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The granzyme B-Serpinb9 axis controls the fate
of lymphocytes after lysosomal stress

CH Bird', ME Christensen?, MSJ Mangan', MD Prakash', KA Sedelies®, MJ Smyth®, | Harper®, NJ Waterhouse? and Pl Bird*"

Cytotoxic lymphocytes (CLs) contain lysosome-related organelles (LROs) that perform the normal degradative functions of the
lysosome, in addition to storage and release of powerful cytotoxins employed to kill virally infected or abnormal cells. Among
these cytotoxins is granzyme B (GrB), a protease that has also been implicated in activation (restimulation)-induced cell death
of natural killer (NK) and T cells, but the underlying mechanism and its regulation are unclear. Here we show that restimulation of
previously activated human or mouse lymphocytes induces lysosomal membrane permeabilisation (LMP), followed by GrB
release from LROs into the CL cytosol. The model lysosomal stressors sphingosine and Leu-Leu-methyl-ester, and CLs from
gene-targeted mice were used to show that LMP releases GrB in both a time- and concentration-dependent manner, and that the
liberated GrB is responsible for cell death. The endogenous GrB inhibitor Serpinb9 (Sh9) protects CLs against LMP-induced
death but is decreasingly effective as the extent of LMP increases. We also used these model stressors to show that GrB is the
major effector of LMP-mediated death in T cells, but that in NK cells additional effectors are released, making GrB redundant.
We found that limited LMP and GrB release occurs constitutively in proliferating lymphocytes and in NK cells engaged with
targets in vitro. In Ectromelia virus-infected lymph nodes, working NK cells lacking Sb9 are more susceptible to GrB-mediated
death. Taken together, these data show that a basal level of LMP occurs in proliferating and activated lymphocytes, and is
increased on restimulation. LMP releases GrB from LROs into the lymphocyte cytoplasm and its ensuing interaction with Sh9
dictates whether or not the cell survives. The GrB-Sb9 nexus may therefore represent an additional mechanism of limiting
lymphocyte lifespan and populations.
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Following antigen elimination, superfluous activated lympho-
cytes are removed to maintain lymphocyte homeostasis and
avoid accumulation of autoreactive cells. One mechanism of
T-cell clearance is restimulation-induced cell death, a process
dependent on restimulation of T-cell receptors (TCRs) on
previously activated cells." Several death pathways have
been implicated in restimulation-induced cell death. The best
studied is the extrinsic, cell death receptor-dependent path-
way,? although death receptor-independent pathways also
exist.®* Activated natural killer (NK) cells are also eliminated
via death receptor signalling. However, in some NK cells
restimulation of activating receptors such as CD94,° CD2° or
CD16°%7® results in very rapid death, independent of death
receptor signalling. For simplicity, restimulation of previously
activated NK and T cells via activating receptors will be
referred to here as activation-induced cell death (AICD).
Emerging evidence suggests that AICD is associated with
lysosomal instability within cytotoxic lymphocytes (CLs),
which comprise CD8 " cytotoxic T lymphocytes (CTLs) and
NK cells. These contain specialised secretory lysosome-

related organelles (LROs),® which harbour normal lysosomal
proteins, as well as perforin (Pf) and serine proteases
(granzymes) housed within an unusual membrane-bound
subcompartment called the dense core.' During CL killing,
LROs fuse with the plasma membrane and release their
contents into the synapse. Pf and granzymes then kill the
target cell. Granzyme B (GrB) is a potent cytotoxin, which
behaves similar to an apical caspase;'"'? thus, CLs
themselves are protected from GrB by the specific nucleo-
cytoplasmic protease inhibitor SERPINB9 (PI-9 in humans,
Serpinb9 (Sb9) or Spi-6 in the mouse, and herein abbreviated
as Sb9 for both species).'>"”

Cytosolic GrB is associated with AICD of mouse and human
T cells'™®2" and human NK cells,® but its source, whether it is
necessary and sufficient for death in all settings and whether it
induces suicide or fratricide, has yet to be established. It is
proposed but not proven to originate from destabilised LROs,
but when and how this might occur has not been explained.
Furthermore, the possibilities that it originates from a different
compartment or is first secreted then reinternalised have not
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been ruled out. Although it is accepted that in some cells
stress results in lysosomal membrane permeabilisation (LMP)
and release of lysosomal contents into the cytosol causing
death,?*2® whether LMP readily occurs in CLs and is
connected to AICD is unknown.

Here we show for the first time that continuous or repeated
stimulation of activated CLs results in LRO damage and LMP.
The resulting release of GrB into the cytosol, if not opposed by
Sb9, triggers cell death. We also demonstrate that cytosolic
GrB arises from an intracellular pool, as cells unable to
degranulate are sensitive to AICD. Furthermore, we show that
GrB is a prime mediator of AICD in T cells and is important but
not essential for AICD in NK cells. Finally, to place these
findings in context, we examined NK cells engaged with target
cells in vitro and in vivo. We observed LMP and GrB-mediated
death of working NK cells. We conclude that triggering or
amplifying LMP via restimulation shifts the cytosolic GrB-Sb9
balance in favour of GrB, which may provide another means of
limiting CL lifespan.

Results

GrB from LROs contributes to AICD of CTL and is
controlled by Sb9. Extragranular (cytosolic) GrB has been
linked to AICD of CTL. Although the compartment(s) and
triggers involved are unclear, there is nevertheless an
implied role for its cognate inhibitor Sb9 in the regulation of
AICD. To investigate these issues, we used model systems
of AICD. Human CD8" T cells were activated with
concanavalin-A (con-A), which binds the TCR and other
mannosylated receptors. By day 3, most cells expressed
GrB, yet Sb9 expression remained constant (Figure 1a).
Restimulation by a second exposure to con-A killed ~50% of
CTLs within 4 h (Figure 1b), recapitulating reported death in
response to CD3 stimulation.'® Longer exposure to con-A/IL-2
had no further effect (not shown). Pretreatment with a cell-
permeable specific inhibitor of human GrB (C20,%* see
Figure 3e) protected a significant proportion of cells from
death (Figure 1b).

As shown in Figure 1c, in activated but non-restimulated
(—con-A) cells, GrB is generally confined to LROs as defined
by the lysosomal protein Lamp 1. However, in some cells GrB
is apparent outside the boundaries of Lamp 1, indicating
release of GrB from LROs into the cytosol, and suggesting
that non-restimulated cells undergo limited LMP that does not
result in death. By contrast, after con-A treatment (restimula-
tion) the number of cells with extra-LRO GrB markedly
increased, with some showing both cytosolic and nuclear
material, consistent with previous reports of GrB accumula-
tion in nuclei of damaged cells (Figure 1c).?®> Quantitative
colocalisation analysis confirmed reduced overlap of GrB
staining with Lamp 1 in response to increasing concentrations
of con-A (Figure 1d). Given these cells were pretreated with
nocodazole (an inhibitor of microtubules) to prevent loss of
GrB via exocytosis, we conclude that the cytosolic GrB is
indeed derived from within the cell, thus linking receptor
restimulation to LRO damage.

To examine the contribution of GrB or other LRO proteins,
and the role of Sb9 in AICD, we analysed splenocytes from
mice lacking GrB, Sb9, or both. Before restimulation ~80% of
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splenocytes were T cells, and wild-type (wt) and Sb9-null cells
expressed similar levels of LRO-associated GrB
(Supplementary Figures 1a and b). Restimulation with con-A
(Figure 2a) killed ~80% of the wt population, but within 48 h
the population recovered due to the mitogenic effect of con-A.
Lymphocytes lacking GrB showed enhanced survival after
24h and expanded much more quickly compared with wt
lymphocytes. By contrast, Sb9-null cells were more sensitive
to con-A restimulation and expanded more slowly than wit.
Finally, GrB/Sb9 double-null splenocytes resembled GrB-null
splenocytes. These data are consistent with a proposed role
for GrB in AICD and indicate that the GrB-Sb9 interplay
modulates AICD in T cells. The differences in re-expansion
rates also indicate that LMP and GrB release normally occurs
in proliferating cells. The GrB/Sb9 nexus also modulates
death in activated splenocytes specifically restimulated via the
TCR using plate-bound anti-CD3 (Figure 2b). Here, more wt
cells survived restimulation compared with con-A treatment,
but the survival of GrB-null or Sb9-null cells was similar in both
settings. This suggests that con-A is a stronger inducer of
LMP than anti-CD3, releasing larger amounts of GrB.
Importantly, cells from each genotype divided at the same
rate post-restimulation, indicating that differences in cell
number are due to increased cell death rather than differing
proliferation rates (Figure 2c).

To eliminate the possibility that cytosolic GrB is derived
from secreted then re-internalised GrB, or transfer of GrB
from one CL to another (fratricide), we studied activated
splenocytes from fusion-incompetent Jinx mice (Figure 2d).
The response of these cells to con-A restimulation was
similar to wt (not shown). As seen in human T cells, GrB in
activated but not restimulated Jinx cells is essentially
confined to vesicles defined by Lamp 1, although individual
LROs showing GrB staining just outside the LRO periphery
were evident in some cells (Figure 2d). By contrast,
extralysosomal cytosolic GrB was readily detected in
restimulated cells. These observations were supported by
quantitative image analysis that showed a significant
decrease in GrB colocalisation with Lamp (Figure 2e),
confirming that TCR restimulation elicits LMP.

Taken together, these results show that although limited
LMP and some GrB release occurs in activated T cells, death
is prevented by Sb9. TCR complex restimulation markedly
enhances LMP, increasing egress of GrB into the cytosol,
which suggests it overwhelms Sb9 and kills the cell.

Cytosolic GrB is associated with but not essential for
AICD of human NK cells. NK cell death following CD2
ligation is suggested, but not proven, to be GrB mediated,®
and it is unknown whether GrB release is a general feature of
AICD in NK cells or whether it is receptor specific. To
address these issues we examined |L-2-activated human NK
cells. Analysis by immunoblotting showed that little GrB is
expressed in freshly isolated NK cells until day 4
(Supplementary Figure 1c). Ligation of either CD2 or CD16
receptors resulted in LMP, as indicated by release
(decreased  fluorescence) of Lyosotracker Green
(Figure 3a). Receptor ligation also induced rapid death
(Figure 3b) and release of active GrB into the cytosol — as
indicated by the detection of Sb9/GrB complexes in extracts
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Restimulation induced cell death in human CD8 * T cells involves GrB. (a) CTLs were activated with 5 ug/ml con-A and IL-2. Cells were lysed in LSB and GrB,

Sb9 and actin levels determined by sequential probing of an immunoblot. GrB expression on day 3 was also determined by FACS analysis. Cells were fixed with
paraformaldehyde, permeabilised with 0.1% saponin in Hank’s balanced salt solution (HBSS), then stained with either isotype control (MOPC31) or GB11 followed by anti-
mouse Ig conjugated to Alexa Fluor 568. (b) Activated cells were ‘rested’ for 3 days in medium with IL-2 alone. Cells were pretreated, or not, with 100 M C20 for 3h then
restimulated with 5 uig/ml con-A/IL-2. Survival was determined after 4h by FACS analysis. Pl exclusion confirmed that only the gated cells were viable (not shown).
(c) Activated cells were ‘rested’ then restimulated for 4 h with con-A/IL-2 in the presence of nocodazole. Lamp 1 was detected with a sheep polyclonal antibody, and GrB with
GB11. Images were collected using constant instrument settings optimised for ‘treated’ samples. Some untreated cells showed minor LMP and GrB release ( — con-A, zoom 1,
arrow heads). Zoom 2 indicates a treated cell with cytosolic and nuclear GrB (*nucleus is circled). Zoom 3 shows reduced coincidence of GrB and Lamp staining. Shown are
deconvolved image stacks. Bar =10 um. (d) Colocalisation analysis was performed and the Manders’ coefficient indicating the extent of GrB overlap with Lamp is shown
graphically. Each point represents one cell (n= 95 for 0 con-A; n=56 for each 5 and 10 ug/ml con-A) and the bars are mean + S.D.

of cells processed to prevent post-lysis complex formation'?
(Figure 3c). However, pretreatment with C20 failed to protect
the cells from death (Figure 3d), even though it substantially
reduced cytosolic GrB activity, as indicated by the marked
reduction in Sb9/GrB complexes (Laemmli sample buffer
(LSB) samples, Figure 3e; control experiments confirmed
that most endogenous GrB was inactivated by C20, as
indicated by loss of post-lysis complexes in C20-pretreated
cell extracts (NP40 extracts, Figure 3e)). These data suggest
that LMP and release of LRO contents is a general feature of

Cell Death and Differentiation

AICD in NK cells. However, although GrB is released into the
cytosol, it is apparently not required for cell death.

GrB release from LROs follows, and is proportional to,
LMP. Why is cytosolic GrB associated with death of CTL but
not NK cells? Assuming in both cell types the LRO content
released is proportional to the degree of LMP, the simplest
explanation is that LRO protein complement is different, and
that a second effector (and/or LRO) is present in NK cells but
not in CTLs. Alternatively, differences in LRO structure or
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Figure2 Restimulation of mouse T cells induces LMP and GrB-mediated death, and Sb9 enhances cell survival. (a—¢) Splenocytes activated with anti-CD3/anti-CD28 and
IL-2/IL-7 were cultured in fresh medium containing IL-2 alone for 24-48 h. (a) Splenocytes were restimulated with con-A for up to 72 h. Viability was determined using AO/
ethidium bromide staining. Data shown are pooled from four to six independent experiments. Inset is a graph showing the % survival at 24 h. (b) Splenocytes were restimulated
on immobilised anti-CD3 for 36 h and cell survival assessed by FACS analysis. Shown are pooled data from at least three independent experiments. Each point represents
cells isolated from one mouse and the bar indicates the mean % survival. (c) Celltracker orange dilution was used to measure cell division. Activated cells were loaded with the
dye following the manufacturer’s instructions, then restimulated with immobilised anti-CD3 for 36 h. The mean fluorescence intensity before and after restimulation was
measured by FACS analysis. (d) Splenocytes from Jinx mice (which inefficiently degranulate) were restimulated with con-A for 4.5 h, then fixed for immunocytochemistry.
GrB was detected with GB11 and Lamp 1 with 1D4B. All images were collected using the same instrument settings optimised for ‘treated’ samples. A cell in the untreated
population has LROs undergoing LMP and GrB release (arrow heads). Shown are deconvolved image stacks. Bar = 10 um. (e) Colocalisation analysis was performed as in

Figure 1d (n=50 for con-A and 78 for + con-A)

signalling pathways may result in cell-specific outcomes
following LMP, for example, the previously suggested
selective release of GrB from CTL LROs.' To address
these issues we used well-characterised lysosomotropic
compounds, sphingosine and  Leu-Leu-methyl-ester
(LLOMe), which induce LMP, release of lysosomal proteins
and apoptosis in many cell types.?®2” As the use of these
model inducers in CLs has not been reported, we first
examined their effect on human NK-like cell lines. To monitor
LMP, NK cells were loaded with acridine orange (AO). When
exposed to blue light, AO fluoresces red at high concentra-
tion (lysosomes) and green at low concentrations (cytosol
and nucleus), which can be measured by flow cytometry.
Induction of LMP causes leakage of AO into the cytosol,
increasing green fluorescence and decreasing red
fluorescence.

As shown in Figure 4a, LLOMe caused translocation of AO
in YT cells in a dose-dependent manner. LRO damage was
also indicated by changes in organelle pH and was associated
with progressive release of GrB (Figure 4b). Here we used live

cell imaging to monitor LLOMe-induced LMP in YT cells
expressing a lysosome-targeted pH-sensitive reporter com-
prising GrB fused to enhanced green fluorescent protein
(eGFP).28 This reporter, GrB-eGFP, is ‘dark’ at the low pH
normally found in lysosomes, but becomes fluorescent as the
pH approaches neutral. Before exposure to LLOMe, GFP was
visible in very few cells expressing this reporter. However,
within 5 min individual granules became visible (white arrows)
and after 40 min most cells displayed numerous granules and/
or diffuse cytosolic GFP. Finally, indirectimmunofluorescence
(Figure 4c) shows marked enlargement of Lamp 2 vesicles
within 20 min, consistent with rapid lysosomal swelling.2” GrB
fluorescence was enhanced in vesicles of treated cells and
was also apparent in the cytosol. Many cells showed mainly
cytosolic GrB staining along with morphological changes
indicative of apoptosis. Together, these data show that
LLOMe induces generalised LMP and release of GrB in CLs.

Release of endogenous GrB over time was also followed
via preformed SDS-stable GrB/Sb9 complexes in cell extracts
(Figure 4d). This showed that the amount of GrB in the cytosol

Cell Death and Differentiation
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Figure 3 AICD follows receptor-mediated LMP and GrB release in human NK cells. (a) IL-2-activated NK cells were loaded with Lysotracker Green (LTG), then incubated
with either anti-CD2 or anti-CD16 mAbs cross-linked using goat anti-mouse antibody (GAM), or GAM alone, or bafilomycin A1. (b and ¢) Activated cells were either untreated,
exposed to anti-CD2 or anti-CD16 together with GAM antibody, or exposed to GAM antibody alone for 2 h at 37 °C. Cells from the same experiment were analysed by FACS
analysis for cell survival (b) or lysed in LSB forimmunoblotting (c). The numbered lanes correspond to the indicated FACS plots. *Sb9/GrB complexes. A single membrane was
probed sequentially for Sb9 (R11), GrB (R041) and actin proteins. (d and e) The experiment described above was repeated, but NK cells were first incubated with and without
C20, then exposed to antibodies in the presence of C20. Cells were analysed by FACS analysis for cell survival (d) or by immunoblotting for complexes formed before lysis
(e; LSB). NK cells pretreated with C20 but not exposed to mAbs were lysed in NP40 to ascertain the efficiency of GrB inhibition by C20, as indicated by a reduction of Sb9/GrB
complex formation post lysis (e; NP40). The immunoblot was probed with anti-Sb9 (R11)

increases with length of exposure to the LMP inducer. We also
found that GrB release and cell death is proportional to
LLOMe concentration — at higher LLOMe concentrations,
more GrB is released and larger numbers of cells die
(Figure 4e, right panel). Sb9/GrB complexes formed prelysis
increased with the concentration of LLOMe applied
(Figure 4e, left panel), but importantly were evident at
concentrations at which no cell death occurred (20-50 uM).
At concentrations higher than 50 uM, complex formation
increased but cell survival decreased markedly, suggesting
that beyond this point another cytotoxin comes into play
(ample uncomplexed Sb9 was still present to interact with GrB
and complex formation continued to increase). This is
consistent with data presented in Figure 3. Similar results
were obtained with sphingosine and a second NK-like cell line
(Supplementary Figure 2).

Taken together, these results show that generalised LRO
destabilisation and LMP can be induced in CL, resulting in
proportional, progressive GrB release into the cytosol. If not
controlled by Sb9, this results in cell death.

Cell Death and Differentiation

GrB is a prime effector of LMP-mediated death in both
CL subsets, but is dispensable in NK cells. Although
LMP drives GrB release into the CL cytoplasm, it is not clear
whether this ectopic GrB is necessary or sufficient to kill the
cell. To address this issue, we compared the effect of LLOMe
on primary activated human CTL or NK cells (Figure 5). CTL
exposed to LLOMe underwent rapid apoptosis (as indicated
by annexin V (AV) and propidium iodide (PI) staining), with
maximal cell death after ~2h (Figure 5a, left panel).
Pretreatment with C20 conferred significant protection,
resulting in a 50% decrease in apoptosis, confirming GrB
as an important mediator of LMP-mediated death of T cells.
By contrast, pretreatment with C20 did not affect overall
survival of NK cells exposed to LLOMe, although it did
significantly delay onset of apoptosis, indicating a role for
GrB early in the process (Figure 5a, right panel).

To examine this further, we used time-lapse microscopy to
determine the times after addition of LLOMe at which
individual NK cells show the classic features of apoptosis:
membrane blebbing, phosphatidyl serine externalisation
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Figure4 LMP, release of GrB and cell death increases with rising doses of lysosomal stressors. Human NK-like cells,YT, were treated with the lysosomal disruptor LLOMe
and LRO damage monitored. (a) Cells were loaded with AO and exposed to the indicated concentrations (M) of LLOMe for 30 min. AO redistribution was determined by
FACS analysis. Minor LMP and release of AQ is indicated by increased FL1 but unaltered FL3 fluorescence; significant LMP/granule damage results in increased FL1 and
decreased FL3 fluorescence. (b) YT cells expressing GrB-eGFP were exposed to 250 uM LLOMe. GFP fluorescence was monitored over 2 h. Shown are single optical
sections and a bright-field image at t=0min. *A cell which is GFP* before addition of LLOMe. Arrows indicate individual LROs that have become fluorescent after 5 min.
(c) Cells were exposed to 250 uM LLOMe for 20 min. Changes in GrB and Lamp 2 distribution were monitored by indirect immunofluorescence using GB11 or H4B4
antibodies. Shown are representative images. Bar =10 um. (d) Cells were exposed to 200 M LLOMe for the indicated times (min), lysed in LSB and extracts analysed by
immunoblotting. (e) Individual aliquots of YT cells were exposed to increasing concentrations of LLOMe for 30 min. Each aliquot was divided in two to assess cell survival
(right panel) and the amount of preformed complex formation (left panel). The membrane was probed sequentially for GrB, Sb9 (R11) and actin proteins. *Sb9/GrB complexes.
The amount of preformed complex (*) detected by the Sh9 antibody was estimated by densitometric analysis using the image processing software Image J. The boxed values
below the Sb9 immunoblot indicate the intensity of bands relative to the same band in the untreated lane

(FITC-AV binding) and membrane disruption (Pl uptake;
Figure 5b). Although C20 pretreatment did not alter time to
death, it did significantly increase the mean time to membrane
blebbing and AV positivity, confirming that GrB contributes to
early onset of apoptosis but is not essential for LMP-mediated
death of NK cells. Control experiments showed that cells
sensitive to LLOMe, but lacking GrB, are unaffected by C20
pretreatment, confirming GrB selectivity of C20. Furthermore,
the mean time to membrane blebbing in the control cells was
similar to the time noted for C20-treated NK cells, suggesting
common lysosomal constituents contribute to cell death in the
absence of GrB (Supplementary Figure 3).

Our data suggest that CTL and NK cells store different
proteins in their LROs. GrB is the major cytotoxin released

from T-cell LROs, whereas in NK cells it is released but not
essential for LMP-mediated death. An obvious possibility is
that other granzymes contribute to death in NK cells.
Granzyme A (GrA) is in both CTL and NK cells, and granzyme
M (GrM) is mainly in NK cells.?® Because selective inhibitors
do not exist, we investigated the contribution of GrA and GrM
to LMP-mediated death using CLs taken from gene-targeted
mice. (The contribution of the related granzyme GrK could not
be determined as null mice are not available). As expected,
we found markedly improved survival of T cells lacking GrB,
and observed almost complete survival of cells lacking both
GrA and GrB (Figure 6a), indicating that in T-cells GrB is the
main factor and that GrB and GrA alone are responsible for
LMP-mediated cell death. Given that GrB is the most cytotoxic

Cell Death and Differentiation
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Figure5 LLOMe-induced apoptosis is primarily GrB-mediated in human CTL but notin human NK cells. Activated CTLs (a) and NK cells (a and b) were pretreated, or not,
with C20 then exposed to 250 M LLOMe, AV and P!. (a) % Apoptosis was determined at hourly intervals by FACS analysis. Data are pooled from at least eight independent
experiments for CTLs and five independent experiments for NK cells. LLOMe-treated cells showed significantly less death if pretreated with C20 (*P<0.05; **P<0.01;
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morphology, grey bars indicate time when cells showed membrane blebbing but were not AV or PI positive, and white bars show time when cells showed both membrane
blebbing and AV staining but were not Pl positive. Cells were positive for Pl staining at times later than that indicated by the white bars

LRO constituent and that Sb9 is a specific inhibitor, we
predicted that the absence of Sb9 should enhance sensitivity
to LMP. Indeed, we found that cells lacking Sb9 were sensitive
to lower concentrations of LLOMe and that overall survival
was much poorer than wt T cells (Figure 6b). Importantly,
deletion of both GrB and Sb9 rescued cells, confirming that
Sb9 controls GrB activity in the CTL cytosol. By contrast,
simultaneous deletion of GrA and GrB failed to protect splenic
NK cells from LMP-mediated death (Figure 6c), consistent
with the observation that GrB is not essential for LMP-
mediated death in human NK cells, and ruling out a major role
for GrA. However, as noted in the human system, the absence
of GrB delayed the onset of death and substantially increased
the proportion of cells dying by necrosis (Figure 6d). Addi-
tional deletion of GrM also failed to rescue LLOMe-treated
cells (Figures 6¢ and d) showing that mouse GrM is not the
second cytotoxin in NK cells. Similar results were observed
when NK cells from wt or GrA/B/M-deficient mice were
exposed to sphingosine (data not shown). We conclude that
GrB can initiate apoptosis in NK cells but death can be
augmented by a second factor.

The GrB-Sb9 nexus controls the response of working
NK cells to low-level LMP. Two observations suggest that
Sb9 is important in NK cells under conditions of limited LMP.
Preformed GrB/Sb9 complexes were detected in purified,
untreated human NK cells (Figures 3c and e) and Sb9
protected YT cells treated with concentrations of LLOMe
which induced minor GrB release (Figure 4e). Together,
these data suggest that the additional cytotoxic constituent(s)
released from NK granules is either less potent than GrB or is
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present at lower levels. Significant LMP in the absence of
GrB results in delayed onset of apoptosis, but ultimately
death is unaffected.

Cross-linking of NK cell receptors or exposure to high
concentrations of LLOMe in model systems probably causes
more extensive LMP than that occuring during proliferation or
AICD in physiological settings such as target cell engage-
ment. If so, the importance of the Sb9-GrB nexus in AICD may
be masked in culture by the supraphysiological release of
other lysosomal constituents.

CLs die during encounters with targets.®®~* Hence, we
further examined the relationship between LMP, GrB release
and interaction with Sb9 in NK cells engaged in target cell
killing. Using time-lapse microscopy, we detected death of
human NK cells following target cell engagement (Figure 7a).
Indirect immunofluorescence (Figures 7b and c¢) showed that
in most NK cells GrB colocalised with Lamp 1. As reported
previously,16 Sb9 was both cytosolic and nuclear, and it
colocalised with essentially all GrB-positive Lamp 1-positive
structures, indicating that it concentrates around LROs where
it would be positioned to trap leaking GrB (Figure 7b)."® In
~30% of cells, cytosolic GrB was evident. In most cases, only
a limited number of LROs appeared to be compromised
(Figure 7c, upper panel); however, we observed some cells in
which most LROs had released GrB (Figure 7c, lower panel).
Finally, galectin 8 staining was used to identify LROs that had
been compromised. The galectins are f-galactoside-binding
proteins found both extracellularly and in the cytosol, which is
normally devoid of complex carbohydrates. When the
membrane of an endosome or lysosome is damaged,
the galectins transiently bind the exposed charbohydrate
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Figure 6 GrBis the key initiator of death in response to LRO damage in activated mouse splenic T cells but not in NK cells. (a and b) Con-A activated splenocytes were
exposed to two-fold serial dilutions of LLOMe and survival assessed 18 h later by MTT assay. Shown are survival curves from representative experiments. Data are mean and
S.D. of triplicates. (b, left panel) Survival curves were generated for each of the indicated genotypes in at least 5 separate experiments (one representative data set is shown).
The % survival of splenocytes in 1 mM LLOMe was determined from the curves and pooled data presented as a vertical scatter plot (b, right panel) where each point represents
cells isolated from one mouse and the bar indicates the mean % survival. (¢) Activated splenic NK cells were exposed to two-fold serial dilutions of LLOMe and survival
assessed 18 h later using CellTiter Glo. Survival curves were generated for each genotype in at least three separate experiments: a representative data set is shown. Data are
mean and S.D. of triplicates. (d) NK cells were cultured with PI, FITC-AV and 250 xM LLOMe, and monitored by time-lapse microscopy. Images were captured at 2 min
intervals over 5 h. (d, left panel) The time at which individual cells began to show membrane blebbing, became AV * or became PI* was determined and the means + S.E.M.
shown graphically. (d, right panel) The type of death (necrotic or apoptotic) and proportion of cells, which did not die during the experiment is also shown

normally found within these vesicles and marks the vesicles
for removal by autophagy.®®* We found that galectin 8
colocalised with GrB-positive vesicles in NK cells on targets,
indicating that these LROs have damaged membranes
(Figure 7d). Thus, it appears that LMP and release of GrB
from LROs occurs as NK cells are working and Sb9 is
positioned to oppose cytosolic GrB.

To translate these findings into an in vivo setting, we
infected mice with Ectromelia virus-Moscow strain. Recovery
from this natural mouse pathogen critically depends on the
granule pathway of CLs.3” After 2 days, the focus of infection
is the draining lymph nodes and the major effectors are non-
proliferating NK cells that recognise and destroy infected
cells.3”%8 Hypothesising that ectopic GrB contributes to death
of effectors during engagement with virally infected cells, we
predicted and found that Sb9-deficient NK cells in infected
lymph nodes show significantly increased commitment to
death via AV staining, compared with wt NK cells (Figure 7e).
This increase was not evident in NK cells from mice lacking
both GrB and Sb9, proving that GrB is a significant contributor
to NK cell death in this setting. As no decrease in NK cell death
was observed in GrB-deficient mice, we suggest that GrB can
be reinforced and/or replaced by a second effector, as
indicated by our in vitro experiments (Figure 6).

Discussion

Populations of CLs expand in response to an immune challenge
and contract when the challenge has been successfully met. The
molecular mechanisms driving contraction of effector cell
populations are complex and not fully understood; however, in
the case of T cells, old or superfluous cells die by apoptosis in
response to either extrinsic signals via death ligands such as
FasL or TNF, or in response to intrinsic signals via the BH3-only
protein, Bim, arising from cytokine or growth factor depletion.’?
Operation of these two contraction mechanisms is not mutually
exclusive and probably depends on the type, class and
differentiation state of the cell, and on its environment.

GrB has been implicated in AICD, but when and how it
accesses the cytosol is unclear. Here we have shown that
receptor restimulation of activated CLs results in LMP. This is
clearly illustrated by the following: (1) almost total loss of
Lysotracker Green fluorescence in NK cells treated with anti-
CD16 antibodies; (2) GrB outside LROs in restimulated
T cells; (3) preformed Sb9/GrB complexes in the cytosol;
and (4) binding of galectin 8 to LROs with membrane damage.
We also detect LMP in rapidly proliferating (mitogen stimulated)
T cells and activated (but not restimulated) lymphocytes,
suggesting that a basal level of LMP is normal.
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Figure 7  Sb9 protects NK cells from low-level LMP and release of GrB. (a) Time-lapse microscopy of purified human NK cells on HeLa target cells. Two NK cells (arrow
and arrow head) become P following target cell engagement. Bar =20 um. (b) MM-170 target cells were co-cultured with purified, activated human NK cells for 1 h, then
fixed, permeabilised and stained with antibodies to Sb9 (7D8), Lamp 1 and GrB. Shown are single optical slices. *Target cells. White arrows indicate colocalisation of all three
proteins. Bar =5 um. The boxed cell is enlarged and a merge of Sb9 and Lamp 1 (left panel), and Lamp 1 and GrB (right panel) are shown. (¢) Examples from the above
experiment of cells showing limited and generalised LMP. Shown are three-dimensional reconstructions of merged Lamp 1 (red) and GrB (cyan) staining. (d) MM170 cells
were cultured with NK cells for 1 h then fixed and permeabilised with SDS. Cells were stained with DAPI and antibodies to galectin 8 and GrB. The lower panel is a merged
z-stack and shows that the NK cell is attached to a target cell (T). Galectin 8 and GrB staining in a single optical slice are shown; the arrows indicate areas of colocalisation.
Bar =5 um. (e) Mice were infected with Ectromelia virus-Moscow strain and poplitial lymph nodes taken 2 days post infection. Cells were stained with Agau ALIVE/DEAD
stain, followed by antibodies to NK1.1 and CD3. Finally, cells were stained with AV, fixed and analysed by FACS analysis. The % AV */alive NK1.1*/CD3 ~ cells is shown.
Data are means and S.E.M. of pooled results from four independent experiments with a total of at least eight mice per genotype. Differences were considered statistically
significant if the P value was 0.05 or less (*P<0.05; **P<0.01)

of these factors varies with cell type and the signals received
from the environment. We find that LMP in human and mouse

Itis well accepted that a wide variety of stressors can cause
LMP and translocation of lysosomal hydrolases into the

cytosol, leading to cell death.?®?® Lysosomal protease
inhibitors evident in the cytosol of many cells supports the
notion that low-level LMP occurs constitutively, but goes
undetected until the normal balance between protease and
inhibitor is disturbed and pathologies result. Clearly then, the
outcome of LMP depends on a number of variables — the
degree of LMP, the type and level of proteases in the LRO,
and the type and relative level of inhibitors in the cytosol. Each
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T cells, whether induced by LLOMe or restimulation, results in
rapid killing of a proportion of the population by GrB unless
negated by Sb9 (or C20). This is also true for NK cells
engaged with targets. These data show that in the case of
mature CLs, the key protease inhibitor pair is GrB and Sb9.
When LMP is low, Sb9 controls released GrB, but as LMP
increases so does the level of GrB too until it overwhelms Sb9
and death ensues. Therefore, the survival of any CL



undergoing LMP depends on the balance between the
amount of GrB released and the level of active Sb9 in the
cytosol.

Given that CLs kill multiple target cells sequentially,3*4° and
each hit requires receptor engagement, the probability that a
particular CL will succumb to LMP-induced death increases
with age and the number of target cells it encounters. We
therefore propose that activating receptor-driven LMP coupled
to GrB-mediated death sets a natural limit on CL lifespan
independently — but not exclusive of — growth factor availability
or conventional death receptor signalling. This provides
another avenue to effector cell population contraction and an
additional layer of protection from immune pathology. In
closing, we note that the apparent role of GrB in T-helper
cell,'® Treg*' and B-cell homeostasis*? may also be explained
by its receptor-driven LMP-mediated release, and that virus-
induced LMP and GrB-mediated suicide of infected CTL or NK
cells may limit the spread of certain viruses.*

Materials and Methods

Cell lines and primary CLs. Hela and MM-170 (human malignant
melanoma) cells were used as NK cell targets. HeLa cells were cultured in DMEM with
10% fetal calf serum (FCS), 2mM glutamine, 50U/ml penicilin and 50 pig/ml
streptomycin. MM-170 cells were grown in RPMI-10 (RPMI 1640 with 10% heat-
inactivated FCS, glutamine, antibiotics as above and 90 uM f-mercaptoethanol). NK92
and YT cells are human NK-like cell lines. NK92 cells were maintained in Iscove’s
modified DMEM supplemented with 10% heat-inactivated FCS, antibiotics and
f-mercaptoethanol. YT, Jurkat and THP-1 cells were grown in RPMI-10. Generation
and characterisation of YT cells expressing GrB fused to eGFP has been reported.?®

Human CLs were isolated from healthy informed volunteers. Peripheral blood
mononuclear cells were purified by centrifugation through Ficoll-Paque Plus
(GE Healthcare, Rydalmere, NSW, Australia). NK cells were isolated using magnetic
beads coupled to CD56 (Miltenyi Biotec, North Ryde, NSW, Australia) and activated
by culture in RPMI-CL (RPMI-10 medium with 0.1 MM MEM non-essential amino
acids and 1 mM sodium pyruvate) and 100 U/ml IL-2 for 4 days. Activated NK cells
were >85% CD56 * as determined by fluorescence-activated cell sorting (FACS)
analysis. CTLs were isolated on the basis of CD8 expression from the NK cell-
depleted mononuclear cells and were activated by culture in RPMI-CL containing
5 ug/ml con-A (Sigma-Aldrich, Sydney, NSW, Australia) and 100 U/ml IL-2 for 3
days. Purified CTLs were 74.14 +8.01% CD8 *.

Jinx mice (C57BL/6-Unc13d”™/Mmed)* were obtained from the Mutant Mouse
Regional Resource Center. CLs from these mice are unable to degranulate due to
mutation of the UNC13D protein, which is required for the fusion of LRO with the
plasma membrane. Mice deficient in GrA, GrB, GrA/B, GrA/B/M and Pf were obtained
from the Peter MacCallum Cancer Centre, Melbourne, VIC, Australia. We have
independently generated Sb9 and Sb9/GrB-deficient mice. The phenotypes are the
same as previously described Sb9-null mice.'” Splenocytes were cultured at 5 x 10%
mlin RPMI-CL and polyclonaly activated by addition of 10 ug/ml con-A for 2 days or
0.1 ug/ml anti-CD3 and anti-CD28, 100 U/ml IL-2 and 2 ng/ml IL-7 for 3 days. Before
restimulation, ~80% of the population were T cells, irrespective of the mouse line
used (24.2+5.5% of the cells were CD4", 48+4% CD8™", and 21+6%
CD4~/CD8 ™) and >90% were GrB positive. Mouse NK cells were isolated from the
spleen using a negative selection kit according to the manufacturer’s instructions
(Mouse NK Isolation Kit, Miltenyi Biotec). Cells were cultured at a density of 7 x 10°
cells/ml in RPMI-CL supplemented with 10 mM Hepes and 1000 U/ml IL-2 for 6 days.
FACS analysis of activated cells indicated that they were least 90% NK1.1 7.
For some experiments, dead cells were removed post activation by centrifugation over
Ficoll-Paque Plus (GE Healthcare). Procedures involving animals followed National
Health and Medical Research Council ethical guidelines, and was approved by
Monash University Animal Ethics Committees.

Viral infection. Mice were injected subcutaneously (both lower hind limbs)
with 6 x 10° pfu of Ectromelia virus-Moscow strain diluted in phosphate buffered
saline (PBS; gift from M Regner and A Mullbacher, Australian National University,
Canberra, Australia). Single-cell suspensions were prepared from popliteal lymph
nodes 2 days post infection.
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Antibodies and stains. Agau ALIVE/DEAD stain (Invitrogen, Mulgrave, VIC,
Australia); anti-CD2 (clone T11.3, IgG3, provided by E Reinhertz, Dana-Farber
Cancer Institute, Boston, MA, USA); anti-CD16 (clone 3G8, Beckman Coulter,
Sydney, NSW, Australia); goat anti-mouse Ig (GAM, Sigma-Aldrich); anti-mouse
CD28 (clone 37.51, BioLegend, San Diego, CA, USA); anti-mouse CD3 (145-
2C11) and anti-mouse NK1.1 (PK136) (BD Biosciences, North Ryde, NSW,
Australia); rabbit polyclonal antibodies to human (R11 and R15 (refs 15,45)) and
mouse Sb9 (Hycult Biotech, Uden, The Netherlands*); anti-human Sb9 (clone
7D8 (ref. 47)); anti-human GrB for immunocytochemistry (clone GB11 (IgG1x),
provided by C Froelich, Northwestern University, Chicago, IL, USA) and GB11
directly conjugated to Alexa Fluor 647 (BD Biosciences); anti-human Pf (clone
PB2 (ref. 48)) and anti-human GrB for immunoblotting (clone 2C5 (ref. 49)) were
from J Trapani, Peter MacCallum Cancer Centre, Melbourne, VIC, Australia; anti-
mouse GrB for immunoblotting (clone 16G6) and Annexin V (eBioscience, San
Diego, CA, USA); rabbit polyclonal antibody (R041) raised to recombinant human
GrB using standard methods; MOPC-31C mouse IgGik isotype control (BD
Biosciences); anti-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-
human GrM (clone 4H10 (ref. 50)); anti-mouse Lamp 1 (clone 1D4B) and anti-
human Lamp 2 (clone H4B4) (Developmental Studies Hybridoma Bank, lowa City,
IA, USA)); sheep anti-human Lamp 1 (from J Hopwood, Women'’s and Children’s
Hospital, Adelaide, South Australia); species-specific HRP-conjugated secondary
antibodies (Rockland Immunochemicals, Gilbertsville, PA, USA); anti-galectin 8
(Santa Cruz Biotechnology); Alexa Fluor-conjugated secondary antibodies (Molecular
Probes, Eugene, OR, USA).

Activation-induced cell death. Activated human or mouse CTLs were
washed and cultured for 24-96h in RPMI-CL with 100 U/ml rlL-2 alone to ‘rest’
before restimulation with 5 g/ml con-A. Activated human NK cells were washed in
Hank’s balanced salt solution, then resuspended in the same buffer with monoclonal
antibodies to CD2 (1:200 of ascites) or CD16 (10 pig/ml 3G8) with or without the
addition of cross-linking GAM (10 ig/ml) polyclonal antibody. After incubation at
37°C for 2 (NK cells) or 4h (CTL), cell viability was assessed by FACS analysis to
determine cell shrinkage (changes in FSC/SSC properties) and uptake of the vital dye
PI. Alternatively, viability was determined microscopically using the vital stain AO/
ethidium bromide. Activated splenocytes were also restimulated by plate-bound anti-
CD3 (1 pg/ml 145-2C11). Cells were collected at either 0 or 36 h after restimulation,
washed and resuspended in PBS supplemented with 0.5% heat-inactivated FCS,
2mM EDTA, 1 ug/ml 4',6-diamidino-2-phenylindole (DAPI) and 20 000 sphero beads
(BD Biosciences). Populations were analysed on an LSRIl flow cytometer (BD
Biosciences) and the number of viable or dead cells determined based on the
number of beads counted. IL-2 (50-100U/ml) was added to all experiments to
minimise death due to cytokine withdrawal.

LRO integrity assay. Assessment of lysosomal membrane integrity in YT
and NK92 cells was carried out essentially as described.?” Cells were cultured in
medium containing 5 pg/ml AO (MP Biomedicals, Seven Hills, NSW, Australia) for
15min at 37 °C, washed in RPMI-10, then incubated with various concentrations
of LLOMe or sphingosine (Sigma-Aldrich) as indicated for 30 and 60 min,
respectively. After washing, changes in AO distribution were determined by FACS
analysis using FL1 to monitor cytosolic AO and FL3 to measure LRO-associated
AO. Alternatively, purified NK cells were cultured in medium containing 1 uM
Lysotracker Green (Molecular Probes) for 30 min after which they were treated
with 100nM bafilomycin A1 (Sigma-Aldrich) or antibodies to CD2 and CD16
together with GAM for 40 min at 37 °C. After washing, cells were resuspended in
PBS and analysed by FACS analysis.

Cell extracts and immunoblotting. Serpin/serine protease complexes
are SDS stable and can be visualised by immunoblotting following separation by
SDS/PAGE. Cell extracts for the analysis of complexes formed within the cell were
prepared as described previously.'? Briefly, cell pellets were lysed in 1 volume of
LSB. Under these conditions, LSB traps the SDS-stable complexes and prevents
further complex formation post lysis. For analysis of GrB activity, complexes were
allowed to form post lysis. Cells were lysed in half the volume of NP-40 lysis buffer
(50 mM Tris HCL, pH 8.0, 10mM EDTA 1% (v/v) Nonidet P40), then incubated at
37°C for 10min (to allow complex formation), after which half the volume of
2 x LSB was added. Viscosity was reduced by brief sonication. Cell extracts for
the analysis of protein expression were prepared in LSB. Extracts from a defined
number of cells were resolved by SDS/PAGE and transferred to nitrocellulose for
immunoblotting. Target proteins were visualised by enhanced chemiluminescence.
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Survival curves. Cells in the appropriate medium were exposed to serial two-
fold dilutions of LLOMe for 30 min, washed and resuspended in medium, and between
05 x 10° and 4 x 10° cells/well (depending on cell type) were plated in 96-well trays in
triplicate for each treatment. Cell survival was assessed after 16h, generally by
standard MTT assay. Where cell numbers were very low, cell survival was assessed
using the CellTiter Glo Luminescent Cell Viability Assay (Promega, Alexandria, NSW,
Australia) following the manufacturer’s instructions. Mean and S.D. was calculated for
each triplicate and data fitted to a sigmoidal dose-response curve using GraphPad
Prism version 5.0 (GraphPad Software, La Jolla, CA, USA).

Indirect immunofluorescence, microscopy and image processing.
Preliminary experiments showed that cells fixed at 37 °C (rather than the usual
room temperature) showed the best correlation of GrB and Lamp staining, and
hence optimal preservation of granule integrity, in both YT cells and primary CLs
(Supplementary Figure 4). Non-adherent cells were washed and resuspended in
PBS, then incubated on glass slides pretreated with Cell-Tak (BD Biosciences) for
20 min at 37 °C. Where cells were subsequently exposed to further treatments,
PBS was replaced with complete medium. Cells were fixed in 4% (w/v)
paraformaldehyde in PBS for 20 min at 37 °C, quenched with 20 mM ammonium
chloride and permeabilised with 0.5% (v/v) Triton X-100 in PBS or 1% (w/v) SDS
in PBS for 5 and 10 min, respectively, at room temperature. All antibody dilutions
and washes were in PBS and nuclei were stained with 1 ug/ml DAPI. Cells were
mounted in PermaFluor (Thermo Scientific, Scoresby, VIC, Australia). Images
were collected by laser-scanning confocal microscopy using either a Leica TCS
NT upright or Leica SP5 inverted confocal microscope, x 100 oil lens (numerical
aperture 1.4) and Leica LAS AF software (Leica Microsystems, Wetzlar,
Germany). Images were processed using Imaris (version 7; Bitplane AG, Zurich,
Switzerland) image processing and analysis software. Where indicated, three-
dimensional image stacks were deconvolved using AutoQuant X 2 (Media
Cybernetics, Bethesda, MD, USA) software.

Colocalisation analysis was performed on individual cells using Imaris software.
Briefly, separate volumes were defined for LROs (based on Lamp staining) and GrB
by automatic thresholding based on absolute intensity. Overlap coefficients
according to Manders,®" which range from 0 (no colocalisation) to 1 (100%
colocalisation) and represent the true degree of colocalisation, were determined.

TCR cross-linking induces rapid LRO exocytosis and release of a proportion of
GrB and Pf into the medium. In some imaging experiments, to prevent release of
GrB into the medium via degranulation and consequent loss of signal, activated cells
were pretreated with 10 «M nocodazole for 3 h (disrupts microtubules required for
mobilisation of LROs) before con-A restimulation. Nocodazole was maintained
throughout the experiment.

Time-lapse microscopy and image analyses. YT cells expressing
GrB-eGFP were immobilised on glass coverslips coated with Cell-Tak and exposed
to 250 uM LLOMe in RPMI-10 buffered with 10mM HEPES, pH 7.2. Imaging was
performed on a Perkin Elmer Ultraview LCI (Perkin Elmer, Waltham, MA, USA). This
system included an Olympus IX70 invert microscope (Olympus Australia, Melbourne,
VIC, Australia), equipped with a Yokogawa CSU10 spinning disk unit (Yokogawa
Australasia, Macquarie Park, NSW, Australia), an UltraPix FSI 1000 cooled CCD
camera (1280 x 1024 pixels) (Perkin Elmer) and a triple line ArKr gas laser. Images
were captured at 5min intervals over a 2-h period using a x 60 lens and 2 x 2
binning of the camera. Non-adherent CLs were cultured in polydimethylsiloxane
microgrids® (125 x 125 um by 60 um deep and containing 32 chambers) positioned
in 8-well microslides (lbidi, Munich, Germany). The microgrids have walls but no lid
and act as corrals, physically confining a small number of cells in each chamber.
CLs in medium supplemented with 25 mM HEPES, pH 7.2 (and 1.8 mM CaCl, for
AV binding) were seeded at a density that resulted in ~ 0-5 cells per chamber. After
the cells settled, medium containing LLOMe was added to give a final concentration
of 250 uM. Where indicated, Pl and FITC-AV (BD Biosciences) were added to the
chambers as recommended by the manufacturer. In some experiments, cells were
pretreated with 100 uM C20 for 3h before seeding in microgrids. Images were
captured using Leica LAS AF software on Leica SP5 or Leica AF6000 LX
microscopes fitted with humidified temperature and gas-controlled chambers.
Differential interference contrast and fluorescence images were captured at time
intervals of 2-5min over 4-6h. All image analyses and manipulations were
performed using Leica LAS AF Lite software and MetaMorph Imaging Series 7
software (Molecular Devices, Sunnyvale, CA, USA). The duration from addition of
LLOMe to the first appearance of membrane blebbing, AV binding and Pl uptake
was recorded for individual cells.
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NK cells were cultured with HeLa cells in Pl-supplemented medium and images
collected at 5min intervals using an Olympus IX-81 microscope and MetaMorph
software. Images were processed in MetaMorph.

Statistical analysis. In general, unpaired ttests were used to analyse
potential differences between experimental groups; the Mann-Whitney test was
applied to colocalisation data. Statistical analyses were performed using
GraphPad Prism 5.0 analysis software. Unless otherwise stated, results are
expressed as mean = S.E.M. Differences were considered statistically significant if
the P-value was 0.05 or less (*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001).
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