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Abstract Ca2+ messages are broadly important in cellular
signal transduction. In immune cells, Ca2+ signaling is
an essential step in many forms of activation. Neutrophil-
mediated antibody-dependent cell-mediated cytotoxicity
(ADCC) is one form of leukocyte activation that plays an
important role in tumor cell killing in vitro and in patient
care. Using Xuorescence methodologies, we found that
neutrophils exhibit Ca2+ signals during ADCC directed against
breast Wbrosarcoma cells. Importantly, these signals were
localized to Ca2+ microdomains at the neutrophil-to-tumor
cell interface where they display dynamic features such as
movement, fusion, and Wssion. These signals were blocked
by the intracellular Ca2+ buVer BAPTA. At the neutrophil–
tumor cell synapse, the neutrophil’s cytoplasm was enriched
in STIM1, a crucial mediator of Ca2+ signaling, whereas the
Ca2+-binding proteins calbindin and parvalbumin were not
aVected. Our Wndings suggest that Ca2+ microdomains are
due to an active signaling process. As Ca2+ signals within
neutrophils were necessary for speciWc tumor cell apoptosis,
a central role of microdomains in leukocyte-mediated
tumor cell destruction is indicated.

Keywords Breast cancer · Apoptosis · Antibody · 
Signal transduction · Calcium

Introduction

Anti-tumor antibodies (Abs) represent a targeted immuno-
therapeutic approach that holds great promise in patient
care. Indeed, nine mAbs including Herceptin, Erbitux, Ritu-
xan and Avastin have received FDA approval and are used
clinically [1, 2]. Some of these biopharmaceuticals, such as
Bexxar, are immunoconjugates that deliver a radiolabel or
cytotoxin directly to a target cell. Others may block cell sur-
face growth factor receptors that promote cell proliferation.
A major contributor to the eYcacy of mAb therapy is their
ability to stimulate Ab-dependent cell-mediated cytotoxicity
(ADCC) [1, 3, 4]. ADCC is the attack of immune eVector
cells bearing receptors for Ab molecules (FcR) upon Ab-
coated tumor cells. Early in vivo studies demonstrated the
eYcacy of Ab therapy in murine models of metastasis [5, 6].
Using FcR�¡/¡ mice, Clynes et al. [7] demonstrated that
FcRs were necessary for passive and active Ab-dependent
immunity in a melanoma model. Subsequently, Clynes et al.
[8] demonstrated that Ab-dependent anti-tumor immunity is
considerably enhanced in knock-out mice lacking the inhib-
itory Fc�RIIB molecule. The role of FcRs in Ab-based
human therapies Wnds support in recent clinical studies
showing that Fc�R polymorphisms correlate with the
eYcacy of mAb therapy [e.g., 9–11]. ADCC has been dem-
onstrated for FcR-positive cells including macrophage/
monocytes, neutrophils, and NK cells [3, 12]. Recently,
interest in neutrophil-mediated ADCC has increased
because it participates in anti-tumor responses to a broad
range of malignancies in vitro [12–16] and is likely to be a
key contributor to mAb therapy in patients [1, 3].
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Although proteins participating in Fc�R activation (e.g.,
Fc�RIII, Fc�RIIA, Syk, PLC�, and InsP3R) as well as their
covalent modiWcations (phosphorylation and palmitoylation)
have been described [e.g., 17], the actions of these proteins
have not been integrated with downstream Ca2+-signaling
events [8, 12]. Moreover, the spatio-temporal dynamics of
associated Ca2+ signals are unknown. In contrast to previous
work suggesting that Ca2+ signals are distributed throughout
immune cells, we have discovered that Ca2+ signals are in
the form of microdomains at the neutrophil–tumor cell syn-
apse. These microdomains likely direct leukocyte eVector
functions toward the target cell, including leukocyte-medi-
ated activation of a tumor cell’s apoptotic signaling path-
ways. Indeed, leukocyte Ca2+ microdomains may be a
general feature of cell-mediated tumor cell attack.

Materials and methods

Materials

Fura red-acetoxymethyl ester (Fura red-AM), Xuo-4-
acetoxymethyl ester (Fluo-4-AM), BAPTA-AM (1,2-bis
(2-aminophenoxy)-N,N,N�,N�-tetraacetic acid tetra(acet-
oxymethyl)ester), pluronic-127, cell culture media, and
phosphate-buVered saline (PBS) were obtained from Invit-
rogen Corp. (Carlsbad, CA). NucView™ 488 caspase-3
assay kit was obtained from Biotium Inc. (Hayward, CA).
Cover-glass bottom dishes were purchased from MatTek
Corporation (Ashland, MA). Unless otherwise noted,
chemicals were obtained from Sigma Chemical Company
(St. Louis, MO).

Neutrophil preparation

Peripheral blood was collected from healthy human donors
in compliance with the guidelines of the University of
Michigan Institutional Review Board for Human Subject
Research. Neutrophils were isolated using Ficoll-Hist-
opaque (Sigma) density gradient centrifugation, then re-
suspended and washed in PBS by centrifugation. Adherent
HT-1080 cells and neutrophils were co-incubated at an
eVector-to-target ratio of 50:1, unless otherwise noted.

HT-1080 cell growth and opsonization

The HT-1080 human breast Wbrosarcoma cell line (Ameri-
can Type Culture Collection CCL-121, Marassas, VA) was
maintained on plastic tissue culture Xasks in Dulbecco’s
modiWed Eagle medium (DMEM, Invitrogen) containing
10% heat-inactivated FBS (Invitrogen) and 1% antibiotic/
antimycotic (Invitrogen). Cells were transferred to fresh
media then plated onto glass cover slips or cover-glass

bottom dishes 24 h before use. For most experiments, cells
on cover slips were opsonized for 30 min with rabbit IgG
anti-human �2-microglobulin Ab (Accurate Chemical and
ScientiWc Corp., Westbury, NY) then washed with media.
To avoid confounding Ab cross-reactivity, calbindin, parval-
bumin, and STIM1 (stromal interaction molecule-1) Ab
staining protocols employed HT-1080 cells opsonized with
an anti-human �2-microglobulin IgG2a Ab (Santa Cruz
Biotechnology, Santa Cruz, CA).

Cell treatments

After a minimum of 24 h of cell growth on cover-glass bot-
tom dishes, tumor cells were opsonized with IgG (experi-
ments) or not (controls). Studies included tumor cell exposure
to: nothing, 100 �M hydrogen peroxide, IgG alone, neutro-
phils without IgG, BAPTA-AM-treated neutrophils with IgG,
or untreated neutrophils plus IgG. Cells were co-incubated at
37°C for 1 h in caspase-3 assays, 4 h in GAPDH studies, and
3 h in annexin V studies. In calbindin, parvalbumin, and
STIM1 staining experiments, tumor cells were incubated with
neutrophils or controls at 37°C for 30 min to 1 h.

Caspase-3 activation assay

Neutrophils were incubated with tumor cells for 30 min at
37°C. NucView™ 488 caspase-3 substrate was added to a
Wnal concentration of 5 �M at 37°C. After 30 additional
minutes, cells were washed and transferred to a heated Xuo-
rescence microscope stage held at 37°C.

Annexin V-binding assay

Neutrophils were incubated with tumor cells for 3 h at
37°C. After the plates were washed, 5 �l of Alexa Fluor
555-conjugated annexin V (Invitrogen) was added to 100 �l
of DMEM for each plate and incubated at room tempera-
ture for 15 min. In some cases, an Alexa Fluor 350-conju-
gated annexin V label was employed. The plates were
washed again then imaged using Xuorescence microscopy.

ImmunoXuorescence staining

Samples were Wxed using a modiWed version of the dithi-
obis(succinimidyl propionate) (DSP) procedure [18], which
provides superior retention of labile cellular structures.
BrieXy, cells were Wrst Wxed using DSP (1 mg/ml; Pierce,
Rockford, IL) in PBS for 15 min at room temperature. Cells
were then extracted using 100% ethanol, washed with PBS,
Wxed with 3.7% paraformaldehyde for 20 min, and then
washed with PBS.

Samples were blocked with Image-iT FX (Invitrogen),
a signal enhancer, for 30 min before staining, and an
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endogenous biotin-blocking kit was used as described by
the manufacturer (Invitrogen). The samples were washed
then labeled with primary Abs for 1 h. Primary Abs used
included anti-glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) Ab (Chemicon International), anti-calbindin Ab
(Abcam), anti-parvalbumin Ab (Abcam) or anti-STIM1 Ab
(ProSci Incorporated). After a thorough wash with PBS,
they were incubated for 1 h with biotin-XX-conjugated
goat anti-rabbit or goat anti-mouse IgG (Invitrogen). Cells
were washed followed by a 30-min treatment with Alexa
Fluor 594-conjugated streptavadin (Invitrogen). After
streptavadin treatment, cells were washed again with PBS
and imaged.

Fluorescence microscopy

Fluorescence microscopy was performed using a 60£ oil
immersion Plan Apo objective (NA = 1.45) (Nikon, Mel-
ville, NY) and an Andor iXon camera (Andor Technology,
Belfast, Northern Ireland) attached to the bottom port of a
Nikon TE2000-U inverted microscope (Nikon) with a 100-
W mercury lamp. Alexa Fluor 594 streptavadin and Alexa
Fluor 555 annexin V were imaged using a Nikon 96321
Wlter set comprised of a 570 nm dichroic mirror, a 530–
560 nm excitation Wlter, and a 590–650 nm emission Wlter.
Serial sections in the z-axis of the cells were collected using
a Z-drive (Nikon). A QImaging Retiga 1300 camera
(QImaging, Surrey, BC) was used to obtain diVerential
interference contrast (DIC) images. Images were captured
and processed with MetaMorph 7.1.2.0 (Molecular Devices,
Downingtown, PA). Blind deconvolution was performed
using a theoretical point spread function in Autoquant X2-
64-bit software (Media Cybernetics, Bethesda, MD).

Tumor cell cytolysis assay

Tumor cells were seeded into a 96-well plate at a density of
104 cells per well and cultured overnight in DMEM. Neu-
trophils in DMEM were used at a concentration of 5 £ 105

cells per well. Tumor cells were opsonized with anti-�2
microglobulin as described above. Tumor cells were
labeled with Calcein-AM (Invitrogen) for 30 min at 37°C
then washed thoroughly. Triplicate wells received the fol-
lowing treatments: DMEM (no treatment), neutrophils, or
detergent [1% Triton-X 100 (Sigma) in DMEM], while
IgG-opsonized tumor cells received DMEM, BAPTA-
treated neutrophils, or neutrophils. Plates were incubated at
37°C for 4 h. After incubation, supernatants were centri-
fuged to remove particulates. Supernatants were transferred
to a fresh 96-well plate then read on a FlexStation II
(Molecular Devices) using an excitation of 494 nm and
emission of 517 nm. Fluorescence intensities were aver-
aged over triplicate wells, and then normalized using the

appropriate control. Intensities were converted to percent
maximal cytolysis, using the detergent-treated set as 100%
cytolysis.

Cell labeling for Ca2+ experiments

Cells were incubated with 5.5 �M fura red, 2.6 �M Xuo-4
and 2% pluronic-127 in PBS for 1 h at 37°C. After incuba-
tion, cells were washed with PBS, re-suspended in Ca2+

imaging buVer (150 mM NaCl, 4 mM KCl, 25 mM
HEPES, 3 mM CaCl2, 5 mM pyruvate, 10 mM glucose, and
1 mg/ml BSA, pH 7.9) and incubated for a further 30 min at
37°C, to purge excess dye. Cells were washed with imaging
buVer before use. In experiments where the Ca2+ buVer
BAPTA was used, cells were treated at a concentration of
10 �M BAPTA for 30 min at 37°C, then washed before
use.

Super-quiet microXuorometry

Calcium signaling was detected with super-quiet microXuo-
rometry using a previously described instrument [19].
BrieXy, the illumination system utilizes a super-quiet mer-
cury–xenon light source (Hamamatsu, Bridgewater, NJ)
powered by a model 69907 arc lamp power supply (New-
port Corp., Irvine, CA) and regulated by an Oriel light
intensity controller (model 68950, Newport). Light was
delivered to a Zeiss microscope via a liquid light guide
attached to a custom Flash-Cube illumination device (Rapp
OptoElectronic, Hamburg, Germany). The Flash-Cube
diverted a fraction of the light to a cooled photodiode to
provide a feedback signal for the light controller. Light was
delivered to the sample using an HQ475/40£ excitation
Wlter and a 510 nm dichroic long-pass mirror (Chroma
Technology Corp., Rockingham, VT). A D-104 microscope
photometer [Photon Technology International (PTI), Bir-
mingham, NJ], containing a 600 nm dichroic reXector, an
HQ530/30m emission Wlter, and an HQ670/50m emission
Wlter, was connected to two refrigerated PMT housings
(Products for Research, Danvers, MA) each containing a
Hamamatsu R1527P photon-counting photomultiplier tube.
An adjustable diaphragm was used to exclude other cells
from the measurements. Felix software (PTI) was used to
analyze data. All experiments were performed in a dark
room within an aluminum enclosure with the microscope
stage set to 37°C.

Flashlamp imaging of Ca2+ microdomains

Neutrophils and tumor cells were placed on a 37°C heated
stage in a cover-glass bottom dish at an eVector-to-target
ratio of 10:1. Excitation was provided by a Perkin-Elmer
FX-4400 Xashlamp, as described [20], which provided a
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1 J/6 �s output. Samples were imaged at 10 frames/s using
a Princeton Instruments PI-Max II intensiWed charge-cou-
pled device detector attached to a Dual-View emission-
splitting device (Optical Insights, Tuscon, AZ) that was, in
turn, attached to a side port of a Nikon TE2000-U micro-
scope. Samples were excited using an HQ475/40£ Wlter
and a 510 nm dichroic beamsplitter (Chroma). Emission
light was directed into the Dual-View apparatus, which pro-
duces simultaneous images at two emission wavelengths.
This utilized an HQ530/30m for Xuo-4 emission, an
HQ670/50 m for fura red emission, and a 600 nm dichroic
reXector (Chroma). The result is an image stack wherein
each frame is a dual image. WinSpec (dual image) Wles
were imported into MetaMorph (Molecular Devices) where
they were splitted and re-formatted. The Wles were opened
in MetaFluor (Molecular Devices), where a ratio (Xuo-4/
fura red) image is produced. A threshold was applied to
limit ratio calculations to within cell boundaries. A stepped
color mask was applied to the ratio images, as visually
illustrated (supplementary information, Fig. S1).

Results

Neutrophils exhibit Ca2+ signals during ADCC

In the Wrst series of experiments, we tested the hypothesis
that intracellular Ca2+ signals are elicited during neutrophil-
to-tumor cell conjugate formation. Neutrophils were
labeled with Xuo-4 and fura red, which permit highly sensi-
tive detection of Ca2+-signaling events [19, 20]. Labeled
neutrophils were added to IgG-opsonized tumor cells in
cover-glass bottom culture dishes. Samples were scanned to
identify leukocyte–tumor cell conjugates followed by
super-quiet microXuorometric recording. In this method,
illumination and detector noise are largely eliminated from
the measurement, making a sample’s quantum noise the
major source of error. Figure 1a, trace 1, shows a Xuores-
cence recording of the Xuo-4/fura red ratio of a neutrophil
bound to an IgG-opsonized tumor cell. As these data indi-
cate, the Xuorescence ratio increases in an oscillatory man-
ner for several minutes followed by stabilization at a high
level, which we interpret as high intracellular Ca2+ concen-
trations. To conWrm that this increase in the Xuo-4/fura red
ratio was due to Ca2+, neutrophils were treated with the
Ca2+ buVer BAPTA at 10 �M in imaging buVer. When neu-
trophils were labeled with BAPTA, no enhanced Xuores-
cence ratio could be detected in a neutrophil-IgG-coated
tumor cell conjugate (Fig. 1a, trace 2). To demonstrate that
the Ca2+ signal was speciWc for Ab-coated tumor cells,
experiments were performed with Xuo-4/fura red-labeled
neutrophils in the presence of unopsonized tumor cells. In
these experiments, no increase in the Xuo-4/fura red ratio

was observed (Fig. 1b), thus demonstrating Ab depen-
dence. Hence, intracellular Ca2+ levels rise within neutro-
phils during ADCC.

Ca2+ microdomains form at the neutrophil–tumor 
cell synapse

Although the microXuorometry studies above demonstrate
that Ca2+ signals are associated with eVector–target cell
conjugates, they do not localize the Ca2+-signaling sites
within neutrophils. To localize Ca2+-signaling sites within
these cells, we used Xuorescence image ratioing micros-
copy. We also used a Xashlamp-based system for excita-
tion to minimize the displacement of signals and probes
by diVusion as well as movement of the cells and microdo-
mains during image acquisition. Neutrophils were labeled
with Xuo-4 and fura red then incubated with IgG-opso-
nized tumor cell targets, as described in the preceding par-
agraph. Figure 2a and b shows a representative interaction
between a neutrophil and a tumor cell over time. The DIC
micrograph provides a lower magniWcation view of

Fig. 1 Quantitative microXuorometry of Ca2+ signaling in single neu-
trophil–tumor cell conjugates. The Xuo-4/fura red ratio is plotted at the
ordinate and the time is given at the abscissa. All experiments were
performed at 37°C using a highly stabilized microXuorometry system.
In a, the trace 1 shows a Xuo-4/fura red-labeled neutrophil during incu-
bation with an Ab-opsonized tumor cell. The Xuo-4/fura red ratio oscil-
lates in intensity as it increases in value, indicating a rise in
intracellular Ca2+ concentration. Inclusion of the Ca2+ buVer BAPTA
abrogated these changes, as indicated in the trace 2 of a. As seen in b,
no increase in the neutrophil’s Xuo-4/fura red ratio was observed when
the tumor cells are not treated with opsonizing antibody (n = 4)
123



Cancer Immunol Immunother (2010) 59:149–159 153
neutrophil and tumor cell locations. The Xuorescence
ratios at diVerent time points are shown. The Xuo-4/fura
red ratio within neutrophils increases over time. More-
over, the Ca2+ signal is localized to the neutrophil–tumor
cell synapse (Fig. 2a, b, animations 1–5), with much of the
cell expressing low Xuo-4/fura red ratios. Regions of high
Xuo-4/fura red ratios represent Ca2+ microdomains. As can
be seen by examining Fig. 2a and b, these Ca2+ microdo-
mains are not static: these membrane specializations
undergo movement, growth, fusion, and Wssion over the
course of the observations. To provide quantitative ratio-

metric data, images were examined using line proWle anal-
ysis (supplementary information, Fig. S2). As these data
show, the measured ratio is much higher at the neutrophil–
tumor cell synapse. However, when neutrophils were
treated with BAPTA as described above, no microdo-
mains could be observed with image ratioing microscopy
(Fig. 2c, d, animation 6). Moreover, in the absence of IgG,
neutrophils did not display Ca2+ microdomains (animation
7). Hence, neutrophils are characterized by spatially and
temporally varying Ca2+ signals during ADCC-mediated
destruction of tumor cells.

Fig. 2 Ca2+ microdomains are formed within neutrophils during AD-
CC. Neutrophils were labeled with Xuo-4 and fura red. Tumor cells
were opsonized with IgG. DIC (a) and Xuorescence ratio images (b) of
a neutrophil–tumor cell conjugate are shown. a DIC micrograph show-
ing the region of neutrophil-to-tumor cell binding. The boxed area rep-
resents the region imaged in b. A representative sequence of
micrographs illustrating the temporal evolution of the Xuo-4/fura red
ratio within the neutrophil over 37 min is shown in b. A 6 �s Xashlamp
was employed [20] to obtain each frame (supplemental information,
Fig. S1). Each image corresponds to the sum of 50 consecutive frames
(a 5-s average), with 40 s between each image. A color look-up-table
was used to identify the ratios (lower right hand side). Broadly, the

Xuo-4/fura red ratio increased over time. Microdomains expressing a
high Xuo-4/fura red ratio were observed throughout the experiment.
These regions exhibited dynamic properties, such as growth, Wssion,
and fusion over the course of these observations. These microdomains
were localized to the interface between the neutrophil and tumor cell
target. The focusing of Ca2+ signals at this site may facilitate the local
activation of leukocyte eVector functions, such as degranulation and
oxidant production (n = 11). c, d Similar experiment except that the
neutrophil was treated with BAPTA, as described above. The frames
of d show that BAPTA prevents microdomain formation (n = 6) (bar
10 �m)
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Disposition of Ca2+ regulatory proteins

The mechanism promoting Ca2+ microdomain formation
likely involves local activation of the Ca2+-signaling appa-
ratus. As Fc�R signaling has been linked to CRAC activity
and CRAC activity has been linked with STIM1 clustering
near the plasma membrane [21], neutrophil–tumor cell con-
jugates were Wxed then labeled with an anti-STIM1 mAb
followed by conventional Xuorescence microscopy. These
experiments showed that STIM1 was enhanced in the
region of the neutrophil adjacent to the tumor cell (Fig. 3a,
b). Thus, signal transduction elements downstream from
Fc�R that promote Ca2+ signaling are observed in the same
region where microdomains are formed. As controls, we
examined the dispositions of Ca2+-binding proteins. For
example, local depletion of Ca2+-binding proteins at the
neutrophil–tumor cell synapse would remove competition
between the binding proteins and the Xuorescent Ca2+

probes, thereby potentially increasing the probes’ measured
ratio. We, therefore, examined the intracellular distribution
of Ca2+-binding proteins. The neutrophil’s Ca2+-binding
proteins calbindin and parvalbumin were not depleted in
the region near the site of tumor cell contact (Fig. 3c, f). As
the Ca2+-signaling machinery, including Ca2+ buVering pro-
teins, is located in the region of tumor cell contact, we sug-
gest that an active signaling process is responsible for the
formation of Ca2+ microdomains, not a passive enhance-
ment due to the diVerential traYcking of Ca2+-binding
proteins.

Ca2+-dependent stimulation of apoptosis and cytolysis

To examine the relevance of the Ca2+ signals described
above in tumor cell death, we assessed apoptotic signaling
in tumor cells during ADCC or control conditions. As Ca2+

signaling may promote apoptosis, we examined the ability
of unlabeled neutrophils to elicit Ca2+ signals within IgG-
opsonized Xuo-4- and fura red-labeled HT-1080 cells. As
anticipated, BAPTA inhibited the Xuo-4/fura red signals
within tumor cells (supplementary information, Fig. S3).
Three markers of apoptotic signaling within tumor cells
were evaluated: activation of caspase-3 using the Nuc-
View™ 488 caspase-3 substrate, GAPDH translocation to
the nucleus of apoptotic cells, and annexin V binding to the
cell surface. Although the NucView™ 488 caspase-3 sub-
strate is not Xuorescent, upon cleavage it becomes highly
Xuorescent and is delivered to the nucleus. Figure 4a shows
a tumor cell incubated for 30 min at 37°C not only in the
presence of the NucView™ 488 caspase-3 substrate, but
also in the absence of neutrophils. As these data show, no
accumulation of Xuorescence is observed in the absence of
neutrophils. However, in the presence of neutrophils,
intense Xuorescence is observed within tumor cells

(Fig. 4b), indicating the activation of caspase-3. When neu-
trophils were treated with BAPTA (Fig. 4c) or IgG, opsoni-
zation was omitted (Table 1), caspase-3 activation was not
observed. A positive control experiment utilizing H2O2

exposure to promote apoptosis also exhibited caspase-3
activation (Fig. 4d). Quantitative data for all experiments
are provided in Table 1. These Wndings indicate that apop-
totic pathways within tumor cells are activated in the pres-
ence of neutrophils in an IgG- and Ca2+-dependent fashion.

Fig. 3 Intracellular distribution of calcium regulatory proteins.
Opsonized tumor cells were incubated in the presence of neutrophils.
DiVerential interference contrast (DIC; a, c and e) images of neutro-
phil-bound HT-1080 cells and their corresponding Xuorescence images
(b, d and f) are shown. STIM1, calbindin, and parvalbumin were labeled
using indirect immunoXuorescence as described in “Materials and
methods”. Representative Xuorescence micrographs of Wxed and
stained cells were acquired at room temperature using an EMCCD
camera. STIM1 images were acquired for 200 ms. Calbindin and par-
valbumin images used an exposure time of 2 s. STIM1 labeling was
localized to the cellular region nearest the tumor cell (a, b, arrows). In
contrast, calbindin (c, d) and parvalbumin (e, f) were found throughout
the neutrophils. Hence, the Ca2+-signaling element STIM1 accumu-
lates at the neutrophil–tumor cell synapse whereas the Ca2+ buVering
proteins calbindin and parvalbumin do not (*, neutrophil) (bar 10 �m)
(n = 4)
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Fig. 4 ADCC is accompanied by apoptosis of tumor cells. Apoptosis
was detected using caspase-3 activation, GAPDH translocation, and
annexin V-binding assays. Opsonized tumor cells were incubated with
the NucView™ 488 caspase-3 substrate for 30 min after incubation for
30 min in the absence or presence of neutrophils (a–d). a Control
tumor cells incubated without neutrophils. No signiWcant level of sub-
strate Xuorescence was observed. However, in the presence of
neutrophils (b), intense Xuorescence was observed indicating the acti-
vation of tumor cell caspase-3. Caspase-3 activation is dependent on
Ca2+, as indicated by neutrophils labeled with BAPTA (c). Positive
controls using H2O2 show caspase-3 activation (d). Apoptosis was also
examined using GAPDH translocation. In these studies opsonized
tumor cells were incubated in the absence and presence of neutrophils
for 4 h at 37°C. Samples were then Xuorescently labeled with anti-
GAPDH antibody using indirect immunoXuorescence. Tumor cell

nuclei are indicated with arrowheads in GAPDH (e–h). As shown in e,
GAPDH is found in the cytoplasm of tumor cells, primarily as small
clumps of Xuorescence. However, when tumor cells are incubated with
neutrophils, the Xuorescence was primarily found within the nucleus
(f). When tumor cells were treated with neutrophils labeled with the
Ca2+ buVer BAPTA, GAPDH translocation was not observed (g). On
the other hand, positive controls utilizing H2O2 exhibited GAPDH
translocation (h). To test another apoptosis marker, annexin V binding
was assessed (i–l). Opsonized tumor cells were incubated for 3 h in the
presence or absence of neutrophils. Incubation with neutrophils results
in high levels of annexin V binding (j), similar to that seen in the H2O2-
stimulated positive control (l). The level of annexin V binding is
reduced near the level of the negative control (i), when the neutrophils
were treated with the Ca2+ buVer BAPTA (k). Quantitative data for the
cell populations are shown in Table 1 (bar 20 �m)

Table 1 Quantitative summary of tumor cell apoptotic marker activation (n = 3–6)

9 P < 0.01 in comparison to controls
‡ P < 0.001 in comparison to controls

Apoptotic marker Treatments

Blank Blank + IgG Neutrophil Neutrophil + IgG Neutrophil + IgG + BAPTA H2O2

Caspase-3 16.1 § 4.9 17.8 § 4.5 21.9 § 11.0 68.6 § 19.29 15.0 § 6.0 84.4 § 11.9‡

GAPDH 21.2 § 3.5 10.9 § 1.6 16.1 § 6.1 81.0 § 11.0‡ 32.1 § 11.9 89.5 § 12.2‡

Annexin V 10.1 § 5.5 6.27 § 4.8 20.2 § 8.7 48.2 § 9.2‡ 17.5 § 11.9 48.6 § 9.5‡
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To provide another means of testing the activation of
apoptotic signaling pathways, we examined GAPDH trans-
location to the tumor cell’s nucleus. A recent study has
shown that GAPDH translocation to the nucleus of neuro-
nal cells is a biomarker of apoptotic activation [19]. We
incubated opsonized tumor cells in the presence or absence
of neutrophils for 4 h at 37°C. As glycolytic enzymes are
frequently found to be associated with microWlaments or
microtubules, which are highly sensitive to chemical Wxa-
tion, samples were Wxed using the DSP procedure described
above; this highly permeable reagent rapidly Wxes cells to
retain their delicate internal structures. Samples were then
labeled with anti-GAPDH Abs using indirect immunoXuo-
rescence. Figure 4e and f shows tumor cells incubated in
the absence and presence of neutrophils, respectively. By
comparing these micrographs, it is easy to see that the intra-
cellular distribution of GAPDH varies greatly. In the
absence of neutrophils, GAPDH is found in clusters
throughout the cell cytoplasm, but is largely excluded from
the nucleus. In contrast, cell samples incubated with neutro-
phils show GAPDH accumulation within the nucleus. This
GAPDH translocation event was observed in a large pro-
portion of cells, as indicated in Table 1. Furthermore,
GAPDH accumulation in the nucleus was dependent on
Ca2+ signaling, as suggested by experiments utilizing neu-
trophils treated with BAPTA (Fig. 4g). GAPDH transloca-
tion also required target opsonization (Table 1). Positive
control experiments utilizing H2O2 to promote apoptosis
also demonstrated GAPDH accumulation in the nucleus
(Fig. 4h).

Annexin V binding is another well-established method
to detect apoptotic cells. We conducted an assay in which
opsonized tumor cells were incubated in the presence or
absence of neutrophils for 3 h at 37°C. Cells were then
treated with 5 �l Alexa Fluor 555-conjugated annexin V in
media for 15 min at room temperature. After treatment,
cells were washed and imaged. Figure 4j illustrates that
neutrophil-treated tumor cells show bright annexin V label-
ing similar to that of the H2O2 stimulated positive control
(Fig. 4l). As in previous assays, the apoptotic eVect of the
neutrophils appears to be reduced to near the level of the
untreated control (Fig. 4i) when Ca2+ is buVered by treating
neutrophils with BAPTA (Fig. 4k); this is further illustrated
in quantitative data contained in Table 1. When Ab was
omitted from tumor cell–neutrophil co-cultures, apoptosis
was found at background levels (Table 1). As Alexa Fluor
350-conjugated annexin V absorbs in the ultraviolet, it was
possible to triple label opsonized tumor cells with Fluo-4,
Fura Red, and Alexa Fluor 350-conjugated annexin V. This
experiment indicated that cells binding annexin V exhibit
high Fluo-4/Fura Red ratios (supplemental information,
Fig. S4). Hence, multiple assays indicate that neutrophils
induce apoptosis during ADCC.

Finally, a tumor cell cytolysis assay showed that opso-
nized tumor cells treated with neutrophils for 3 h exhibited
37% (§16%) cytolysis relative to a detergent-treated con-
trol. As expected, the rate of cytolysis is dramatically lower
than the acquisition of apoptotic markers in tumor cells
(Table 1). However, treating the neutrophils with BAPTA
reduced the measured extent of cytolysis to 15% (§11%).
These several assays indicate that ADCC is taking place
under the experimental conditions described above. More-
over, the formation of Ca2+ microdomains in neutrophils
parallels the activation of apoptosis pathways in target
cells.

Discussion

Ca2+ is a broadly important intracellular messenger that
participates in numerous signaling events including leuko-
cyte activation and tumor cell apoptosis [21, 23, 24]. In the
present study, we examined the spatial and temporal
properties of neutrophil Ca2+ signaling using the enhanced
precision of super-quiet microXuorometry and Xashlamp-
based microscopy to illuminate the processes underlying
ADCC. Using super-quiet microXuorometry, we have
shown that Ca2+ signals increase in intensity and oscillate
within neutrophils during ADCC. The comparatively long
period of the oscillations is likely due to the imaging buVer.
For example, the inclusion of pyruvate at a physiological
concentration would be expected to lengthen the open time
of Ca2+ channels [25]. Interestingly, during tumor cell kill-
ing, the noise associated with the Ca2+ signal was substan-
tially greater than the expected quantum noise, suggesting
that this represents chemical noise in the signal transduc-
tion apparatus [26]. Our studies in Fig. 2b provide strong
evidence based on the Xuo-4/fura red ratio that a steep Ca2+

gradient exists in neutrophils at the neutrophil–tumor cell
interface during ADCC. Hence, a microdomain of high
Ca2+ concentration forms in neutrophils at the neutrophil–
tumor cell interface during ADCC.

The neutrophil–tumor cell synapse is a highly special-
ized region. The neutrophil plasma membrane receptors
Fc�RIIIb and Fc�RIIa [27–31] may contribute to the eVec-
tor responses described in this study. An early event in
tumor cell destruction is the accumulation of FcRs at the
neutrophil–tumor cell synapse. Previous studies have
shown that FcRs cluster at the neutrophil-target binding site
during ADCC [32]. Cross-linked FcRs trigger phosphoryla-
tion events and traYc to detergent-resistant membrane
domains, which are likely lipid rafts [33]. SpeciWcally,
Fc�RIIIb has been identiWed in lipid rafts [34]. Another key
component of the neutrophil–tumor cell synapse is CD11b/
CD18 [complement receptor type 3 (CR3), Mac-1, Mo-1],
which participates in IgG-dependent cell activation
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independently of its role in binding complement fragment
iC3b [e.g., 35]. CD11b/CD18 plays a key role in ADCC
[36, 37], which includes the formation of the neutrophil–
tumor cell synapse. This, in turn, has been shown to be
important in FcR-mediated host resistance to melanoma
[38]. STIM1, an important element in the calcium signaling
machinery, has been shown to redistribute and cluster in a
lipid raft-dependent manner at junctions of the endoplasmic
reticulum and the plasma membrane [39]. Indeed, as shown
in Fig. 3, STIM1 accumulates within neutrophils at the neu-
trophil–tumor cell synapse during ADCC. Thus, STIM1 is
likely to be important in (1) leukocytes mediating ADCC
directed against tumor cell targets and (2) the locomotion of
cancer cells [40]. Local activation of FcRs likely promotes
Ca2+ signaling and the accumulation of additional elements
of the Ca2+ signal transduction machinery, such as STIM1.
As FcRs traYc to the neutrophil–tumor cell synapse and to
lipid rafts, it is likely that the synapse is enriched in lipid
rafts. We suggest that the Ca2+ microdomains illustrated in
Fig. 2 are a functional signaling analog of the structurally
deWned lipid rafts [41].

It has been variously proposed that neutrophil eVector
functions such as degranulation and reactive oxygen metab-
olite production are important in neutrophil-mediated
ADCC [3, 42, 43]. Our work supports this concept. Ca2+

signaling has been reported to play important roles in both
neutrophil degranulation and NADPH oxidase activation
[44, 45]. By focusing the neutrophil’s Ca2+-signaling appa-
ratus at the site of tumor cell binding, the leukocyte’s
destructive potential will be selectively activated at this
location—the point nearest the tumor cell. Our Wndings
concerning neutrophil-mediated ADCC underscore the
Wndings of Stockmeyer et al. [46], which suggested that
apoptosis is induced in breast cancer cells at low eVector–
target ratios during ADCC by the release of neutrophil
granules and other components, and provide new details
regarding the underlying mechanism.

Recently, apoptosis has been recognized as an important
mechanism of tumor cell death during ADCC, especially at
low (and likely more physiologically relevant) eVector-to-
target ratios [46]. Caspase-3 activation is a gold standard of
apoptotic signaling in cells [47]. It is the best-recognized
marker of both early and later steps of the apoptosis. In the
present study, we demonstrated caspase-3 activation during
early neutrophil-mediated ADCC, which was also observed
by the addition of hydrogen peroxide to tumor cells. More-
over, as the inclusion of BAPTA blocks this process, the
rise in tumor cell Ca2+ noted during ADCC (supplemental
information, Fig. S3) is required for the activation of
caspase-3. Hence, the formation of Ca2+ microdomains in
neutrophils leads to Ca2+-dependent caspase-3 activation
and apoptosis of tumor targets.

To provide additional evidence to support the induction
of apoptotic signaling pathways during ADCC, we also
tested tumor cells for the nuclear translocation of GAPDH.
Although GAPDH is a glycolytic enzyme, it has several
additional functions [48]. For example, Shashidharan et al.
[49] and Dastoor and Dreyer [22] have demonstrated that
GAPDH translocation to the nucleus is a marker of apopto-
sis mediated by oxidant stress in neural cells. In the present
work, we demonstrated that GAPDH is extranuclear in
untreated cells, but accumulates in the nucleus in hydrogen
peroxide-treated cells or tumor cells during neutrophil-
mediated ADCC. Our work conWrms and extends these
Wndings by demonstrating the nuclear translocation of
GAPDH in tumor cells. To the best of our knowledge,
GAPDH translocation to the nucleus has not been previ-
ously associated with ADCC or tumor cell biology.

Our work has signiWcant implications for improving the
immunotherapy of cancer. As traditional biochemical and
rational drug design relies upon studies conducted outside
the conWnes of living cells, it is becoming apparent that
live cell imaging has an important place in drug develop-
ment [50]. As our studies suggest that Ca2+ microdomains
are associated with tumor cell apoptosis, the screening of
drugs could be based on Ca2+-signaling patterns. For
example, one could search for compounds that stimulate
Ca2+ microdomains matching those described above to
enhance cytotoxicity. One interesting potential target in
ADCC is ceramide kinase products [51], which might be
useful in enhancing store-operated channel activity of
leukocytes.

Ab-based pharmaceuticals are being increasingly used in
cancer immunotherapy [1]. In many cases, these mAbs are
used in combined therapy protocols with cytotoxic drugs.
Recently, there has been renewed interest in the Warburg
eVect and metabolically active drugs [52], such as dichloro-
acetate and other pyruvate dehydrogenase kinase inhibitors
aVecting lactic acidosis [53]. These drugs promote apopto-
sis in tumor cells by increasing carbon Xux into the citric
acid cycle and electron transport. In contrast, as shown by
the data of others [46] and Figs. 3 and 4, ADCC induces
apoptosis via signaling pathways that likely include Ca2+

signals and reactive oxygen metabolites. As ADCC and
metabolic therapy promote apoptosis via diVerent routes, it
seems likely that a combined metabolic-immunotherapy
approach would enhance the eYcacy of the mAb treatment.
Moreover, a local reduction in lactate production would
increase local pH and, consequently, enhance eVector func-
tion [54] and Ca2+ signaling [55]. Such an approach may
also reduce the high costs associated with mAb therapy.
We are now exploring the potential of both Ca2+-active
agents and pyruvate dehydrogenase kinase inhibitors to
augment tumor cell apoptosis during ADCC.
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