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Differential cytokine regulation of natural killer cell-mediated necrotic and apoptotic
cytotoxicity

C. M. GARDINER & D. J. REEN The Children's Research Centre, Our Lady's Hospitalfor Sick Children, Crumlin, Dublin 12,
Ireland

SUMMARY

Natural killer (NK) cells can kill target cells by either necrotic or apoptotic mechanisms. Using
the 5'Cr-release assay to measure necrotic death of target cells, neonatal NK cells had low NK
activity (K562 targets) and high lymphokine-activated killer (LAK) activity (Daudi targets)
compared with adult cells, as has been previously reported. Using a I'23-deoxyuridine ('25I-UdR)
release assay, cord cells were shown to also have higher apoptotic LAK activity against YAC-1
target cells. Interleukin-4 (IL-4) inhibited interleukin-2 (IL-2)-induced necrotic killing of target
cells by adult effectors but had no such inhibitory effect on cord cells. In contrast, IL-4 inhibited
both adult and cord LAK cytotoxicity of YAC-1 target cells by apoptotic mechanisms with higher
suppression observed in cord cell preparations. Using a colorimetric substrate conversion assay,
IL-2 induced higher, and IL-4 had a more significant suppressive effect on, cord cell granzyme B
enzyme activity compared with adult cells, paralleling apoptosis cytotoxicity data. Co-culture of
either adult or cord LAK cells with IL-4 had a similar inhibitory effect on granzyme B protein
expression, as detected by Western blotting. In contrast, IL-4 did not inhibit perforin expression,
thereby defining IL-4 as a cytokine that can differentially regulate the NK cell-mediated cytotoxicity
processes of apoptosis and necrosis. The differential sensitivity of cord cells to cytokine regulation
of cytotoxicity may also have implications for cord blood transplantations, as NK cells are known
to function as an effector cell in both graft-versus-host disease and in the graft-versus-leukaemia
phenomena.

INTRODUCTION

Cell-mediated cytotoxicity is a fundamental process used by
the immune system to destroy a range of endogenous target
cells, such as transformed cells or those infected by intracellular
pathogens. Among lymphocytes, cytotoxic T lymphocytes
(CTLs) and natural killer (NK) cells have been identified as
key effector cells which mediate this process. Cytotoxic cells
can kill their target cells by at least two recognized mechanisms:
necrosis and apoptosis.' Necrosis is mediated by perforin,
found in cytotoxic granules, which primarily causes membrane
damage.2 Apoptosis of target cells can be triggered by a
number of effector mechanisms including tumour necrosis
factor-a (TNF-a),3 fas/fas-ligand interactions4 or via gran-
zymes.5 Data from knock-out mice indicate that granzyme B
is essential for the rapid induction of apoptosis in susceptible
target cells, although its mechanism of action is unknown.6
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One of the primary differences between granzyme B or fas/
fas-ligand-mediated apoptosis, and that induced by TNF-cx,
are the apparent kinetics of action. Apoptosis induced by
TNF-x is relatively slow,3 while both granzyme B6- and fas/
fas-ligand4-mediated apoptosis occur rapidly and can be meas-
ured in short-term assays (4 h). Historically, cytotoxicity
research almost exclusively employed a necrosis-based cytotox-
icity model system (51Cr-release assay). The recognition of
apoptosis as the physiological form of cell death in vivo"
challenges this paradigm and demands investigation of NK
cell-induced apoptosis of target cells as a more relevant
model system.

The neonatal population has a high rate of morbidity and
mortality associated with infection,8 presumably a reflection
of their relatively immature immune status. Immune responses
of many individual cord blood cell types are altered relative
to adult responses,9 with differences at both effector and
regulatory levels. NK cell cytotoxic activity of cord blood
against the standard K562 target cell line is reduced'0 while
interleukin-2 (IL-2)-induced lymphokine-activated killer
(LAK) activity against Daudi target cells is increased."1",2
Cord blood is now being used successfully as a source of stem
cells for haematological reconstitution with reduced graft-
versus-host-disease (GVH) observed in patients.'3 As NK cells
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have been implicated in GVH`4 and the graft-versus-leukaemia
(GVL) effect,15 differences in cord and adult NK cell responses
help to explain clinical observations while increasing our

potential to beneficially exploit the immune system in trans-
plantation situations.

Cytokines play an important role in the regulation of
cytotoxicity. IL-2 provides sufficient signal to activate LAK
cell cytotoxicity,"6 induce NK cell proliferation17 and stimulate
increased production of granule contents.18 Interleukin-4
(IL-4)19 and transforming growth factor-13 (TGF-p)2'0 are

reported to be down-regulatory cytokines of IL-2-induced
LAK responses. Given the dearth of information regarding
cytokine regulation of NK cell-mediated apoptosis as an

independent mechanism of killing, this study was undertaken
to examine the role of IL-4 in IL-2-induced cytotoxicity, in
both necrotic and apoptotic assay systems. In addition, adult
and cord blood cells were evaluated for their NK cell responses
at both end-effector and mechanistic levels.

MATERLILS AND METHODS

Effector cells
Adult peripheral blood was obtained by venepuncture from
healthy adult volunteers. Cord blood samples were obtained
from full term, normal delivery, healthy infants into 0-01 M
EDTA in phosphate-buffered saline (PBS), pH 7.4.
Mononuclear cells were isolated by lymphoprep (Nycomed,
Oslo, Norway) density-gradient centrifugation.2" Cells cultured
in vitro were grown in RPMI-1640 medium supplemented with
10% fetal calf serum (Gibco, Paisley, UK), 20 mM L-glutamine,
50 U/ml penicillin, 50 gg/ml streptomycin and 20 mm HEPES,
referred to as complete medium (CM). Cytokines were added
at the start of culture; IL-2 (Cetus Corporation, Emeryville,
CA) was used at 500 U/ml and IL-4 (R&D Systems, Abingdon,
UK) was used at 100 U/ml.

51Cr-release assay

A standard 4-h 51Cr-release assay was used to measure necrotic
death of target cells.22 Briefly, 106 Daudi target cells (American
Type Culture Collection, Rockville, MD) were labelled with
50 gCi Na251CrO4 for 1 h at 37°. Cells were washed twice with
PBS, resuspended in CM and 1 x 104 cells were dispensed into
each well in 100 j1 volumes. Effector cells in an equal volume
were added, in quadruplicate, to give a desired effector: target
(E : T) ratio. The plate was centrifuged at 150 g for 5 min at
room temperature to initiate cell contact, incubated at 370 for
4 h, and then recentrifuged at 350 g for 10 min at room

temperature. Decanted supernatants were counted using a

y-counter (Wallac-LKB, Milton Keynes, UK). CM alone or

HCl (1 M), added to labelled targets, allowed calculation of
spontaneous or maximum release respectively. Percentage kill
was calculated using the following equation:

% kill = (experimental - spontaneous)/(maximum - sponta-
neous) x 100%.

125I UdR release assay
This assay was used to measure apoptosis of target cells
induced by LAK effectors.23 YAC-l target cells (5 x 105)
(American Type Culture Collection, Rockville, MD) were

labelled with 10 gCi 1251-deoxyuridine (1251-UdR), in a 200 gl
volume, for 2 h at 37°. Cells were washed twice with PBS,

resuspended in CM at 106 cells/ml and aliquoted in 0 5 ml
volumes into 1.5 ml eppendorf tubes in triplicate. Effector
cells, in CM, were added to give the desired E: T ratios. Tubes
were centrifuged at 600 g in a minifuge (Heraeus, Hannau,
Germany) at room temperature for 5 min to initiate cell
contact. After 4 h, tubes were centrifuged at 3500 g at room

temperature in a minifuge for 5 min. Supernatants were col-
lected and the cell pellets resuspended in 1 ml of a lysis buffer
(5 mm Tris/HCl, pH 8-0; 0-1 M EDTA, pH 8-0; 0-5% Triton-
X-100). After a brief vortex, tubes were centrifuged at 8000 g
in a minifuge for 20 min at room temperature to separate
fragmented from bulk DNA. These supernatants were com-

bined with those collected previously and counted on a

y-counter for 1 min each. The spontaneous count was obtained
from tubes in which CM alone was added to the radiolabelled
target cells. The maximum release was found by adding the
radioactivity remaining in the spontaneous pellets to the
supernatant counts, and the percentage kill calculated using
the equation defined above.

Asp-ase assayfor granzyme B enzyme activity24
Granzyme B has a rare enzyme substrate specificity for aspartic
acid,5 which forms the basis for this assay.24 Briefly, effector
cell lysates were prepared by resuspending cultured cells at
5 x 106 ml or freshly isolated cells at 1 x 107/ml, in 1 ml of lysis
buffer (01 M HEPES, 0-05M CaCl2, 0 5% NP40, pH 7-5).
Cells were freeze-thawed twice and centrifuged in a minifuge
at 8000 g for 15 min at room temperature. The resulting
supernatants were diluted (0-1 M HEPES, 0 05 M CaC12,
pH 7 5) and aliquoted, in duplicate, into a 96-well flat-
bottomed plate in 50 gl volumes. Fifty microlitres of 2 mm n-

boc-ala-ala-asp-pNA (Bachem, Switzerland) substrate was

added per well. Controls consisted of sample and diluent
alone, and substrate and diluent alone. Substrate conversion
was calculated by measuring the change in OD at 405 nm after
3 days of incubation at 37°. YT cell line extract24 was used as

a positive control.

Western blotting25
Cells were extracted at 5 x 107/ml into a lysis buffer (10 mm
Tris/HCl, pH 8-0, 100 mm NaCl, 1% NP40, 1 mm PMSF,
1 jg/ml aprotinin, 0-001 M EDTA, 50 gM leupeptin, 1 gg/ml
pepstatin, 1 gg/ml antipain). The YT cell line was treated
similarly and used as a positive control for granzyme B and
perforin expression. Cell extracts (30 gl) were diluted with a

non-reducing loading buffer (62 5 mm Tris, 3% w/v SDS, 10%
w/v glycerol, 0-01% w/v bromophenol blue) and electrophor-
esed on a 15% non-reducing SDS-PAGE gel. Samples were

electroblotted onto nitrocellulose paper and probed with either
an anti-granzyme B monoclonal Ab (Pharmacell, Paris,
France) or an anti-perforin monoclonal Ab (from Gillian
Griffith, Basel, Switzerland). AEC was used to visualize band
staining. Immunoblots were densitometrically analysed using
a video-imaging gel documentation system (UVP, GDS 8000,
Cambridge, UK). Band density was expressed as an arbitrary
pixel intensity scale. The values obtained were analysed statisti-
cally to determine the effect of cytokine treatment on

granzyme B and perforin expression.

Statistics
A two-tailed Student's t-test was used to compare adult and
cord blood data, and the effect of cytokines on adult and cord
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blood-mediated LAK activity, granzyme B and perforin
expression.

RESULTS

Cord LAK cells have higher LAK activity and faster kinetics of
killing compared with adult cells

Freshly isolated cells, from either adult or cord blood, did not
induce cytotoxicity of either Daudi or YAC-1 cell lines (data
not shown) thereby defining the effector cells as LAK cells.26
Cord and adult cells were compared for their LAK activity in
assays that measured either necrotic or apoptotic death of target
cells. As previously reported,11'12 cord LAK cells had higher
necrotic killing activity against the Daudi cell line than adult
cells (Fig. la). This difference was significant (P<0 05) at all
E: T ratios except 25: 1. The Daudi cell line does not undergo
double-stranded DNA fragmentation and therefore YAC-1 cells
were used to measure apoptosis using the 125I-UdR release

assay (Fig. Ib). Cord LAK cells were also found to have
significantly higher cytotoxicity against YAC-l cells (P< 0 05).
The enhanced cytotoxicity of cord LAK cells was reflected also
in the faster kinetics of killing, seen in both assay systems.

IL-4 differentially regulates necrotic killing of Daudi cells by
adult and cord LAK effector cells

IL-4 has been reported to inhibit IL-2-induced LAK activity
of adult cells,19,20 and this was found to be the case for IL-
2-induced killing of adult cells against Daudi target cells
(Fig. 2a). By contrast, IL-4 had no such inhibitory effect on

cord cells (Fig. 2b) over a range of E: T ratios. The differential
IL-4 effect on adult compared with cord LAK effector cells
was statistically significant (P<0O05) at all E:T ratios with
the exception of 25: 1.
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Figure 1. Kinetics of killing by adult and cord LAK effectors. Adult
(n = 4) and cord (n = 7) mononuclear cells were cultured for 3 days in
CM supplemented with 500 U/ml IL-2. Cells were washed twice and
their cytotoxicity against Daudi cells (necrosis assay, la) or YAC-1
cells (apoptosis assay, lb) measured. Assays were harvested at the
time points indicated. Figures show percentage kill and the error bars
show 1 SD. A constant E:T ratio of 25:1 was used throughout.
Spontaneous/maximum values were less than 20% in all experiments
using Daudi cells and less than 12% in all YAC-1 cell experiments.
The Student's t-test was used to compare adult and cord blood data.
*P<0 05, **P<0-02.
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Figure 2. Effect of IL-4 on IL-2-induced LAK activity against Daudi
target cells. Isolated adult (n =7) and cord blood effector cells (n = 8)
were cultured in IL-2 (500 U/ml), in the presence or absence of IL-4
(100 U/ml). After 3 days at 370, the cells were washed and their
cytotoxicity measured against the Daudi cell line. The figures show
the percentage kill+1 SD, at the E :T ratio indicated. The average
spontaneous/maximum value was 17.1%. (a) adult, (b) cord. The
student's t-test was used to compare adult and cord blood data.
*P<0-02.
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Figure 3. Effect of IL-4 on IL-2-induced LAK activity against YAC-l
target cells. Isolated adult (n = 5) and cord blood effector cells (n = 8)
were cultured in IL-2 (500 U/ml), in the presence or absence of IL-4
(100 U/ml). After 3 days at 370, the cells were washed and their
cytotoxicity measured against the YAC-1 cell line. The figures show
the percentage kill+ 1 SD, at the E : T ratio indicated. The average

spontaneous/maximum value was 9.4%. (a) adult, (b) cord. The
student's t-test was used to compare adult and cord blood data.
*P<0-02, **P<O OO1.

114 inhibits IL-2-induced apoptotic killing of YAC-1 target
cells by adult and cord LAK effector cells

Co-culture of both adult and cord effector cells in IL-4
significantly inhibited their cytotoxic activity (P<0 05) against
YAC-l target cells over a range of E: T ratios. This inhibition
was more significant for cord cells (Fig. 3; P<0-02).

11-2 and 114 regulation of granzyme B enzyme activity

Cell extracts, prepared from freshly isolated cells, contained
low comparable amounts of granzyme B activity: adult (n =
7) 0-205+0-119 AEOD units versus cord (n=8) 0-183+0-080
)E OD units. Culture of cells in IL-2, for 3 days, induced
granzyme B activity as illustrated in Table 1. Paralleling cyto-
toxicity results, IL-2 induced higher granzyme B activity in
cord blood cells compared with adult cells. Co-culture of cells,
from either source, in IL-4, inhibited the IL-2-induced
granzyme B activity.

14 inhibits 11-2-induced granzyme B expression in adult and
cord effector cells

IL-2 induced granzyme B expression in freshly isolated adult
and cord mononuclear cells (data not shown). Co-culture of
cells with IL-2 and IL-4 resulted in significantly decreased
expression of granzyme B protein, as detected by Western
blotting, compared with culture in IL-2 alone (Fig. 4;
P<0-001). This inhibition was seen for both adult and cord
blood cells.

E14 does not inhibit 11-2-induced perforin expression in adult
and cord effector cells

Perforin expression in freshly isolated cells was low but variable
(data not shown). However, IL-2 induced strong perforin
bands in all samples, as detected by Western blotting (Fig. 5).
Co-culture of cells with IL-4 did not significantly inhibit IL-
2-induced perforin expression (P<0'05). Results were similar
for both adult and cord blood cells.

DISCUSSION

Given that apoptosis is the physiological form of cell death7
and the probability that it is the primary mechanism involved
in cell-mediated cytotoxicity, adult and cord blood NK cells
were compared for their ability to kill target cells by apoptosis:
IL-2 induced higher LAK activity in cord cells compared with
adult cells against YAC-1 target cells (Fig. lb). This was

found over a range of E: T ratios (data not shown). Cord cells
had faster kinetics of killing YAC-l target cells than did adult
cells. The increased sensitivity to IL-2, of cord compared with
adult NK cells, was paralleled in the necrosis-based cytotox-
icity assay (Fig. la), as previously reported."1",2 This increased
sensitivity may be caused in part by the increased expression
of IL-2RP, the signalling moiety of the IL-2R involved in NK
cell activation, on cord blood NK cells.27 Kinetics of killing
were faster in the necrosis assay, compared with the apoptosis
assay, using either adult or cord effector cells. This has been
previously reported for NK cell-mediated cytotoxicity28
although reports to the contrary also exist;"123 these discrepanc-
ies may be a result of differences in target cell lines and/or
assay protocols and remain to be reconciled. The relatively
low NK activity of freshly isolated cord cells (data not shown)
may contribute to the low GVH seen in cord blood transplant
patients, but the readily induced cytotoxicity of cord LAK
activity, measured using both necrosis and apoptosis-based
assays, as presented in this study, indicates that the potential
for a GVL effect remains.

The role of IL-4 in necrosis-mediated cytotoxicity has been
extensively examined. In mice, IL-4 can directly generate LAK
cells from NK cell precursors.29 In humans, preactivation of
cells with IL-2 facilitates LAK induction by IL-4;3° however,
IL-4 is generally reported to be a suppressive cytokine for NK
cell activation.19'20 In this study, IL-4 was found to have
differential regulatory effects on human adult and cord LAK
cell killing of Daudi target cells. IL-4 inhibited IL-2-induced
LAK activity of adult cells, as has been previously reported;
however, IL-4 had no effect on cord LAK activity. In contrast
to the necrosis assay system, IL-4 had an inhibitory effect on

both adult and cord LAK activity in the apoptosis-based assay

and, furthermore, IL-4 inhibition of cord activity was more
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Table 1. Cytokine regulation of granzyme B activityt

Adult (n=5) Cord (n=8)

IL-2 IL-2 + IL-4 IL-2 IL-2 + IL-4

A OD405 nm 0-478+0 157 0 272*+0-112 0 705+0-401 0-269**+0-130

tlsolated adult (n = 5) and cord (n = 8) effectors were cultured for 3 days in IL-2
(500 U/ml), in the presence or absence of IL-4 (100 U/ml). After this time, the cells were
washed, lysed and extracts prepared. These extracts were incubated with a substrate
containing aspartic acid. A colour change was observed as the substrate was enzymatically
converted. Figures shown represent the change in OD at 405 nm+ 1 SD, after 3 days of
incubation. The Student's t-test was used to analyse adult and cord data.

*P<0-02, **P<0-01.
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Figure 4. Effect of IL-4 on IL-2-induced granzyme B protein expression. Cord blood (n = 3) and adult peripheral blood (n = 3)
mononuclear cells were cultured in IL-2 (500 U/ml) and IL-2 + IL-4 (500 U/ml, 100 U/ml) for 3 days. Samples were extracted,
electrophoresed on 15% non-reducing SDS-PAGE gel and immunoblotted using anti-granzyme B monoclonal antibody. YT cell
extract was used as a positive control. AEC was used to visualize staining.
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Figure 5. Effect of IL-4 on IL-2-induced perforin protein expression. Cord blood (n =2) and adult peripheral blood (n= 3)
mononuclear cells were cultured in IL-2 (500 U/ml) and IL-2+ IL-4 (500 U/ml, 100 U/ml) for 3 days. Samples were extracted,
electrophoresed on 10% non-reducing SDS-PAGE gel and immunoblotted using anti-perforin monoclonal antibody. YT cell
extract was used as a positive control. AEC was used to visualize staining.

profound. Differential cytokine regulation, by adult and cord
blood cells of key effector molecules involved in necrosis and
apoptosis, was investigated as a basis for the disparate cytotox-
icity data obtained. Fas-mediated cytotoxicity was thought
not to play a role in the model systems studied here as YAC-l

C 1998 Blackwell Science Ltd, Immunology, 93, 511-517

cells did not express fas while Daudi cells (necrosis model)
expressed it only at a very low level. Furthermore, inclusion
of neutralizing anti-TNF-a or TNF-P antibodies had no effect
on the data obtained in either assay for the 4-h incubation
period studied (data not shown). IL-4 inhibited IL-2-induced
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granzyme B activity and expression in both adult and cord
cell populations, thereby explaining the IL-4 inhibition of
cytotoxicity observed in the apoptosis cytotoxicity assay; the
more profound inhibition of granzyme B enzyme activity in
cord cells by IL-4 explained the increased sensitivity to IL-4
inhibition of cytotoxicity by cord cells in the apoptosis assay.
In contrast to its effect on granzyme B, IL-4 had no apparent
regulatory effect on IL-2-induced perforin expression.
Although this result correlates with the cord cytotoxicity data,
it implies that IL-4 inhibition of adult cytotoxicity of Daudi
cells is not at the level of inhibition of perforin and that other
mechanisms are involved, which could involve altered pro-
duction of regulatory cytokines31'32 and/or cytokine
receptors.20

The differential effect of IL-4 on LAK cell cytotoxicity, in
each of the assay systems, further highlights differences which
exists between adult and cord effector cells. Given the similar
qualitative regulation of cytotoxic molecules in the two popu-
lations, differences appear to be more quantitative with respect
to the magnitude and efficiency of down-regulation of
responses. Cord cells are reported to have a reduced expression
of the IL-4R33-35 and are generally reported to produce
minimal amounts of IL-4.36 One might therefore expect a
reduced responsiveness of cord cells to this cytokine. Although
the necrosis assay results support this, the profound inhibition
of cytotoxicity observed in the apoptosis assay belies this
suggestion. Further differential responses of adult and cord
cells to IL-4 have recently been reported by this laboratory
and others. Highly purified CD4+CD45RA' cord cells were
shown to proliferate directly in response to IL-4, in the absence
of a second stimulus, in contrast to a similar population of
adult cells.37 Others have shown that, despite having signifi-
cantly fewer cells expressing the IL-4R, neonatal B cells are
as responsive to IL-4 in up-regulating major histocompatibility
complex (MHC) Class II and surface immunoglobulin M
(IgM); and as, if not more responsive in their up-regulation
of the CD23 antigen.33 Thus, differential sensitivity of cord
cells to IL-4 is likely to account for many of the differences
seen between adult and cord cells and may contribute to the
reported preferential development of a T helper 2 (Th2)
immune response observed in vivo in the newborn.38

Perforin has traditionally been implicated in the necrosis
pathway of cell-mediated cytotoxicity.2 Recent reports how-
ever, suggest a role for perforin in the apoptosis pathway
where it may facilitate transfer of cytotoxic granule contents
into the target cell.39', It seems likely that apoptosis, the
physiological form of cell death, is also the primary mechanism
of cell-mediated cytotoxicity in vivo with perforin representing
just one step, albeit a critical one, in the apoptotic pathway.
The tighter regulation by cytokines of granzyme B compared
to perforin expression, as presented in this report, lends
credence to this hypothesis because key biological effector
molecules are tightly regulated to govern the response magni-
tude. Furthermore, the differential regulation of perforin and
granzyme B by IL-4 serve to caution against extrapolating
cytokine regulation data from necrosis to apoptosis-mediated
cytotoxicity and highlights the requirement for further research
on apoptosis as an independent mechanism of cytotoxicity
used by LAK effector cells.

ACKNOWLEDGMENTS

The authors wish to thank the staff of the Coombe Women's Hospital,
Dublin, for their co-operation in supplying cord blood samples. This
work was supported by The Irish Cancer Society and The Health
Research Board.

REFERENCES

1. ZYCHLINSKY A., ZHENG L.M., Lu C.C. & YOUNG J.D.E. (1991)
Cytolytic lymphocytes induce both apoptosis and necrosis in
target cells. J Immunol 146, 393.

2. MASSON D. & TSCHOPP J. (1985) Isolation of a lytic, pore-forming
protein (perforin) from cytotoxic T lymphocytes. J Biol Chem
260, 9069.

3. LEE R.K., SPIELMAN J., ZHAo D.Y., OLSEN K.J. & PODACK E.R.
(1996) Perforin, Fas ligand, and Tumor Necrosis Factor are the
major cytotoxic molecules used by lymphokine-activated killer
cells. J Immunol 157, 1919.

4. LowmN B., HAHNE M., MATTMANN C. & TSCHOPP J. (1994)
Cytolytic T-cell cytotoxicity is mediated through perforin and fas
lytic pathways. Nature 370, 650.

5. Sm L., KRAur R.P., AEBERSOLD R. & GREENBERG A.H. (1992) A
natural killer cell granule protein that induces DNA fragmentation
and apoptosis. J Exp Med 175, 553.

6. HEusEL J.W., WESSELSCHMIDT R.L., SHRESTA S., RUSSELL J.H. &
LEY T.J. (1994) Cytotoxic lymphocytes require granzyme B for
the rapid induction of DNA fragmentation and apoptosis in
allogeneic target cells. Cell 76, 977.

7. Tomm L.D. & COPE F.O. (1991) In: Apoptosis - The Molecular
Basis of Cell Death (eds L. D. Tomei & F. 0. Cope) p. 1. Cold
Spring Harbor Laboratory Press, New York.

8. ANDERSSON U., BIRD A.G., BRITTON S. & PALACIOs R. (1981)
Humoral and cellular immunity in humans studied at the cell level
from birth to two years of age. Immunol Rev 57, 5.

9. WILSON C.B., LEwIs D.B. & PENIX L.A. (1996) Physiologic
immunodeficiency of immaturity. In: Immunologic Disorders in
Infants and Children (ed. E. R. Stiehm) edn 4, p. 253. WB Saunders,
Philadelphia.

10. YABUHARA A., KAWAI H. & KOMIYAMA A. (1990) Development
of natural killer cytotoxicity during childhood: marked increases
in number of natural killer cells with adequate cytotoxic abilities
during infancy to early childhood. Pediatr Res 28, 316.

11. MONTAGNA D., MACCARIO R., UGAZIo A.G., MINGRAT G. &
BuRGIo G.R. (1988) Natural cytotoxicity in the neonate: high
levels of lymphokine activated killer (LAK) activity. Clin Exp
Immunol 71, 177.

12. MALYGIN A.M. & TIMONEN T. (1993) Non-major histocompat-
ability complex-restricted killer cells in human cord blood: gener-
ation and cytotoxic activity in recombinant interleukin-
2-supplemented cultures. Immunology 79, 506.

13. WAGNER J.E., KERNAN N.A., STEINBUCH M., BROXMEYER H.E. &
GLUCKMAN E. (1995) Allogeneic sibling umbilical-cord-blood
transplantation in children with malignant and non-malignant
disease. Lancet 346, 214.

14. XUN C.Q., THOMPSON J.S., BROWN S.A., JENNINGS C.D. &
HENsLEE-DowNEY P.J. (1993) Acute graft-versus-host like disease
induced by human CD56+CD16+, CD8dim+ cells in SCID mice.
Transplant Proc 25, 1227.

15. HERCEND T., TAKvORIAN T., NOWILL A. et aL (1986)
Characterisation of natural killer cells with anti-leukaemia activity
following allogeneic bone marrow transplantation. Blood 67, 722.

16. GRIMM E.A., ROBB R.J., RoTH J.A. et al. (1983) Lymphokine-
activated killer cell phenomenon III. Evidence that IL-2 is sufficient
for direct activation of peripheral blood lymphocytes into lympho-
kine-activated killer cells. J Exp Med 158, 1356.

17. ROBERTSON M.J., MANLEY T.J., DONAHUE C., LEVINE H. & RITZ J.

©3 1998 Blackwell Science Ltd, Immunology, 93, 511-517



Cytokine regulation ofLAK cell cytotoxicity 517

(1993) Co-stimulatory signals are required for optimal prolifer-
ation of human natural killer cells. J Immunol 150, 1705.

18. TRINcHIERI G. (1989) Co-stimulatory signals are required for
optimal proliferation of human natural killer cells. Adv Immunol
47, 187.

19. NAGLER A., LANIER L.L..& PHILLIPS J.H. (1988) The effects of
IL-4 on human natural killer cells. A potent regulator of IL-2
activation and proliferation. J Immunol 141, 2349.

20. BROOKS B., CHAPMAN K., LAWRY J., MEAGER A. & REES R.C.
(1990) Suppression of lymphokine-activated killer (LAK) cell
induction mediated by interleukin4 and transforming growth
factor-Pl: effect of addition of exogenous tumour necrosis factor
alpha and interferon-gamma, and measurement of their endogen-
ous production. Clin Exp Immunol 82, 583.

21. BoYUM A. (1968) Separation of leukocytes from blood and bone
marrow. Scand J Clin Lab Invest 27(suppl.), 7.

22. WHITESIDE T., BRYANT J., DAY R. & HERBERMAN R.B. (1990)
Natural killer cytotoxicity in the diagnosis of immune dysfunc-
tions: Criteria for a reproducible NK assay. J Clin Lab Anal 4, 102.

23. BRAHMI Z., TOMITA A., HoMMEL-BERREY G., WooDAwD G. &
MORSE P. (1991) Mouse targets undergo double-strand DNA
fragmentation when exposed to syngeneic or xenogeneic LAK
cells whereas human targets undergo single-strand breaks. Nat
Immun Cell Growth Regul 10, 196.

24. TRAPANI J.A., BROWNE K.A., DAWSON M. & SmYTH M.J. (1993)
Immunopurification of functional asp-ase (natural killer cell
granzyme B) using a monoclonal antibody. Biochem Biophys Res
Commun 195, 910.

25. SAMBROOK J., FRITSCH E.F. & MANIANuS T. (1989) Transfer of
proteins from SDS polyacrylamide gels to solid supports: immuno-
logical detection of immobilised proteins (western blotting). In:
Molecular Cloning, A Laboratory Manual, Vol. 3, p. 18. Cold
Spring Harbor Laboratory Press, New York.

26. GRIMM E.A., MAZUMDER A., SHANG H.Z. & ROSENBERG S.A.
( 1982) Lymphokine-activated killer phenomenon. Lysis of natural
killer-resistant fresh solid tumour cells by interleukin 2-activated
autologous human peripheral blood lymphocytes. J Exp Med
155, 1823.

27. NISHIKAWA K., SAITO S., MoRn T. et al. (1990) Differential
expression of the interleukin 2 receptor on human peripheral
blood natural killer subsets. Int Immunol 2, 481.

28. DuKE R.C., COHEN J.J. & CHERVENAK R. (1986) Differences in
target cell DNA fragmentation induced by mouse cytotoxic T
lymphocytes and natural killer cells. J Immunol 135, 1442.

29. TuNRu I.S., SuZUKI H. & KOBAYASH M. (1993) Induction of
lymphokine activated killer cells from nude mouse spleen cells by
interleukin-4. Experientia 49, 76.

30. HIGUCHI C.M., THOMPSON J.A., LINDGREN C.G. et al. (1989)
Induction of lymphokine-activated killer activity by interleukin-4
in human lymphocytes preactivated by interleukin 2 in vivo or in
vitro. Cancer Res 49, 6487.

31. SwisHER S.G., ECONOMOU J.S., CARMACK HOLMES E. & GOLUB
S.H. (1990) TNF-a and IFN-y reverse IL-4 inhibition of lympho-
kine-activated killer cell function. Cell Immunol 128, 450.

32. ROBINET E., KAmouN M., FARACE F. & CHOUAIB S. (1992)
Interleukin-4 differentially regulates interleukin-2-mediated and
CD2-mediated induction of human lymphokine-activated killer
effectors. Eur J Immunol 22, 2861.

33. ZOLA H., Fusco M., MACARDLE P.J., FLEGO L. & ROBERTON D.
(1995) Expression of cytokine receptors by human cord blood
lymphocytes: comparison with adult blood lymphocytes. Pediatr
Res 38, 397.

34. ZOLA H., Fusco M., WEEDON H., MACARDLE P.J., RIDINGS J. &
ROBERTON D. (1996) Reduced expression of the interleukin-2
receptor y chain on cord blood lymphocytes: relationship to
functional immaturity of the neonatal immune response.
Immunology 87, 86.

35. SmITo S., MoRn T., UMEKAGE H. et al (1996) Expression of the
interleukin-2 receptor -y chain on cord blood mononuclear cells.
Blood 87, 3344.

36. LEwis D.B., Yu C.C., MEYER J., ENGLISH B.K., KAHN S.J. &
WILSON C.B. (1991) Cellular and molecular mechanisms for
reduced interleukin-4 and interferon--y production by neonatal
T cells. J Clin Invest 87, 194.

37. EARLY E.M. & REEN D.J. (1996) Antigen-independent responsive-
ness to interleukin-4 demonstrates differential regulation of new-
born human T cells. Eur J Immunol 26, 2885.

38. BARRIos C., BRAwAND P., BERNEY M., BRANDT C., LAMBERT P.H.
& SIEGRIST C.A. (1996) Neonatal and early life immune responses
to various forms of vaccine antigens qualitatively differ from adult
responses: predominance of a Th2-biased pattern which persists
after adult boosting. Eur J Immunol 26, 1489.

39. SMYrH M.J. & TRAPANI J.A. (1995) Granzymes: exogenous
proteinases that induce target cell apoptosis. Immunol Today
16, 202.

40. SHRESTA S., HEUSEL J.W., MACIvoR D.M., WESSELSCHMIDT R.L.,
RUSSEL J.H. & LEY T.J. (1995) Granzyme B plays a critical role
in cytotoxic lymphocyte-induced apoptosis. Immunol Rev 146, 211.

C 1998 Blackwell Science Ltd, Immunology, 93, 511-517


