
Blocking granule-mediated death by primary human
NK cells requires both protection of mitochondria and
inhibition of caspase activity
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Human GraB (hGraB) preferentially induces apoptosis via Bcl-2-regulated mitochondrial damage but can also directly cleave
caspases and caspase substrates in cell-free systems. How hGraB kills cells when it is delivered by cytotoxic lymphocytes (CL)
and the contribution of hGraB to CL-induced death is still not clear. We show that primary human natural killer (hNK) cells, which
specifically used hGraB to induce target cell death, were able to induce apoptosis of cells whose mitochondria were protected by
Bcl-2. Purified hGraB also induced apoptosis of Bcl-2-overexpressing targets but only when delivered at 5- to 10-fold the
concentration required to kill cells expressing endogenous Bcl-2. Caspases were critical in this process as inhibition of caspase
activity permitted clonogenic survival of Bcl-2-overexpressing cells treated with hGraB or hNK cells but did not protect cells that
only expressed endogenous Bcl-2. Our data therefore show that hGraB triggers caspase activation via mitochondria-dependent
and mitochondria-independent mechanisms that are activated in a hierarchical manner, and that the combined effects of Bcl-2
and direct caspase inhibition can block cell death induced by hGraB and primary hNK cells.
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Cytotoxic lymphocytes (CL) kill their targets by granule
exocytosis, a process involving perforin-mediated delivery of
granzymes to the target cell. Various purified granzymes have
been shown to kill cultured cells when delivered by perforin or
perforin substitutes, but the mechanism by which they induce
death when they are delivered by intact CL and their individual
contributions to the totality of CL-induced cell death remains
unresolved. The current study sought to understand how
human GraB (hGraB) triggers cell death when it is delivered
by intact CL.
Various studies have proposed that GraB induces apopto-

sis by (i) directly cleaving and activating caspases,1–3 (ii)
triggering release of caspase-activating proteins from mito-
chondria4–8 or (iii) cleaving various caspase substrates or
novel noncaspase substrates.9–11 GraB can directly cleave
and activate several caspases when added directly to target
cell lysates.1–3 Activation of caspase-3 occurs by a two-step
process in which GraB directly cleaves pro-caspase-3
between the large and small subunits to generate a 20 kDa
fragment that undergoes autoprocessing to generate the fully
active protease.3 In cells, the autolytic cleavage step is
blocked by inhibitor of apoptosis proteins (IAPs) suggesting

that GraB-mediated cleavage of caspases is not sufficient to
induce apoptosis.7,12 Further, inhibition of caspase activity per
se did not permit clonogenic survival of GraB-treated cells,
suggesting that another substrate must play a critical role in
GraB-induced death.8 GraB also cleaves Bid and Mcl-1,
members of the Bcl-2 family that regulate mitochondrial outer
membrane permeabilization (MOMP) and subsequent re-
lease of soluble proteins (including cytochrome c (cyt c) and
second mitochondrial activator of caspases (SMAC/Diablo))
from the mitochondrial intermembrane space.4–8 Upon
release, cyt c triggers formation of an apoptosome complex
that activates caspase-9, and SMAC facilitates activation of
caspase-3 by deregulating IAPs.7,12,13

Several studies predict that MOMP plays a critical role in
GraB-induced apoptosis,6–8,12,14–16 while others predict that
mitochondria merely amplify prior activation of caspases.17,18

One potential resolution to this important discrepancy is that
mouse and hGraB, used in different studies, cleave different
substrates.19–21 Both human and mouse GraB efficiently
cleaved caspase-3 and caspase-7 in cell-free systems but
only hGraB efficiently cleaved Bid.19–21 The mitochondrial
pathway may therefore be critical during hGraB-induced
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apoptosis but less important inmice. Consistent with this, cells
that were deficient in Bid or overexpressed Bcl-2 survived and
proliferated following treatment with hGraB,8,22 but Bid�/�

cells did not survive following treatment with mGraB.18

Conversely, cells treated with mGraB in the presence of
caspase inhibitors survived and continued to proliferate but
cells exposed to hGraB in the presence of caspase inhibitors
did not.8,20 GraB can also process nearly 30 other proteins,9–11

several of which are also targeted by caspases. It is possible
that direct cleavage of these proteins by GraB might result in
apoptosis without the need for MOMP or caspase activation.
The relative importance of these pathways in GraB-induced
apoptosis is still vigorously debated and the relative contribu-
tion of these pathways to CL-induced cell death is not clear.
Bcl-2 is a critical regulator of the mitochondria-dependent

pathway to apoptosis. Overexpression of Bcl-2 blocks
apoptosis induced by various stimuli that exclusively activate
the mitochondria-dependent pathway to apoptosis and
renders cells resistant to many cytotoxic drugs. Importantly,
overexpression of Bcl-2 also blocks hGraB-induced
MOMP but does not block CL-induced death of target cells
following granule exocytosis.6,8,23,24 To investigate the con-
tribution of hGraB-mediated MOMP to human CL-induced
death, we wished to determine how human CL kill cells that
overexpress Bcl-2.
We found that human natural killer (hNK) cells killed HeLa-

Bcl-2 cells by apoptosis and this process was blocked by
compound 20, a membrane-permeable inhibitor of GraB.
HeLa-Bcl-2 cells were resistant to lower concentrations
of hGraB (12.5 nM, as we have previously reported), but
higher concentrations of hGraB (125 nM) were able to
overcome Bcl-2’s protection suggesting that hGraB can
trigger two separate pathways to cell death: a mitochondria-
dependent pathway that is very sensitive to hGraB and a
second, mitochondria-independent, pathway that requires

higher concentrations of hGraB. hNK cells were delivered
between 600 and 1200nM hGraB to HeLa-Bcl-2 cells, which
would be sufficient for hGraB to activate both pathways.
Finally, inhibition of both mitochondrial damage and caspase
activity, but not either alone, maintained the clonogenic
survival of HeLa cells treated with hNK cells or high
concentrations of hGraB demonstrating the critical role of
both hGraB-mediated MOMP and MOMP-independent acti-
vation of caspases in NK-induced death. Our data therefore
(1) demonstrates the importance of the Bcl-2-regulated
mitochondrial pathway to GraB-induced apoptosis while
elucidating a bona fide role for alternative pathways to
caspase activation, (2) resolves apparent differences
between studies which predict that GraB induces
MOMP-dependent apoptosis by cleaving and activating
Bid and studies which predict that GraB triggers MOMP-
independent activation of caspases, (3) demonstrates the
ability of XIAP to regulate NK-induced apoptosis and (4)
functionally demonstrates the importance of these pathways
during hNK-induced death.

Results

NK cells induce apoptosis of HeLa-Bcl-2. Human NK
cells isolated from peripheral blood and activated with low
concentrations of rIL-2 (25U) for 2 days, killed HeLa-Bcl-2
cells at low effector-to-target ratios (2 : 1; Figure 1a). This
death was blocked by EGTA, confirming involvement of the
granule exocytosis pathway in this process. Bcl-2 was
functional in these cells as their resistance to UV-induced
apoptosis was reversed by the Bcl-2 antagonist ABT-737
(Supplementary Figure 1). We observed that hNK cells killed
HeLa-Bcl-2 cells by two morphologically distinct processes
(Supplementary movie 1). The first involved rounding/

Figure 1 Natural killer cells kill HeLa-Bcl-2 by apoptosis. (a) NK cells isolated from peripheral blood and incubated with 25 U IL-2 for 0, 1 or 2 days were added to HeLa
cells and HeLa-Bcl-2 cells in the presence or absence of EGTA (4 mM). Cell death was assayed by release of 51Cr that had been preloaded into the target cells (data represent
average of independent experiments±S.E.M., n¼ 3 for day 0, n¼ 10 for day 1 and n¼ 6 for day 2). (b) HeLa-Bcl-2 cells were treated with NK cells that had been cultured in
25 U IL-2 for 2 days and followed by time-lapse microscopy. Images of morphology (gray), annexin V-FITC (green) and propidium iodide (red) were obtained every 5 min and
are presented as overlaid images. Representative fields of one cell; adherent (20 min) rounding (2 h 20 min), blebbing (2 h 30min), annexin Vþ ve/PI�ve (3 h 20 min) and
annexin Vþ ve/PIþ ve (4 h 0 min) are shown. A movie of this cell and graphs of a line scan (indicated by the white line) showing the maximum intensity of morphology (blue),
annexin V (green) and propidium iodide (red) is shown in Supplementary movie 3. (c) HeLa-Bcl-2 cells were treated with NK cells for 2 h in the presence or absence of
compound 20 (10 mM) and followed by time-lapse microscopy. DIC images taken immediately after NK cells were added (only a few NK that have landed in the field of view are
visible) and after 2 h are presented. The large flat cells (*) are HeLa-Bcl-2 cells and the small round cells (#) are NK cells. Arrows indicate apoptotic cells. A time-lapse movie
from this experiment is presented as Supplementary movie 6
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blebbing of the plasma membrane similar to apoptotic cell
death and the second involved swelling of the plasma
membrane while the target cell remained flat, reminiscent
of perforin-induced lysis (Supplementary movie 2). The
relative proportion of each type of death varied between
patient samples; however, the nonlytic death was always far
more prevalent (490% of deaths) when the NK cells had
been cultured for less than 2 days. In contrast, lytic death
was more evident when the NK cells had been cultured for
longer. Previous studies have been reported using NK cells
stimulated with 1000U/ml of IL-2 for several days, however in
our hands, these cells primarily killed HeLa-Bcl-2 cells by
lysis (not shown). We wished to determine how NK cells
killed by the nonlytic form of cell death and therefore used NK
cells stimulated with 25U rIL-2 for 2 days at an effector-to-
target ratio of 2 : 1.
Morphology alone is insufficient to distinguish between

apoptosis and some alternate forms of cell death;25 however,
apoptosis characteristically results in the exposure of phos-
phatidylserine (PS) on the outside of the cell before loss of
plasma membrane integrity. We found that NK cells killed
HeLa-Bcl-2 cells by apoptosis as the target cells rounded up,
blebbed and PS became exposed on the outside of the
plasma membrane before loss of its integrity (Figure 1b). We
also observed this sequence of events when HeLa cells were
treatedwith TRAIL, hGraB (Supplementarymovies 4 and 5) or
UV, which are known to induce apoptosis. Further, we found
that NK cells killed 44% (S.E.M.¼ 3%, n¼ 3) HeLa-Bcl-2 cells
in the absence of compound 20, a specific inhibitor of GraB,26

but killed only 6% (S.E.M.¼ 2%, n¼ 3) HeLa-Bcl-2 cells in
the presence of compound 20, indicating that NK-induced
apoptosis of HeLa-Bcl-2 was mediated by hGraB (Figure 1c).
In this model, death of Bcl-2-overexpressing cells in response
to intact hNK was dependent on hGraB and did not involve
direct lysis by perforin.

High concentrations of hGraB induce caspase-dependent
apoptosis of HeLa-Bcl-2. Several groups, including our
own, have reported that Bcl-2-overexpressing cells
were resistant to hGraB-induced apoptosis,5,6,8 but in
some instances, this resistance was only partial.6 We
hypothesized that hNK cells may deliver sufficiently high
concentrations of hGraB to circumvent the protection
afforded by Bcl-2. We found that concentrations of hGraB
in the low nanomolar range (o30 nM) killed HeLa cells more
efficiently than HeLa-Bcl-2, but higher concentrations
(4125nM) efficiently killed both HeLa and HeLa-Bcl-2 cells
(Figure 2a). We observed similar results using Jurkat-Bcl-2,
143B-Bcl-2 and FDC-P1-Bcl-2 cells (not shown). Time-lapse
microscopy revealed that the sequence of events during
hGraB-induced death of HeLa-Bcl-2 cells (rounding/blebbing
followed by annexin V binding, followed by loss of plasma
membrane integrity) was indistinguishable from NK-induced
apoptosis (Figure 2b). These data show that hGraB can
induce apoptosis in HeLa-Bcl-2 cells only if delivered at
higher concentrations than that required to kill HeLa cells that
express only endogenous Bcl-2. Using western blot analysis,
we compared the signal from various concentrations of
purified hGraB with hGraB in lysates from HeLa-Bcl-2 cells
treated with NK cells for 3 h in the presence of zVAD-fmk.

We calculated that NK-treated HeLa-Bcl-2 cells contained
between 600 and 1200nM of hGraB (Figure 3c and
Supplementary Figure 2). While this analysis can provide
only an approximation of the effective concentration of
hGraB, these data suggest that NK cells are capable of
delivering at least 125 nM hGraB to HeLa-Bcl-2 cells.
Apoptosis is generally believed to be orchestrated by

caspase proteases. We therefore wished to determine
whether caspases play a role in hGraB-induced apoptosis of
HeLa-Bcl-2 cells. We found that HeLa-Bcl-2 cells treated
with hGraB (125 nM) stained positive with zVAD-fmk-FITC, a
fluorescent peptide that binds active caspases (Figure 3a)
and zVAD-fmk inhibited PS exposure on hGraB-treated
HeLa-Bcl-2 cells (Figure 3b), an event that is specifically
orchestrated by caspases.27 zVAD-fmk also blocked hGraB-
induced death of Jurkat-Bcl-2, 143B-Bcl-2 and FDCP1-Bcl-2
cells (not shown). zVAD-fmk has been reported to block
calpain and other cysteine proteases;28–30 however, we found
that another caspase inhibitor Q-VD-OPh also blocked
hGraB-induced apoptosis of HeLa-Bcl-2 cells (Figure 3c),
but cathepsin and calpain inhibitors did not (Figure 3b and c
and Supplementary Figure 3). This confirms the specific
involvement of caspases in hGraB-induced apoptosis of
HeLa-Bcl-2 cells. Consistent with the previous results, lower
concentrations of hGraB (12.5 nM) activated caspases and
induced PS exposure in HeLa cells, but not in HeLa-Bcl-2
cells, (Figure 3) showing that only high concentrations of
hGraB bring about caspase activation when Bcl-2 is over-
expressed.

hGraB-induced caspase activation in HeLa-Bcl-2 cells
does not involve MOMP or direct processing of caspases
to their fully mature form. In cell-free extracts, hGraB
has been shown to cleave caspase-8 and caspase-10 to
partially processed forms but caspase-3 was required to
cleave these caspases to their mature forms.1 hGraB also
cleaved caspase-3 and caspase-7 to intermediate-sized
fragments that underwent autoprocessing to their mature
forms. In cells, the autoprocessing step was blocked by IAPs
and release of cyt c and SMAC was required to permit full
maturation of these caspases. As overexpression of Bcl-2
blocks release of cyt c and SMAC in HeLa cells,8 it was unclear
how higher concentrations of hGraB could activate caspases in
HeLa-Bcl-2 cells.
One possibility was that higher concentrations of hGraB

activated more Bid, or additional pro-apoptotic Bcl-2 family
members, to overcome Bcl-2 and trigger caspase-indepen-
dent MOMP. Consistent with the previous results, cyt c and
SMAC were released from mitochondria of HeLa cells treated
with hGraB (12.5 nM) in a caspase-independent manner. Cyt
c and SMAC were also released from mitochondria of HeLa-
Bcl-2 cells treated with 125 nM hGraB; however, this was
completely blocked by zVAD-fmk (Figure 4a and b). We also
followed the localization of cyt c tagged with green fluorescent
protein (cyt c-GFP) by time-lapse confocal microscopy
(Supplementary movies 8 and 9). Cyt c-GFP release was
quantitated as a reduction in the variance of fluorescent
intensity across individual cells.31 We observed rapid cyt
c-GFP release from mitochondria of individual HeLa cells
treated with hGraB (12.5 nM) in the presence or absence of
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zVAD-fmk (Supplementary movie 8), and this correlated with
a decrease in fluorescent variance (Figure 4c). We did not
observe any cyt c-GFP release in HeLa-Bcl-2 cells treated
with hGraB (125 nM) in the presence or absence of zVAD-fmk

(Supplementary movie 9), nor did we observe any significant
decrease in fluorescent variances in HeLa-Bcl-2 cells treated
with hGraB (125 nM) in the presence of zVAD-fmk (Figure 4c).
As we used two independent quantitative assays (FACS and

Figure 2 hGraB induces apoptosis in HeLa-Bcl-2. (a) HeLa or HeLa-Bcl-2 cells treated with various concentrations of hGraB in the presence of perforin (1 nM) were
assayed for cell death by release of 51Cr that had been preloaded into the target cells. (b) HeLa-Bcl-2 cells treated with hGraB (125 nM) and perforin (1 nM) were followed by
time-lapse microscopy. Images of morphology (gray), annexin V-FITC (green) and propidium iodide (red) were obtained every 5 min. Representative overlaid images of one
cell (adherent (20 min) rounding (1 h 2 min), blebbing (2 h 2 min), annexin Vþ ve/PI�ve (3 h 2 min) and annexin Vþ ve/PIþ ve (4 h 2 min)) are shown. A movie of this cell and
graphs of a line scan (indicated by the white line) showing the maximum intensity of morphology, annexin V (green) and propidium iodide (red) is shown in Supplementary
movie 7. (c) (i) Purified granzyme B (0.3–20 ng) and lysates from 4� 104 NK-treated HeLa-Bcl-2 cells and 0.4� 104 NK cells (equivalent to the contaminating NK cells in the
HeLa-Bcl-2 cells) were subjected to western blotting. (ii) A line (200 pixels wide (the approximate height of gel shown)) was drawn across the blot and (255 minus the minimum
intensity (blackest pixel)) was plotted for each point along that line. The intensity of signal for hGraB in the HeLa-Bcl-2 cells was fully within the dynamic range of the film.
(iii) The intensity of signal for each concentration of purified GraB was calculated using Image J software and the slope of the graph (y¼ 5182.8� (�1903.3)) was calculated
for the linear region of the graph (inset). From this, we calculated that there was 2.6 ng hGraB in the HeLa-Bcl-2 sample [(13 589þ 1903.3)/5182.8]�[(266þ 1903.3)/5182]
where 13 589 (y1) was the intensity of signal from hGraB in the HeLa-Bcl-2 cells and 266 (y2) was the signal intensity for hGraB in the contaminating NK cells. Although we
loaded lysates from 4� 104 HeLa-Bcl-2, only 2.6� 104 (66%) of these cells would have died in the absence of zVAD-fmk. The average size of our HeLa-Bcl-2 cells was
2.66 pl (Sysmex automated blood cell counter, Mundelein, IL, USA); therefore, we effectively loaded lysates from 69 nl of (2.66 pl� 2.6� 104) of HeLa-Bcl-2 cells that
contained hGraB. hGraB was therefore present in hNK-treated HeLa-Bcl-2 cells at a concentration of 2.6 ng per 69 nl, 38 mg/ml or 1200 nM (based on the molecular weight of
32 000). We repeated this western blot using 10� the concentration of NK cell lysate and estimated that the concentration of hGraB was only 625 nM (Supplementary Figure
2). It is noteworthy that the hGraB in the HeLa-Bcl-2 cells was slightly smaller than the purified GraB, probably due to posttranslational modification, but was the same size as
hGraB detected in human NK cells (Supplementary Figure 2)
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time-lapse confocal microscopy) and failed to detect any
significant release of cyt c from mitochondria of HeLa-Bcl-2
cells treated with hGraB in the presence of zVAD-fmk, we
concluded that hGraB-mediated activation of caspases in
HeLa-Bcl-2 must occur upstream and independent of MOMP.
Following initial cleavage by hGraB, caspase-7 and

caspase-3 undergo autolytic cleavage after Asp residues to
generate the mature protease. As hGraB and these caspases
share similar substrate specificity, it was possible that higher
concentrations of hGraB bypass the autoprocessing step
and directly process these caspases to their mature forms.
We therefore used western blot analysis to assay hGraB-
mediated cleavage of caspases in HeLa and HeLa-Bcl-2 cells
in the presence and absence of zVAD-fmk. These experi-
ments were performed in the presence of MG132 to prevent
proteasomal degradation of the partially processed fragments
(Supplementary Figure 4). We found that pro-caspase-3
and pro-caspase-7 were fully processed (to p17 and p12
fragments, respectively) in HeLa-Bcl-2 cells treated with
125 nM hGraB; however, both caspases were only partially

processed in the presence of zVAD-fmk (Figure 5). Impor-
tantly, hGraB-mediated cleavage of pro-caspase-7 and
pro-caspase-3 was not due to adventitious cleavage by hGraB
following target cell lysis, as we obtained similar results when
the HeLa-Bcl-2 cells were lysed in buffer containing dichloro-
isocoumarin, which directly blocks hGraB activity (not
shown). We also found that hGraB cleaved pro-caspase-8
to a p43 fragment in the presence or absence of zVAD-fmk,
but did not cleave caspase-8 to the mature p18 form detected
during TRAIL-induced apoptosis (Figure 5). Caspase-9 was
cleaved to its fully active form only during hGraB-induced
apoptosis of HeLa cells but not during hGraB-induced
apoptosis of HeLa-Bcl-2 cells. Collectively, these data show
that high concentrations of hGraB do not directly cleave
caspase-3, -7, -8 or -9 to their fully active form in intact
HeLa-Bcl-2 cells.

Caspases play a critical role in hGraB-induced apoptosis
and hNK-induced death of Bcl-2-overexpressing
cells. Previous studies have shown that caspases do not
play a critical role in hGraB-induced apoptosis, as cells
treated with hGraB in the presence of zVAD-fmk did not
survive in long-term assays of clonogenicity or proliferation.8

Recent studies showed that caspases are critical for
mGraB-induced apoptosis, as cells treated with mGraB in the
presence of caspase inhibitors did continue to proliferate.20 It
was proposed that MOMP did not play a role in the mouse

Figure 3 hGraB-induced apoptosis of HeLa-Bcl-2 cells is caspase dependent.
HeLa and HeLa-Bcl-2 cells treated with hGraB (12.5 or 125 nM as indicated) and
perforin (1 nM) for 4 h in the presence or absence of zVAD-fmk (100mM), zFA-fmk
(100mM), mF-hF-fmk (100mM) or Q-VD-fmk (10 mM) were stained with (a) FITC-
zVAD-fmk or (b and c) annexin V-FITC and assayed by flow cytometry

Figure 4 hGraB induces caspase activation in HeLa-Bcl-2 cells, independent of
mitochondrial outer membrane permeabilization. HeLa and HeLa-Bcl-2 cells treated
with hGraB (12.5 or 125 nM as indicated) and perforin (1 nM) for 2 h in the presence
or absence of zVAD-fmk (100mM) were permeabilized with digitonin to release
soluble proteins in the cytoplasm. The cell pellet was either (a) fixed and stained with
primary anti-cytochrome c and secondary anti-mouse-PE and analyzed by flow
cytometry or (b) lysed and subjected to western blot analysis with anti-SMAC. (c)
Release of cyt c-GFP from mitochondria was quantitated by measuring the variance
in green fluorescence intensity across individual cells31 and plotted against time
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as mGraB did not efficiently cleave Bid. We therefore
wished to determine whether caspases play a critical role
in hGraB-induced apoptosis when MOMP is blocked by over-
expression of Bcl-2. Consistent with previous studies, zVAD-
fmk blocked hGraB-induced apoptosis of HeLa cells but
these cells failed to survive in clonogenic assays (Figure 6a
and b). In contrast, zVAD-fmk blocked hGraB-induced
apoptosis of HeLa-Bcl-2 cells and these cells did survive
and proliferate in long-term clonogenic assays (Figure 6a
and b). From these studies, it was clear that the combined
effect of overexpression of Bcl-2 and inhibition of caspases
was sufficient to confer survival following treatment with high
concentrations of hGraB but overexpression of Bcl-2 or
inhibition of caspases alone was not. We did observe a small
but significant loss of clonogenic survival when HeLa-Bcl-2
cells were treated with low concentrations of GraB (12.5 nM)
in the presence of zVAD-fmk; however, overexpression of
XIAP, a natural inhibitor of caspase autolysis, rescued 100%
of these cells suggesting that zVAD-fmk itself may have
limited toxicity in these assays. Overexpression of XIAP also
blocked apoptosis of HeLa-Bcl-2 cells treated with 125 nM
hGraB and a significant number of these cells survived in
clonogenic assays but XIAP was less effective in these
assays and could be supplemented by adding zVAD-fmk

(Figure 6). This may be because the level of XIAP was not
sufficient to fully inhibit caspases activated by 125nM hGraB
in all cells. These data show that direct initiation of caspase
processing plays a critical role during hGraB-induced
apoptosis but only when the mitochondrial pathway is
blocked.
To investigate whether blocking caspase activity and

preventing MOMP could also block the cytotoxic effect of
hGraB delivered by intact CL, we treated HeLa and HeLa-Bcl-2
cells with NK cells in the presence or absence of zVAD-fmk.
NK cells induced apoptosis in a significant number of HeLa
and HeLa-Bcl-2 cells within 2 h in the absence of zVAD-fmk,
but the majority of cells maintained a flattened morphology in
the presence of zVAD-fmk (Figure 7a). Indeed, time-lapse
movies revealed that while B75% of HeLa-Bcl-2 were killed
by NK cells in the absence of zVAD-fmk, less than 10% of
HeLa-Bcl-2 were killed in the presence of zVAD-fmk
(Supplementary movies 10 and 11). Although HeLa cells
treated with NK cells in the presence of zVAD-fmk did not
round up, cyt c was released from the mitochondria into the
cytoplasm (Figure 7b) and they did not survive in clonogenic
assays (Figure 7c). Cyt c was not released from mitochondria
of HeLa-Bcl-2 cells incubated with NK cells in the presence of
zVAD-fmk (Figure 7b), and these cells did survive and

Figure 5 hGraB does not directly cleave caspase-3, -7, -8 or -9 to their mature
forms. Lysates from HeLa and HeLa-Bcl-2 cells treated with hGraB (12.5 or 125 nM
as indicated) and perforin (1 nM) or human leucine zipper TRAIL (230 ng/ml) for 2 h
in the presence or absence of zVAD-fmk (100mM) and MG132 (1mM) were
subjected to western blot analysis for caspase-3, -7, -8 and-9

Figure 6 The combined effects of Bcl-2 and inhibition of caspase activity block
hGraB-induced apoptosis of HeLa-Bcl-2 cells. HeLa-Bcl-2 cells were transduced
with MSCV-IRES-GFP and MSCV-XIAP-IRES-GFP and sorted by FACS. (inset)
Cells were tested for XIAP expression by western blotting. (a) HeLa, HeLa-Bcl-2-
Mock or HeLa-Bcl-2-XIAP cells treated with hGraB (12.5 or 125 nM as indicated)
and 1 nM perforin in the presence or absence of zVAD-fmk (100 mM) for 4 h were
stained with annexin V-FITC and assayed by flow cytometry. Data reported are the
average of five independent experiments±S.E.M. (b) HeLa, HeLa-Bcl-2-Mock or
HeLa-Bcl-2-XIAP cells treated with hGraB and 1 nM perforin in the presence
or absence of zVAD-fmk (100mM) were plated after 1 h and colonies were counted
after 7 days. Data reported are the average of four independent experiments±
S.E.M.
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continued to proliferate (Figure 7c). Similarly, we found that
HeLa-Bcl-2 cells overexpressing XIAP were more resistant to
NK-induced death than HeLa-Bcl-2-MSCV cells and more
HeLa-Bcl-2-XIAP cells survived in colony-forming assays
(Figure 7d). As overexpression of Bcl-2 in combination with
inhibition of caspase activity, but not either alone, blocked
NK-induced death, these data demonstrate the critical role
played by both caspases and MOMP in this process.

Discussion

Purified GraB can cleave almost 30 substrates when added
to cell lysates and may therefore trigger various pathways to
cell death. The relative contribution of these pathways to
CL-induced death is not clear. Studies using CL from mice
deficient in GraB have been influential in elucidating the
contribution of GraB to CL-induced death; however, recent
studies have shown that mGraB has different substrate
preference to hGraB.19–21 It is therefore essential to under-
stand the mechanism by which human CL utilize hGraB to kill
their targets. In this study, we have closely followed the death
of cells treated with hGraB or hNK cells, in which hGraB was
crucial for inducing death. Both hNK cells and hGraB induced
apoptosis of HeLa cells by activating mitochondria-dependent
and mitochondria-independent pathways to caspase activa-
tion. Inhibition of both of these pathways together, but not
either alone, blocked the cytotoxic effects of purified hGraB
or hNK cells. These studies demonstrate the importance of
the Bcl-2-regulated mitochondrial pathway in hGraB-induced
apoptosis while elucidating a bona fide role for alternative
pathways to caspase activation.

Hierarchical pathways to hGraB-mediated caspase
activation. Previous studies reported that MOMP was not
required for GraB-mediated activation of caspases and that
MOMP was simply part of a caspase amplification loop,3,17,18

but other studies predicted that MOMP was critical for GraB-
induced activation of caspases.4–6,8,24 Our current data show
that hGraB can induce MOMP-independent activation of
caspases in cells but activation of this pathway required
significantly higher concentrations (5- to 10-fold) of hGraB
than that required to activate the MOMP-dependent pathway.
This suggests that in a cell biological system, these two
pathways coexist, but they are activated in a hierarchical
fashion depending on the concentration of GraB delivered to
the target rather than in a time-dependent manner that would
be predicted if MOMP was part of an amplification loop.
Although we still do not know the exact concentration of
hGraB delivered by NK cells into the target cell cytoplasm,
our data suggest that NK cells must be capable of delivering
sufficient hGraB to activate both pathways. The relative
importance of these pathways to NK-induced death may
become apparent only when the alternate pathway is blocked
or if viral inhibitors partially block hGraB thereby reducing the
effective concentration of hGraB delivered.
Although our studies indicate that hGraB can trigger

mitochondria-independent activation of caspases, they did
not resolve how this occurred. One possibility may be that
XIAP levels in HeLa cells are sufficient to inhibit a limited pool
of caspases cleaved by low concentrations of hGraB but
cannot inhibit autolytic activation of a larger pool of caspases
cleaved by higher concentrations of hGraB. This model could
explain why MOMP is required for (Bcl-2 can block) full
activation of caspases in cells treated with 12.5 nM hGraB but
is not required for (Bcl-2 cannot block) activation of caspases
in cells treated with 125 nM hGraB (Figure 8). Importantly,
overexpression of XIAP alone would not be expected to block
hGraB- or NK-induced apoptosis in this model as release of
SMAC from the mitochondria would deregulate XIAP directly.

Figure 7 The combined effects of Bcl-2 and caspase inhibitors block the
cytotoxic effects of hGraB during NK-induced cell death. (a) HeLa and HeLa-Bcl-2
cells were treated with NK cells in the presence or absence of zVAD-fmk (100mM)
and followed by time-lapse microscopy. DIC images taken immediately after NK
cells were added and after 2 h are presented. The HeLa cells (indicated by *) are
large and flat. The NK cells (indicated by #) are small and round. Arrow heads
indicate mitotic cells. Arrows indicate apoptotic cells. (b) HeLa and HeLa-Bcl-2 cells
treated with NK cells in the presence of zVAD-fmk (100mM) for 2 h were fixed and
stained for cyt c. Arrow heads indicate cells in which cyt c is in the mitochondria,
arrows indicate cells in which cyt c is in the cytoplasm. (c) HeLa and HeLa-Bcl-2
cells treated with NK cells at an effector-to-target ratio of 2 : 1 for 1 h in the presence
or absence of zVAD-fmk (100mM) were plated and colonies were counted after 7
days. Data reported are the average of five independent experiments±S.E.M. (d)
HeLa-Bcl-2-Mock and HeLa-Bcl-2-XIAP cells preloaded with 51Cr were treated with
NK cells and specific 51Cr release was assayed at 4 h (error bars are S.E.M. of
n¼ 6). Similar cells were treated with NK cells for 1 h and plated for colony-forming
assays or followed by time-lapse microscopy. The percentage apoptosis in the time-
lapse movies was scored after 4 h and colonies were counted after 7 days (error
bars are S.E.M. of n¼ 4)
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The importance of XIAP as a caspase inhibitor may therefore
be apparent only when MOMP is blocked or cannot be
activated efficiently.

Alternate pathways to CL-induced death. Previous
studies found that although Bcl-2 and caspase inhibitors
blocked GraB-induced apoptosis, they could not prevent
CL-induced death. We have identified a model in which
inhibition of GraB blocked NK-induced death. In this model,
overexpression of Bcl-2 and inhibition of caspase activity
did block NK-induced death. Critically, our study
demonstrates that blocking both pathways but not either

alone was required to block this process. It is unlikely that
Bcl-2 and caspase inhibitors together will block CL-induced
death in all models. For example, we found that NK cells
stimulated with high concentrations of rIL-2 or 25U rIL2 for
longer than 2 days killed their targets by a lytic death that we
would not expect to be blocked by inhibiting apoptosis.
Interestingly, we observed that cyt c-GFP was released from
mitochondria of cells that were killed by NK-induced lysis
and the nuclei became condensed suggesting that although
GraB initiated apoptosis in these cells, they were already
committed to death by lysis (Supplementary movie 12). If
previous models used CL that killed their targets by lysis,

Figure 8 Hierarchical pathways to hGraB-induced apoptosis. (a) At low nanomolar concentrations, hGraB targets both caspases and Bid. The level of caspase cleavage is
kept in check by a pool of XIAP. Bid triggers mitochondrial outer membrane permeabilization ensuring full activation of caspases via cyt c-mediated activation of the
apoptosome and SMAC/Diablo-mediated deregulation of XIAP. (b) In cells overexpressing Bcl-2, hGraB (low nM) cleaves caspases and Bid; however, mitochondria remain
intact and the small pool of caspases cleaved to intermediate fragments are blocked from autoactivation by XIAP. (c) In cells overexpressing Bcl-2, higher concentrations of
hGraB cleaves Bid, but the mitochondria remain intact. This concentration of hGraB partially processes a larger pool of caspases than are blocked by the endogenous pool of
XIAP. The unbound caspases autoactivate and initiate a caspase cascade ensuring death of the cell by apoptosis. (d) In cells overexpressing Bcl-2 and XIAP, the higher
concentration of hGraB cleaves Bid and partially processes a large pool of caspases; however, Bcl-2 protects the integrity of mitochondria and the increased pool of XIAP
binds to and blocks the autolytic cleavage of the caspases. This cartoon seeks to address the involvement of Bid/Bcl-2 and direct activation of caspases but does not preclude
the possibility that hGraB also cleaves other substrates (gray arrow)
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overexpression of Bcl-2 or inhibition of caspase activity might
have prevented GraB-mediated events, but would have
failed to block death. These studies highlight the importance
of determining the specific nature of CL-induced death in
specific models for CL-induced death. Allogenic CTL and
LAK cells from GraA�/�GraB�/� mice are still cytotoxic and
inhibition of GraB does not always block CL-induced
death.24,25,32–35 It is therefore possible that CL from
rodents or CL activated by different mechanisms may kill
their targets by nonapoptotic/nonlytic processes. In support
of this, humans express different granzymes to rodents and
NK cells express different granzymes to CTL. Individual CL
also expresses different granzymes36,37 and it is therefore
possible that blocking apoptosis only prevents death induced
by a subset of hNK but other hNK cells can kill by
nonapoptotic processes. Any such subset of NK cells
did not appear to represent a sufficiently large population
in our model to affect the clonogenic potential of the
HeLa-Bcl-2 cells.

Why does hGraB activate two pathways to death? It is
intriguing to speculate why hGraB would activate two
pathways to apoptosis in a target cell. The host immune
system has evolved in conflict with viruses and several
viruses express homologs of Bcl-2 (e.g., Epstein–Barr virus
BHRF1) or inhibitors of caspase (e.g., baculovirus IAPs). The
immune system must have evolved pathways to circumvent
viral proteins that block specific pathways to apoptosis.
Interestingly, while inhibition of MOMP or caspases alone did
not prevent NK-induced death, inhibition of both pathways
did permit clonogenic survival of target cells. It is unclear
what consequences this may have for the body; however, it
may be imagined that if a virus that encodes a homolog of
Bcl-2 infected a cell in which caspase activity was impaired
(or vice versa), that cell may have the potential to survive
NK-induced death. Such an event may contribute to virus
persistence unless the infected cell is cleared by another
mechanism. Similarly, resistance to death is one of the
properties of tumor cells that contribute to the malignant
phenotype. Blocking MOMP and caspase activity may
therefore prevent NK-induced death and contribute to
tumorigenesis. Indeed, while altered levels of Bcl-2 family
members and IAPs are found in some cancers, they are
not potent oncogenes unless they exert their effects in
conjunction with other oncogenes.

Materials and Methods
Materials. Granule proteins were isolated using established methods.38,39

Annexin V-FITC, anti-cytochrome c (clone 6HB12), anti-XIAP and anti-caspase-3
were from BD Pharmingen (San Diego, CA, USA). Anti-caspase-8 and anti-
caspase-9 were from Millipore. Z-Val-Ala-Asp-CH2F (zVAD)-fmk and Q-VD-OPH
were from Enzyme Systems Products (Dublin, CA, USA) and mF-hF-fmk was from
BioMol (Plymouth Meeting, PA, USA). 51Cr (as sodium dichromate) was from
Amersham Biosciences (UK). Anti-SMAC was from ProSci (San Diego, CA, USA).
PE-labelled anti-mouse Ig was from Silenus, Australia. Cell culture reagents were
from Gibco-BRL (Melbourne, Australia). All other chemicals were from Sigma
(St. Louis, IL, USA).

Cell culture. HeLa cells were cultured at 371C in a humidified CO2 incubator in
DMEM supplemented with 2 mM glutamine and 10% fetal bovine serum (FBS).
HeLa-Bcl-2 were transduced with MSCV-IRES-GFP encoding XIAP. Cells were

sorted for GFP expression by FACS and expression of XIAP was assayed by
western blotting. Human NK cells were cultured in RPMI-1640 containing 2 mM
glutamine, 10% FBS, 100mM nonessential amino acids, 1 mM sodium pyruvate,
50mM b-mercaptoethanol, 100mg/ml streptomycin and 100 U penicillin and 25 U/ml
rIL-2.

Isolation of NK cells. Human NK cells were isolated by negative selection
using an MACS-based isolation kit (Milteni Biotech, Germany). Briefly, cells were
incubated with a cocktail of biotin-conjugated monoclonal antibodies (against CD3,
CD4, CD14, CD15, CD19, CD36, CD123 and CD235a) for 15 min at 41C (10ml of
cocktail per 1� 107 cells). Twenty microliters of anti-biotin microbeads were added
per 1� 107 cells and incubated for a further 15 min at 41C. Cells were washed and
resuspended in PBS supplemented with 0.5% FBS, and NK cells were isolated by
negative selection using a deplete program on an autoMACSt Seperator.

Assaying cell death. Cell death was measured by standard 51Cr release,
annexin V binding, cytochrome c release or clonogenic assays8,39,40

(Supplementary Information). For NK assays, effector cells and target cells were
washed with DMEM. For hGraB assays, target cells were washed in Hank’s
balanced salt solution (HBSS) containing CaCl (1 mM), Hepes–NaOH (20 mM) and
BSA (0.3%) and resuspended at 2.5� 105 cells/ml. Perforin (1 nM) and GraB (at
the concentrations indicated) were added to the cells in the presence or absence
of zVAD-fmk (100mM), zFA-fmk (100mM), mF-hF-fmk (100mM) or Q-VD-OPH
(20mM). For clonogenic assays, target cells were treated with GraB/perforin or
lethally irradiated NK cells (40 Gy) for 1 h and plated in flat-bottom 24-well plates in
serial dilution. Cells were fixed with 100% methanol after 7 days and stained with
methylene blue (0.03%). Colonies were counted manually.

Time-lapse microscopy. Target cells were plated in flat-bottomed 96-well
culture plates overnight at 371C in a humidified CO2 incubator and transferred to a
temperature-controlled stage (Prior Proscan; GT Vision) maintained at 371C on an
IX-81 microscope (Olympus). NK cells, TRAIL (240 ng/ml), annexin V-FITC (2mg/ml),
PI (0.5mM) and zVAD-fmk (100mM) were added to the culture media where
indicated and cells were viewed using a � 20 LCplanFL NA 0.40 lens (Olympus).
Images of DIC, annexin V-FITC (green) and PI (red) were captured at the time
intervals indicated using a CCD camera (model ORCA-ER; Hamamatsu) controlled
by MetaMorph software (Universal Imaging Corp.). Overlaid images were compiled
using MetaMorph software (Universal Imaging Corp.). For GraB assays, cells were
washed in HBSS supplemented with CaCl (1 mM), Hepes–NaOH (20 mM) and BSA
(0.3%). Cells were incubated in 50ml HBSS and transferred to the microscope
stage. Perforin was added to the cells in 50 ml of calcium-free HBSS to ensure rapid
mixing. Full media (100ml) was added 15 min after perforin to maintain the integrity
of apoptotic cells.

Immunocytochemistry. Cells were treated in eight-well chamber slides and
washed with PBS. Cells were fixed in 3.7% paraformaldehyde in PBS for 20 min at
room temperature followed by permeabilization buffer (0.05% saponin, 3% BSA in
PBS) for 1 h at room temperature. Cells were incubated overnight at 41C with anti-
cytochrome c diluted 1 : 200 in permeabilization buffer, washed in PBS and
incubated at room temperature for at least 1 h in Alexa-594-conjugated secondary
antibody in PBS. The cells were washed in PBS and Alexa 594 fluorescence was
detected using a Bio-Rad MRC1024ES confocal using a PLAN Apo40X lens (NA
1.25–0.75) on a Leica DMRBE microscope.

Western blot. To assay for SMAC release or caspases, treated cells were
incubated at 41C for 5 min with ice-cold cell lysis and mitochondria intact (CLAMI)
buffer (120 mM KCl, 1 mM EDTA, 50 mg/ml digitonin in PBS). Samples were stained
with trypan blue counted to ensure that the plasma membrane disruption of at least
95% of the cells. Permeabilized cells were pelleted by centrifugation (400� g for
5 min). To assay for XIAP or hGraB, whole cells were pelleted by centrifugation
(400� g for 5 min). Cell pellets were lysed in universal immunoprecipitation buffer
(UIB (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA and
complete protease inhibitors)) and resolved by SDS-PAGE and transferred to PVDF
(Immobilon P) for western blotting. Blots were blocked using 5% skim milk powder
in PBS containing tween (0.05%). Caspases, XIAP and SMAC were detected using
the specific primary antibodies diluted 1 : 1000 in blocking buffer followed by
species-specific secondary antibodies conjugated to horseradish peroxidase.
Horseradish peroxidase was detected by enhanced chemi-luminescence-PLUS
(Pierce). Each membrane was analyzed for several proteins by reprobing.
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Quantitation of Granzyme B. 2� 106 HeLa-Bcl-2 cells were treated with
4� 106 day 2 stimulated NK cells for 3 h in the presence or absence of zVAD-fmk.
Sixty six percent of the HeLa-Bcl-2 cells treated in the absence of zVAD-fmk showed
signs of apoptosis within 3 h. NK cells were harvested by washing three times with
PBS and then the HeLa-Bcl-2 cells were harvested using PBS/EDTA. Remaining
NK cells and NK/HeLa-Bcl-2 conjugates were removed from the HeLa-Bcl-2 sample
by MACS separation using beads coated with anti-CD56 and the harvested cells
were enumerated. Purified hGraB and cell lysates were subjected to western blot
analysis. Image J was used to generate a standard curve for known concentrations
of purified GraB (using Image J software) and the equation for the slope of the graph
in the linear region was used to calculate the amount of hGraB in the cell lysates.
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