
INTRODUCTION

The use of ex vivo expanded cytotoxic cells is an area of exten-
sive investigation for the treatment of malignant disease. While
the goal of routine expansion of tumour-specific T cells for adop-
tive therapy may still be some way off, an alternative source of
potentially therapeutic cytotoxic cells are the natural killer (NK)
cells. In contrast to T cells, NK cells are not antigen specific but
rather their activation appears to be determined by the balance
of inhibitory and activating signals received by the NK cell upon
conjugation with target cells [1]. Once activated, NK cells can kill
their targets either by the granule exocytosis pathway or via the
tumour necrosis factor (TNF) family of molecules [2,3]. One sig-
nificant advantage to the use of NK cells for therapy is the lack
of MHC restriction of their cytotoxic activity. This allows an NK
cell line to be used in the treatment of a number of individuals,
with limitations only imposed by the expression of inhibitory
receptors for specific MHC class I molecules.

The NK-92 cell line, derived from a non-Hodgkin’s lymphoma
patient, has a phenotype resembling an activated NK cell [4]. This
cell line has been shown to exert strong cytotoxic activity against
a wide range of tumour cell types, including leukaemias and

melanomas [5,6]. The specificity of the NK-92 mediated killing
has been shown by its ability to purge normal bone marrow of
seeded K562 leukaemia cells [7] and to kill leukaemia and
melanoma cells transferred into SCID mice [6]. Importantly, 
preclinical data suggest that the NK-92 cell line will have a low
tumorigenic risk in immunocomprimized individuals [5,6]. This
risk can be further diminished by irradiation that does not reduce
cytotoxic activity [7]. Based on the high cytotoxic activity and
specificity for malignant cells possessed by NK-92, clinical trails
have opened to evaluate the feasibility of using this line for 
adoptive transfer therapy [8]. Preliminary indications are that the
intravenous administration of NK-92 is safe and that the cells are
not rejected by the patient’s immune system. The prolonged cyto-
toxic activity of NK-92 cells requires the presence of IL-2 [5]. For
this reason stable IL-2 producing derivatives of NK-92, NK-92 ci
and NK-92 mi, were established [9]. The cytotoxic activity of these
derivative lines is similar to that of the parental NK-92 cells when
measured using standard NK cell targets. Importantly for clinical
utility, the level of local IL-2 produced by the transfected NK-92
lines does not cause toxicity.

While NK-92 is an efficient killer of a wide variety of
leukaemia cell types, its level of cytotoxicity is lowest against 
B-lineage acute lymphoblastic leukaemia (ALL) [5]. ALL is the
single most common malignancy in children, with an incidence
rate of 34 per million children less than 15 years of age [10]. While
current chemotherapy regimes result in excellent long-term event
free survivals, relapsed ALL continues to be a significant clinical
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challenge and novel treatment strategies for this disease are
needed. In order to design rational strategies to improve NK-92
mediated killing of paediatric pre-B ALL cells we compared the
cytotoxic mechanisms and activation pathways utilized by NK-
92 ci and IL-2-activated primary NK (ANK) cells against pre-B
ALL cell lines. Our results indicate that the level of NK-92 ci
killing of pre-B ALL cells is determined by three distinct mech-
anisms and demonstrate strategies to enhance the potential use
of the line as a therapeutic agent for this disease.

MATERIALS AND METHODS

Cell culture
All cell lines, except NK-92 and NK-92 ci, were maintained in
RPMI medium (Biofluids, Rockville, MD, USA), supplemented
with 10% fetal bovine serum (GibcoBRL, Grand Island, NY,
USA), 20mM HEPES and 2mM L-glutamine. NK-92 cells were
cultured in Myelocult medium (StemCell Technologies, Vancou-
ver, BC, Canada). The NK-92 and NK-92 ci cell lines were pro-
vided by Dr H.G. Klingemann (Chicago, USA). The precursor 
B ALL cell lines used were ALL1 (BCR-ABL), REH (ETV6-
AML1) and RS4; 11 (MLL-AF-4). The ALL1 cell line was a gift
from Dr F. Uckun (St. Paul, MN, USA). The remaining cell lines
(REH, RS4: 11, K562 and Jurkat) were obtained from ATCC.
Where indicated, cell lines were treated with 20ng/ml human
recombinant TNF-a (Pharmingen, Torrey Pines, CA, USA) for
18h. IL-2 activated NK cells were prepared by selection of CD56
positive PBMCs from a healthy donor using StemSep (StemCell
Technologies, Vancouver, Canada). The CD56 positive cells were
then cultured for 3 days in the presence of 100 U/ml IL-2 at which
time the cultured cells were greater than 95% CD56 positive (data
not shown). LFA-1 expression was evaluated using the CD11a
specific antibody clone Hl111 (Pharmingen).

Annexin V assay
Apoptotic cells were detected using Annexin V-FITC (Pharmin-
gen). Briefly, unlabelled target cells were incubated with CMA
treated NK-92 ci cells at an E :T ratio of 10 : 1 for 4h at 37°C. Fol-
lowing washing in PBS and Annexin V binding buffer, the cells
were resuspended in 100 ml of binding buffer and incubated on ice
with 5ml Annexin V-FITC and 10 mg of PE conjugated anti-CD56
mAb (clone B159, Pharmingen) for 15min The cells were then
analysed by flow cytometry performed on a FACScalibur cell
analyser using CellQuest (Becton Dickinson, Mountain View,
CA, USA). CD56 staining was used to gate out NK-92 cells from
the analysed population.

Chromium release assays
Cytotoxicity of NK-92 ci was measured using standard 51Cr
release assays (CRA). 5 ¥ 105 target cells were labelled with
100 mCi for 2 h prior to assay and incubated with effector cells 
for the time indicated in figure legends. Unless stated otherwise
NK-92 ci CRAs were carried out at an E:T ratio of 15 :1. Perforin
degradation was achieved by incubating NK-92 ci cells with
400 nM Concanamycin A (CMA) (Sigma, St Louis, MO, USA) for
2h prior to assay. CMA was then present at 200 nM throughout
the CRA. To inhibit Ca2+ mediated events 2mM EGTA (Sigma)
was present throughout the CRA. Where indicated, NK-92 ci 
cells were incubated with the PI-3 kinase inhibitor, Wortmannin
(Sigma), at 100nM for 30min prior to the assay. Wortmannin was

present at 50 nM throughout the CRA. Percent specific lysis was
determined by the following formula: 

RESULTS

Comparison of pre-B ALL killing by NK-92, NK-92 ci and
IL-2 activated NK cells
It has been reported previously that as a group pre-B ALL cells
are less sensitive to killing by NK-92 than other leukaemias [5].
As pre-B cells have been reported to be less sensitive than other
B cell stages to NK cell cytotoxicity [11], we sought to determine
if the reduced killing by NK-92 was a reflection of a general insen-
sitivity of pre-B ALL cells to NK killing or rather the result of 
a deficiency in NK-92 cytotoxicity. While killing of the standard
NK targets, K562 and Jurkat, by NK-92 and NK-92 ci was similar,
significant differences in the level of killing obtained against 
pre-B ALL cells was observed, most noticeably against REH
(Fig. 1a). For 2 of the 3 pre-B ALL lines tested, ALL1 and REH,
more killing was observed with ANK cells compared to NK-92 ci
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Fig. 1. Cytotoxic activity against pre-B ALL cell lines by NK-92, NK-92 ci
and IL-2 activated NK cells. (a) The 3 pre-B ALL lines (ALL1, REH and
RS4; 11), K562 and Jurkat were incubated with either NK-92 (�), NK-
92 ci (�) or ANK (�) in a 6-h CRA. The results presented were obtained
with an E : T ratio of 15 : 1. The results shown are the averages ± SE of 3
experiments. (b) The level LFA-1 expression by the 3 pre-B ALL cell lines
as detected by flow cytometry. The isotype control is shown by a dashed
line and the specific antibody signal shown by a solid line.
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(Fig. 1a). This was most pronounced for ALL1 cells, with differ-
ences of over 60% in the amount of killing observed. In contrast,
RS4; 11 was killed to the same degree by both effector cells. The
killing of the established NK cell target lines was similar with 
NK-92 ci or ANK effector cells. The level of LFA-1 expression by
each of the pre-B ALL cell lines is shown in Fig. 1(b). It is clear
from these data that in this system the level of killing does not
correlate with expression of this adhesion molecule. Expression
of LFA-1 was not altered by treatment with TNF-a (data not
shown).

Mechanisms of NK-92 ci mediated cytotoxicity
NK-92 cells have been reported to express high levels of the
granule contents, perforin and granzyme B, and several members
of the TNF family [12]. These distinct killing mechanisms can be
distinguished on the basis of the effect of various inhibitors on
target cell death. The drug concanamycin A (CMA), an inhibitor
of vacuolar type H+-ATPase, specifically inhibits perforin-
mediated cytotoxicity by causing degradation of the protein in the
lytic granules [13]. TNF family mediated killing is unaffected by
the presence of CMA. The calcium chelator EGTA inhibits the
Ca2+ dependent release and multimerization of perforin. The
effect of CMA and EGTA on NK-92 ci killing of the well
described NK cell target cell lines K562 and Jurkat are shown in
Fig. 2(a). In the case of the K562 cell line both CMA and EGTA
treatment inhibited all killing, whereas for the Jurkat cell line the
treatments resulted in only partial inhibition of killing. These
results indicate that NK-92 ci cells can kill Jurkat cells via the per-
forin-dependent and independent mechanisms.

Members of the TNF family induce apoptosis in the target
cell. To confirm that the perforin-independent chromium release
from Jurkat cells was the result of the apoptosis, Annexin V
binding assays were performed to detect the presence of phos-
photidylserine on the outer leaflet of the cell membrane, a char-
acteristic of apoptotic death. Figure 2(b) shows that Jurkat cells
incubated in the presence of CMA-treated NK-92 ci cells bind a
significant amount of Annexin V. In contrast, K562 cells incubated
under identical conditions revealed no such binding activity.
These results demonstrate that the nonperforin mediated killing
activity of NK-92 ci cells induces apoptotic cell death of the sus-
ceptible Jurkat cells.

Several members of the TNF family of molecules have been
reported to mediate apoptotic killing by NK cells [3,14]. It has
been reported that the K562 cell line is insensitive to killing 
mediated by CD95 ligand whereas Jurkat cells are sensitive to the
action of this molecule [15]. The antibody ZB4 has been shown
to inhibit killing induced by the interaction between CD95 and
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Fig. 2. NK-92 ci utilizes both perforin dependent and independent killing
mechanisms. (a) Target cells, Jurkat and K562, were incubated with either
untreated NK-92 ci (�), CMA treated NK-92 ci (�) or NK-92 ci in the
presence of EGTA (�), in a 5-h CRA at an E: T ratio of 10:1. (b) NK-
92 ci killing induces Annexin V binding to target cells. Jurkat and K562
cells were incubated either alone (upper panels) or with CMA treated NK-
92 ci cells (lower panels) for 4h prior to labelling with Annexin V-FITC.
NK-92 ci cells were gated out on the basis of CD56 staining. (c) CD95
blocking antibody partially inhibits apoptotic killing. Jurkat cells were
incubated with CMA treated NK-92 in the presence or absence or 2 mg/ml
ZB4 antibody. Chromium release was measured after a 6-h CRA. The
results shown are the averages ± SE of 6 experiments.
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CD95 ligand [16]. We found that perforin-independent killing of
Jurkat cells is inhibited by an average of 50% in the presence 
of ZB4, indicating that the CD95 ligand apoptotic pathway is
involved in, but is not completely responsible for, NK-92 ci 
mediated apoptosis of Jurkat cells (Fig. 2c).

Sensitivity of paediatric pre-B ALL cell lines to NK-92 ci
killing mechanisms
Having demonstrated the functional activity of both perforin
dependent and independent cytotoxic mechanisms in NK-92 ci
cells, we analysed the sensitivity of the paediatric pre-B cell lines
REH and ALL1 to these mechanisms. The results in Fig. 3(a)
show that all killing of the cell lines by NK-92 ci was inhibited by
the presence of CMA or EGTA, indicating that TNF family medi-
ated cytotoxic mechanisms do not result in detectable killing of
the pre-B cell lines. CD95 is expressed on 12% and 18% of REH
and ALL1 cells, respectively (data not shown). As at least some
apoptotic killing induced by NK-92 ci is mediated by CD95 liga-
tion (Fig. 2c), the insensitivity of the pre-B ALL lines to CD95
mediated apoptosis was confirmed using an anti-CD95 antibody
cross-linking approach [17]. Despite significant killing of Jurkat
cells in this assay, no death of the pre-B ALL lines was detected,
even after 12 h incubation (data not shown).

The insensitivity of pre-B ALL lines to apoptosis induction by
NK-92 ci suggested that the greater killing achieved with primary
ANK cells (Fig. 1a) may reflect the ability of the latter cytotoxic
cells to induce apoptosis. To address this possibility, we measured
the level of pre-B leukaemia cell killing achieved by primary
ANK cells in the presence of CMA and EGTA. Figure 3(b) 
shows clearly that ANK cells are capable of inducing perforin-
independent killing of the leukaemic cells.

Comparison of signalling pathways used by NK-92 ci and
ANK cells
Activation of NK cells can be mediated by a number of cell
surface receptors that mediate signalling either via an ITAM
motif or a Phosphoinositide-3 (PI-3) kinase binding motif [18] and
it has been proposed that PI-3 kinase plays a key role in the signal
transduction leading to NK cell granule exocytosis and cytotoxi-
city [19]. To determine whether the difference in killing of pre-B
cells by NK-92 ci compared to ANK cells was the result of dif-
ferent triggering of activation pathways, we examined the effect
of the specific PI-3 kinase inhibitor, wortmannin, on cytotoxicity.
In the case of ALL1 cells, Fig. 4 shows that while the level of 
PI-3 kinase independent cytotoxicity is similar for both NK-92 ci
and ANK (8% versus 22%), the contribution of PI-3 kinase de-
pendent killing was far greater for ANK cells (49%) than for 
NK-92 ci (5%). For REH cells, however, the contribution of PI-
3 kinase dependent killing is 19% for NK-92 ci and 18% for acti-
vated NK cells, indicating a similar level of involvement for the
enzyme in both cytotoxic cell types. In this case, the increase in
killing seen with ANK effectors is the result of enhanced wort-
mannin insensitive cytotoxicity (22% versus 72%). For RS4; 11
cells, the relative contribution of the two pathways to the overall
killing was similar for NK-92 ci and ANK cells.

Both PI-3 kinase dependent and independent killing of ALL1
cells are augmented by TNF-a
It has been previously reported that treatment of resistant
leukaemia cells with TNF-a up-regulates their sensitivity to 

NK-92 cytotoxicity [20]. To determine if this approach was rele-
vant to the killing of pre-B ALL cells by NK-92 ci, we treated the
leukaemia cell lines with TNF-a for 18 h prior to incubation with
NK-92 ci. This treatment resulted in significantly increased ALL1
cell death (Fig. 5). Inhibition with wortmannin revealed that
increases in both the PI-3 kinase dependent and independent
killing contributed to the overall improvement in killing 
efficiency. All killing of the treated ALL1 cells was inhibited by
CMA indicating that there is no increase in sensitivity to perforin
independent cytotoxic mechanisms (data not shown). TNF-a
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Fig. 3. Perforin dependent and independent killing of pre-B ALL cell
lines by NK-92 ci and ANK. Target cells were incubated with either
untreated (�), CMA treated (�) or EGTA treated (�) effector cells, 
in a 6-h CRA at an E:T ratio of 10 : 1. (a) NK-92 effectors. (b) IL-2 acti-
vated NK cell effectors. The results shown are the averages ± SE of 5
experiments.
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treatment did not affect the level of killing obtained against REH
or RS4; 11 cells.

DISCUSSION

Adoptive transfer with the NK cell line NK-92 represents an area
of significant clinical potential in the fight against malignant
disease. Understanding the mechanisms controling the cytotoxic-
ity of this line will be critical for realizing that potential. The poor
killing of pre-B ALL cells by NK-92 [5] will limit the application
of the cell line for treatment of this disease. In this study we have
compared the mechanisms involved in the killing of pre-B ALL
cells by NK-92 ci and IL-2 activated NK cells. Our results show
that for each of the pre-B ALL lines tested, greater killing was
obtained using the NK-92 ci cell line compared to the parental
NK-92 line. This finding suggests that for treatment of pre-B ALL,
use of the NK-92 ci line may represent a more effective strategy.
Although it has been reported that susceptibility of B-ALL cells
to NK killing requires the expression of LFA-1 by the leukaemia
cell [21], the data presented here demonstrate that the killing of
the pre-B ALL cell lines by NK-92 ci and ANK cells does not 
correlate with LFA-1 expression. Interestingly, this result suggests
that the use of activated NK effectors may be beneficial in the
treatment of LFA-1 negative B-ALL. For two of the pre-B ALL
lines tested, ALL1 and REH, significantly more killing was
obtained using ANK effectors than with NK-92 ci. Our results
demonstrate that the ability of NK-92 ci cells to deliver perforin-
independent killing signals, activate PI-3 kinase-dependent 
signalling pathways and exert strong PI-3 kinase-independent
cytotoxicity are all limiting in the killing of pre-B ALL cells. The

ability of TNF-a treatment to alleviate the deficiencies in PI-3
dependent and independent, but not TNF family mediated, killing
of ALL1 cells indicates that the activity of NK-92 against poorly
killed pre-B ALL cells can be manipulated to achieve greater
killing efficiency.

It has been reported that NK-92 cells contain transcripts for
several members of the TNF family of molecules, including CD95
ligand, TRAIL, TWEAK and TNF-a [12]. However, the func-
tionality of these molecules on NK-92 cells has not been tested.
Our results indicate that NK-92 ci cells are indeed capable of
delivering an apoptotic signal to sensitive target cells, and that this
is in part mediated by CD95 ligand. However, when used against
pre-B ALL cells, the proteins involved in perforin independent
killing of Jurkat cells are ineffective against the leukaemia cells.
In contrast, IL-2 activated NK cells deliver a significant apoptotic
signal to pre-B ALL cells. In the case of REH cells, the difference
in killing obtained by NK-92 ci and ANK can be attributed to the
CMA resistant cytotoxicity exerted by ANK cells. The identity of
the protein(s) involved in delivering the apoptotic signal to the
leukaemia cells is currently under investigation. Identification of
this protein will provide a strategy to increase NK-92 ci mediated
killing of pre-B ALL cells via transfection of the gene into the
NK cell line. It is of interest that the apoptotic killing was inhib-
ited to a greater degree by EGTA than by CMA. While this may
simply reflect a more significant inhibition of perforin mediated
killing by EGTA, we favour an alternate explanation for two
reasons; increasing the CMA treatment to 4h at 800nM failed 
to increase inhibition (data not shown), and under the same 
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conditions killing by NK-92 ci cells was completely inhibited.
These results imply that the apoptotic signal delivered by IL-2
activated NK cells is, at least in part, calcium dependent.

Comparison of the inhibitory effect of wortmannin on NK-
92 ci and ANK cells revealed a lack of PI-3 kinase involvement
in the killing of K562 and Jurkat target cells. The results presented
here are in contrast to a recent report that wortmannin inhibited
virtually all killing of targets, including K562, by NK-92 cells [19]
but are in agreement with findings reported with other NK effec-
tors [22,23]. A 10-fold higher concentration of wortmannin had
no additional effect, suggesting that it was not the result of inef-
ficient inhibition (data not shown). Similar patterns of killing were
seen with the parental NK-92 line (data not shown), indicating
that the results are not simply the result of using the IL-2 trans-
fected NK-92 ci line. Our results favour the model in which PI-3
kinase plays a contributory, but not pivotal, role in killing by 
activated NK cells.

The difference in killing of the p190 BCR-ABL positive
ALL1 cells by NK-92 ci and ANK cells is dramatic. The delivery
of either inhibitory signals to NK-92 ci or activating signals to
ANK cells may account for this difference. Extensive analysis of
NK-92 has revealed a very limited expression of NK inhibitory
receptors and no influence of target cell HLA expression has 
been observed [12,24–26]. NK-92 does express several activating
receptors, including NKp30, NKp46, and NKG2D (detected by
RT-PCR) that have been reported to signal through PI-3 kinase
[12,27,28], the pathway responsible for most of the ALL1 killing.
As the density of activating receptors on the surface of NK cells
influences killing [29], higher levels of expression of one or more
of these receptors on ANK may explain the difference in killing.
Alternatively, NK-92 ci may lack a PI-3 kinase dependent acti-
vating receptor present on ANK cells. Although NK-92 cells do
not express NKp44 [12], signalling via this receptor is mediated
through an ITAM motif and thus is unlikely to be responsible for
the killing reported here [30]. Analysis of the cell surface expres-
sion of the known activating receptors on NK-92 ci is needed to
resolve this issue. The killing of pre-B ALL cell lines described
here supports the suggestion that malignant cells with a common
origin may differ in their expression of ligands for NK activating
receptors [29].

In order to improve the therapeutic potential of NK-92 for
pre-B ALL cells we attempted to increase PI-3 kinase mediated
killing using TNF-a. We chose this approach for two reasons.
Firstly, it has been reported that TNF-a induced NK-92 killing of
a previously resistant leukaemia cell line and that this corre-
sponded with the activation of adhesion molecules, including
CD44, on the leukaemia cell surface [20]. CD44 can interact with
CD44 molecules on other cells and CD44 directed NK killing is
PI-3 kinase dependent [23,31]. Secondly, previous results have
suggested that TNF-a may up-regulate expression of ligands 
for NKp30 and NKp46 [25]. We found that TNF-a significantly
increased killing of ALL1 cells and that this was mediated 
by increased activation of both PI-3 kinase-dependent and 
-independent pathways.

In summary, we have used the recent increases in under-
standing of NK cell mediated cytotoxicity to specifically address
the issue of poor pre-B ALL killing by the NK-92 ci cell line. We
find that deficiencies in apoptosis induction, PI-3 kinase activa-
tion and PI-3 kinase-independent killing all contribute to the level
of cytotoxicity directed against pre-B ALL cells. The extent of
these deficiencies varies between pre-B ALL lines. We have

demonstrated that, in the case of a poorly pre-B ALL target, two
of these deficiencies can be addressed by TNF-a induced changes
in the leukaemia cell.
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