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Abstract
Cytotoxic T cells (CTLs) and natural killer cells (NKs) both kill virus-infected cells and tumor cells
by releasing the cytoxic contents of their lytic granules. We recently demonstrated a role for
calcineurin in lytic granule exocytosis in TALL-104 human leukemic CTLs[1]. However, whether
calcineurin plays a similar role in NK lytic granule release is not known. We tested whether
calcineurin is involved in lytic granule exocytosis in human leukemic NK-92 cells using
immunosuppressive drugs that block calcineurin function and by overexpressing a constitutively
active calcineurin fusion protein. Our results indicate that calcineurin does play a role in lytic granule
exocytosis in NK-92 cells, and suggest that, as was the case in TALL-104 cells, there are likely to
be multiple calcium-dependent steps.
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Introduction
Cytotoxic T cells and natural killer cells play important roles in killing virus-infected and tumor
cells. NKs are members of the innate immune system that kill target cells without prior antigen
sensitization, while CTLs are members of the adaptive immune system that require prior
antigen sensitization for their cytolytic activity (reviewed in[2] [3]). One of the key mechanisms
these cells use to kill target cells is the release of lytic granules, secretory lysosomes that harbour
cytolytic agents such as perforin (a pore forming peptide) and granzymes (serine proteases that
trigger target cell DNA degradation) in their central core (reviewed in [4;5]). Despite its
immunological significance, knowledge of the signalling events that control lytic granule
exocytosis remains fairly rudimentary.

CTLs are activated by T cell receptor recognition of antigen bound to MHC class I, while NK
cells are activated by integrating a set of activating and inhibiting signals [6]. However,
phospholipase C (PLCγ) activation is a common downstream event in the signal transduction
cascades in both cell types [6;7]. PLCγ cleaves phosphotidyl inositiol bisphosphate (PIP2) to
inositol triphosphate (IP3) and diacylglycerol (DAG). Drugs that trigger calcium influx (such
as ionomycin or thapsigargin) in conjunction with a DAG analog, phorbol myristate acetate
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(PMA), have been shown to trigger lytic granule exocytosis independent of receptor activation
in both CTLs and NKs [8;9;10;11;12].

We recently confirmed the idea that calcineurin plays a role in CTL lytic granule exocytosis
using TALL-104 human leukemic CTLs [1]. Based on the similarities in downstream
signalling, we hypothesized that granule exocytosis in NK cells is also likely to be calcineurin-
dependent. We tested this using a human leukemic natural killer cell line, NK-92. We measured
exocytosis in response to thapsigargin (TG) and PMA stimulation using an assay that measures
via antibody binding the externalization of lysosome-associated membrane protein 1
(LAMP-1) that occurs as a consequence of granule exocytosis. Our strategy was similar to the
one we used previously to assess the calcineurin-dependence of granule exocytosis in CTLs
[1]. Our results suggest that calcineurin activity is required for NK-92 lytic granule exocytosis,
but is only one calcium-dependent step.

Experimental Procedures
Chemicals and reagents

Fetal calf serum was from Atlas Biologicals (Ft. Collins, CO), Horse serum was from
Invitrogen. Thapsigargin and PMA were from Alexis Biochemicals (San Diego, CA). PE
conjugated Mouse IgG anti-CD107a (clone H4A3) was purchased from BD Biosciences (San
Diego, CA).

Cells and solutions
NK-92 cells were obtained from American Type Culture Collection (Rockville, MD) and
grown in Alpha minimum essential medium supplemented with 12.5% FCS 12.5% Horse
serum, 100 IU IL-2 and 50 μ beta mercaptoethanol, in a humidified incubator at 37 C in 5%
CO2. Experiments were conducted in complete cell culture medium. Serum contains variable
amounts of calcium, making the precise determination of calcium concentration difficult.
However, if we assume that the calcium level in complete medium was ~ 2mM, we expect the
free extracellular calcium concentration to be ~ 500mM after the addition of 1.5mM EGTA,
250mM after the addition of 1.75mM EGTA, less than 1 μM after the addition of 2mM EGTA
and less than 10 nM after the addition of 10mM EGTA (calculated using the program “EGTA
calculator”; see http://brneurosci.org/egta.html).

Immunocytochemistry and flow cytometry
For immunolocalization experiments, cells were prepared following a published protocol using
methanol/acetone fixation and permeabilization [13]. A Leica SP-2 confocal system was used
to obtain images. For flow cytometry, cells were first washed with medium and then stimulated
with 50 nM PMA and 1 μM TG either in medium or in Normal Ringers for one hour at 37 C
in the presence of anti-LAMP-1 antibody. Anti-LAMP was used at a final concentration of
0.09 micrograms per test. Flow cytometry was performed on a FACSCalibur at the University
of Connecticut at Storrs Flow Cytometry and Confocal Microscopy Facility. Data were
analyzed using FlowJo (TreeStar, Ashland, OR). For multi-colour experiments data were
procured without hardware compensation and later compensated off-line using FlowJo using
data from single colour samples.

cDNA constructs and transfections
5 × 10^6 NK-92 cells were transfected with an Amaxa Nucleofector (Amaxa Biosystems,
Gaithersburg, MD) using program A-24 and solution V. Experiments were performed 14–16
h post-transfection. The mutant constitutively active calcium-independent calcineurin
construct has been described previously [1].
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Statistics
Statistical significance was assessed using repeated measures ANOVA (Instat, Graphpad
Software, San Diego, CA).

Results
LAMP-1 externalization as a marker for NK lytic granule exocytosis

LAMP externalization has been used previously to monitor NKP44-stimulated degranulation
in NK-92 cells [14]. We confirmed that LAMP externalization can be used to monitor lytic
granule exocytosis in NK-92 cells. We found good co-localization between LAMP and perforin
staining in unstimulated NK-92 cells (Figure 1A). When we stimulated NK-92 cells with TG
and PMA and measured LAMP staining at various time points (cells were fixed at specific
time points and then stained for 45 min with LAMP antibody), we found a time-dependent
increase in fluorescence intensity that was maximal at 60 minutes after stimulation (Figure
1B). Treating cells with PMA or TG alone did not trigger lytic granule exocytosis (Figure 1C).
When we varied extracellular calcium levels in cell culture medium by adding different
amounts of EGTA, a calcium chelator, we found stimulation in reduced calcium concentrations
reduced lytic granule exocytosis (Figure 1D). NK-92 cells responded better to stimulation in
cell culture medium than in Normal Ringer’s solution (data not shown), but we also observed
Ca2+ dependent LAMP staining when we stimulated the cells in Ringer’s solutions containing
either 2mM Ca2+ or 0.5mM Ca2+. Taken together, the results of Figure 1 are consistent with
the idea that LAMP staining can be used to monitor degranulation in NK-92 cells, and that
degranulation can be stimulated by calcium influx and PMA.

Cyclosporin A and FK 506 inhibit NK granule exocytosis
Next, we tested the effects of cyclosporin A (CsA) and FK 506 on NK lytic granule exocytosis
(Figure 2). These drugs, when bound to cyclophilins and FK 506 binding proteins, respectively,
act as potent inhibitors of calcineurin [15;16]. NK-92 cells were pre-treated with varying
concentrations of drugs for 30 minutes and then stimulated in their presence while monitoring
granule release via the LAMP assay. Both drugs reduced NK lytic granule exocytosis, with
FK 506 having a more pronounced effect in accordance with the known affinity of drug-
immunophilin complexes.

Effect of expressing mutant Ca2+ independent constitutively active calcineurin A on NK-92
lytic granule exocytosis

We tested the effect of overexpressing a constitutively active calcium-independent calcineurin
A fused to GFP (used in our earlier work in CTLs [1]) on lytic granule exocytosis (Figure 3).
We stimulated cells with TG and PMA in cell culture medium to which we added 1.75 mM
EGTA to reduce extracellular calcium and aid us in detecting any enhancement of granule
exocytosis. There was increased LAMP staining in cells expressing high levels of mutant
calcineurin compared to untransfected cells or cells expressing comparable levels of control
GFP vector (Figure 3 A–D).

As mutant calcineurin is calcium independent we were able to test whether activation of
calcineurin is the only calcium dependent step in lytic granule exocytosis in NK-92 cells. If it
is, then overexpressing this mutant should trigger exocytosis independent of calcium influx.
We stimulated NK-92 cells in an essentially calcium-depleted medium containing 10 mM
EGTA, and found that even in cells that expressed high levels of the mutant calcium-
independent calcineurin, there was no response (Figure 3E). This indicates that additional
proteins are likely involved in conferring calcium dependency to lytic granule exocytosis in
NK-92 cells. Future work will be required to identify these proteins.
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Discussion
We report three main conclusions in this work. First, immunosuppressant drugs inhibit lytic
granule exocytosis in NK-92 cells. Second, calcineurin is involved in NK-92 lytic granule
exocytosis. Third, as in TALL-104 cells, NK-92 lytic granule exocytosis likely involves
multiple calcium-dependent steps, since expressing mutant calcineurin did not render
exocytosis calcium-independent. Our work has only tested calcineurin dependence of
exocytosis in a singe leukemic NK cell line. Additional work will be required to confirm these
results in primary NK cells.

Several previous studies have examined the effects of immunosuppressants on target cell
killing by NKs, with conflicting results. Two studies reported inhibition of target cell killing
by CsA, but only after treating cells with drugs for 8 or more hours [17;18], while a third study
found no effects of CsA [19], and a fourth more recent one found that CsA actually increased
cytotoxicity, an effect attributed to alteration in levels of expression of plasma membrane
receptors [20]. One of the studies mentioned above reported that FK506 was without effect
[17]. We found that both cyclosporin A and FK506 blocked NK-92 lytic granule exocytosis,
and that only brief incubations were required. It may be that calcineurin-dependent granule
exocytosis is a property limited to IL-2 dependent killer cells, as it is manifested in CTLs [1;
21] and NK-92 cells, which require IL-2 for growth and cytotoxicity. If this is the case, then
we note that effects on lytic granule exocytosis are unlikely to contribute to the clinical efficacy
of these drugs, as upstream effects on helper T cell IL-2 production will supersede them. If not
the effects on NK lytic granule exocytosis may contribute to the clinical efficacy of the
immunosuppressive drugs. Alternatively, it may be that receptor-stimulated responses are not
calcineurin-dependent in NK cells. However, this possibility seems unlikely to us, based on
the generally conserved signal transduction cascades in CTLs and NK cells. Finally, it may be
that confounding effects (such as the aforementioned alteration in receptor expression) obscure
effects of calcineurin inhibitors when target cell killing is used as the assay endpoint.

Their high lytic activity and the ease with which they can be grown have lead to the idea that
NK-92 cells might be useful in cell-based immunotherapies (they have been considered for
clinical trials [22]). These same properties have contributed to the use of NK-92 cells as a
model for NK cell signal transduction in a number of studies e.g. [13;23]. The present work
suggests that NK-92 cells will likely be useful in experiments designed to investigate the
molecular basis of the calcineurin-dependence of lytic granule exocytosis. NFAT is a well-
characterized substrate of calcineurin that regulates gene transcription and cytokine production
in helper T cells [24]. However, lytic granule exocytosis involves release of preformed granules
without the need for additional protein synthesis. NFAT is therefore unlikely to be involved
in the granule release step [1]. NK-92 cells might provide an advantageous system for applying
biochemical approaches to identifying the currently-unknown calcineurin substrate(s) involved
in lytic granule exocytosis. They also might be useful for identifying the additional, non-
calcineurin Ca2+-sensitive proteins that are likely involved.
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Figure 1. LAMP externalization as a marker for NK-92 lytic granule exocytosis
A) Unstimulated NK-92 cells were fixed and permeabilized and stained for LAMP-1 and
perforin. Scale bar denotes 10 μM. B) i) NK-92 cells were stimulated with TG and PMA and
LAMP externalization was measured at various time points. Histograms of anti-LAMP
fluorescence are shown. ii) Geometric mean (g.m.) from the experiment in (i) plotted vs. time.
C) Representative histograms of anti-LAMP staining intensity showing the effects of
stimulating cells with TG, PMA or both TG+PMA on granule release. D) Representative
histograms of anti-LAMP staining intensity showing the effects of varying calcium levels on
lytic granule exocytosis.
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Figure 2. Immunosuppressive drugs inhibit lytic granule exocytosis in NK-92 cells
Cells were pre-treated with the indicated concentration of CsA or FK 506 for 30 min and then
stimulated with TG and PMA in the presence of the drugs. LAMP externalization assays were
used to monitor granule exocytosis. A) Representative histograms of LAMP fluorescence for
the different conditions. B) Quantifications for three such experiments. Data values that differ
from the stimulated condition at p < 0.05 is indicated by *.
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Figure 3. Effects of expressing mutant constitutively active calcium-independent calcineurin A on
NK-92 lytic granule exocytosis
A i) Representative plots of GFP fluorescence for cells transfected with GFP. The bars indicate
gating regions used in analyzing LAMP externalization in panels below. ii) Representative
plots of mutant calcineurin construct fused to GFP. B) Representative histograms of LAMP
fluorescence for cells transfected with GFP and then stimulated with TG and PMA in medium
supplemented with 1.75 mM EGTA for the various gating regions shown in A. Histograms are
arranged with untransfected cells at the back and moving to front corresponds to increasing
levels of expression. C) As in B for cells transfected with mutant calcineurin. D) Normalized
release for four such experiments for the cells in the different gating regions. White bars denote
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GFP transfected cells and black bars denote mutant calcineurin transfected cells. Data were
normalized to the level of release observed in stimulated cells from the GFP negative
population. Normalized LAMP fluorescence values of mutant-calcineurin transfected cells that
differ at p<0.05 level from untransfected cells is indicated by * and those that differ from
equally GFP expressing cells is indicated by #. E) (i) Representative histograms of LAMP
fluorescence for cells transfected with GFP and then stimulated with TG and PMA in 10mM
EGTA containing medium for the various gating regions.(ii) As in (i) but for cells transfected
with mutant calcineurin.
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