cell and an antigen-presenting cell (APC) at which T-cell
receptors (TCRs) interact with MHC molecules [9, 32, 33].
Subsequent studies extended immunological synapses
between different types of immune cells, as well as
between immune cells and non-immune cells [8, 9].
Immunological synapses are actually the orderly re-
arrangement of molecules in an immune cell and its
interface with another cell. Although an immunological
synapse between NK cells and target cells is only a tran-
sient affair, the release of effector molecules is based on
cytotoxic granules (vesicles) that are not dissimilar to those
of neurotransmitters. Given these similarities, the recycling
of cytolytic molecules after exocytosis is both plausible
and possible. As shown in Fig. 10, granzyme B is released
to the immunological synapse between NK cells and target
cells when NK cells are stimulated by target cells. Some



Granzyme B is recovered by NK cell

3207

Target

granzymeB — |

\ — perforin

ICAM1 — ;
Immunological

synapse
LFA1 —

ol Clathrin-
» coated
vesicle
Recycling
Endosome

/

Early Endosome

LAMP-1 positive
Lysosome

NK cell

Fig. 10 Scheme of exocytosis and endocytosis occurring in NK cells
stimulated by target cells. Firstly, a NK cell recognizes a target cell
and forms immunological synapse (IS). Secondly, secretory lysosome
moves to the IS where it fuses with the plasma membrane and releases
effector molecules granzyme B and perforin to the synaptic cleft.
Thirdly, some granzyme B enters the target cell, and the others are
recovered into early endosome then LAMP-1" lysosome to be used
again. Solid line indicates that the pathway is addressed in this study
and the broken line indicates that the pathway is not clear

granzyme B enter and destroy the target cell while others
are recovered via clathrin-dependent endocytosis and
return to their initial endosomes and LAMP-1" lysosomes
to be reused in the continued battle of the immune system
against target cells.
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