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ABSTRACT

Tumor target cells (TC) are lysed by natural killer (NK) cells provided
that they (1) form conjugates with the effector cells, (2) activate effector
cells to release cytotoxic factors, and (3) they are susceptible to the h tic
effect of these factors. While this cascade of events that leads to TC
killing has been defined, the signal molecules responsible for each of the
steps remain largely undetermined.

A variety of human leukemia-derived TC lines and clones were ana
lyzed for their sensitivity to NK cell-mediated lysis and for their ability
to bind and activate NK cells. These characteristics have been correlated
with TC surface expression of differentiation antigens and carbohydrate
residues. Of the cell lines and clones tested, K562, SPI-802, MOLT-4,
MOLT-4/C8-1, ZS, KG-l/A-3, and HL-60S were sensitive to NK cell-
mediated lysis, while KG-1, "l'IIP-1 -II. I II.-60R, and LFM were resistant.

KG-1, 11II'-I-O, HL-60R, and LFM cells were further studied to deter

mine mechanisms responsible for their resistance to NK cells. It was
found that HL-60R and LFM cells were unable to bind NK cells. In
contrast, KG-1 and 11II'-l-O cells were able to bind to and activate NK
cells. Therefore, it is likely that the NK-resistance of KG-1 and TI IP-1-0
cells may be related to their lack of sensitivity to cytotoxic factors
released by bound NK cells.

All of the TC cell lines and clones capable of binding NK cells
expressed the S-fucosyl-Af-acetyl-lactosamine hapten (Lex or SSEA-1

antigen) recognized by the monoclonal antibody Leu Ml. These TC
consistently lacked surface L-fucose residues, as shown by lack of I lex
europaeus agglutinin binding. In contrast, HL-60R and LFM which did
not form conjugates with NK cells, did not express surface Le" determi

nants and avidly bound the Ulex agglutinin. Distinct subpopulations of
NK-resistant KG-1 cells expressed Lex antigens or bound Ulex. We
compared KG-l/A-3, a NK-sensitive cell clone, with the parental NK-
resistant KG-1 cell line. KG-l/A-3 lost the ability to bind the Ulex lectin
displayed by the parental cell line and showed increased expression of
Lex determinants. Results from these phenotypic analyses suggest that
expression of Lex determinants and Ulex binding sites on the TC mem

brane are mutually exclusive and their expression or absence may cor
relate with mechanisms which regulate TC-NK cell interactions.

INTRODUCTION

NK4 cells are cytotoxic cells with granular lymphocyte mor

phology (1,2) and avid surface receptors for the Fc portion of
IgG (3-5). These non-major histocompatibility complex-re
stricted effector cells lack the T-cell receptor-associated com
plex, T3, and are cytotoxic for a variety of cell targets, including
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virus-infected cells and neoplastic cells of hemopoietic lineages
(6, 7).

NK cell activity can be demonstrated using short-term in
vitro assays and does not require preactivation of the effector
cells with lymphokines (e.g., interleukin-2, IL-2). As for other
types of cell-mediated cytotoxic functions, a direct effector-to-
target cell interaction is necessary for NK cell-mediated cytol-
ysis (8). This implies that a recognition system must lead to
conjugate formation between NK cells and target cells. How
ever, molecules and signals involved in NK cell/target cell
conjugate formation remain largely unknown (9-11), although
several ligand and receptor molecules have been proposed (12-
16). Following conjugate formation, a signal delivered presum
ably by the target cell activates the NK cell cell to release
cytotoxic factors (17-24). Several cytotoxic factors have been
demonstrated and characterized to some extent and at least
some of them appear to be localized within the cytoplasmic
granules of NK cells (20-24). Membrane acceptors on the target
cell bind cytotoxic factors which trigger the lytic event leading
to target cell death (20). Therefore, the cytolytic mechanism,
as outlined in this model, involves a sequence of at least three
signals: (a) effector cell binding, (b) activation, and (c) triggering
of the lytic event via cytotoxic factors.

Abundant information exists on the phenotypic features of
NK cells, on their varied regulatory functions, and on their
mechanisms of proliferation and activation (as reviewed in Ref.
25). Numerous studies have also defined conditions which affect
or regulate the cytotoxic function of NK cells (26-36). The
effector cell is the primary focus in the majority of these
investigations.

In the studies described here, we have produced and analyzed
a variety of human leukemia-derived TC lines and clones with
differing abilities to interact with, and to be lysed by NK cells.
We have developed models to investigate the effect of TC
surface membrane molecules on NK cell-mediated TC lysis.
We have shown that NK-resistance of tumor cells may be due
either to lack of conjugate formation between TC and NK cells,
or to resistance of TC to cytotoxic factors released by NK cells.
In this latter case, TC are capable not only of binding NK cells,
but also of activating them to release cytotoxic factors. Finally,
we have shown that L-fucose and the Lex hapten (3-fucosyl-W-
acetyl-lactosamine) are expressed on TC membranes in a mu
tually exclusive fashion. Our data suggest that these molecules
correlate with and may play important roles in the recognition
and/or activation steps of NK cell-mediated cytolysis of human
leukemia-derived TC.

MATERIALS AND METHODS

Isolation of Peripheral Blood Mononuclear Cells

Human peripheral blood MNC partially depleted of monocytes were
used as the NK effector cell (NK-EC) fractions. MNC were isolated
from peripheral blood of healthy adult volunteers by Ficoll-Hypaque
(Pharmacia Fine Chemicals, Piscataway, NJ) density gradient centrif-
ugation. MNC were depleted of monocytes by density gradient centrif-
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ugation on 50.6% Percoli (Pharmacia) in RPMI 1640 with 10% fetal
calf serum (RPMI-FCS) (Grand Island Biological Co., Grand Island,
NY), for 15 min at 800 x g (37).

Tumor Target Cell Lines and Clones

The erythroleukemia cell line, K562 (38), and the T-lymphoma cell
line, MOLT-4 (39), were used as standard NK cell targets. Other human
leukemia-derived TC lines were: the myeloblastic line, KG-1 (40); two
sublines spontaneously generated in our laboratory from the promye-
locytic cell line, HL-60 (41), termed HL-60R and HL-60S; the undif-
ferentiated leukemia cell line SPI-802 which can produce hemoglobin
following TPA-stimulation (42, 43); the monocytic cell line THP-1-0
kindly provided by M. Mennon (University of Chicago); and two B-
lineage lymphoblastic cell lines, LFM and ZS, kindly provided by C.
Vermaelen (University of Alabama at Birmingham) and V. Pistoia
(National Cancer Institute, Genova, Italy) respectively. All cell lines
were maintained in standard culture conditions (RPMI-FCS with 50
Mg/ml gentamicin), and were studied when in active growth phase.

Clones were obtained from the cell lines MOLT-4 and KG-1, using
a limiting dilution method. Briefly, cells were seeded into 96-well, U-
bottom culture plates at the concentration of 5, 1, or 0.5 cells/well in
RPMI-FCS, without addition of irradiated feeder cells or growth fac
tors. The cloning efficiency was evaluated after 2-4 weeks of culture,
using the method of Taswell (44). Clones were expanded sequentially
in 24-well, 6-well culture plates, and T-25 culture flasks (Corning
Science Products, New York, NY). A clonal size of 106-107 cells was
reached within 4 weeks. Two clones, MOLT-4/C8-1 and KG-l/A-3,
were used in these studies.

Cytotoxicity Assays

Susceptibility of TC lines and clones to NK-EC was determined
using a flow cytometry cytotoxicity assay that we have described else
where (45). Briefly, NK-EC are incubated with TC at 40:1, 20:1, and
10:1 = NK-ECTC ratios, for 4 h at 37Â°C,as cell pellets. NK-EC/TC

mixtures are subsequently resuspended, are washed with RPMI-FCS,
and are stained with PI (40 fig/ml in phosphate buffered saline) (Sigma
Chemical Co., St. Louis, MO). In this dye-exclusion test, only nonviable
cells take up PI. Cells are then analyzed by flow cytometry (FACS
analyzer; Becton Dickinson, Sunnyvale, CA), and cytometer gates are
set to comprise TC but to exclude all of the NK-EC, based on differences
in cell volume and wide angle light scatter characteristics. Two to 5000
events are subsequently collected through the appropriate cytometer
gate, and the percentage of Pi-stained, nonviable TC is determined. We
have shown previously that flow cytometry determination of NK cell-
mediated cytotoxicity is virtually identical to that of the "classic" "Cr-

release assay (45).
The NK sensitivity or NK resistance of some tumor cell lines used

in this study were also tested using the standard 5lCr-release assay.
MCr-labeled target cells were admixed with MNC at ratios ranging
from 1:80 to 1:5 (5lCr-TC:MNC) and incubated as cell pellets for 4 h
at 37Â°C.Specific "Cr-release was evaluated as described previously

(46).

Competitive Inhibition Assays

To determine the competitive inhibition exerted by human leukemia-
derived cell lines (MOLT-4, KG-1, THP-1-0, HL-60R, and HL-60S)
on NK cell-mediated killing of K562 targets, competitor cells were
added to a suspension of MNC and K562 cells (40:1 ratio of
MNCK562) (47). Inhibition of killing was evaluated at tar
get Â¡competitorratios varying from 1:1 to 1:8, and compared with the
control target-effector mixture not implemented with competitor cells.
In a series of experiments, competitive inhibition was evaluated using
the flow cytometry cytotoxicity assay, because competitor cells dis
played distinct volume and light scatter characteristics in comparison
with K562 target cells. Cold target inhibition experiments were also
performed using 5>Cr-labeled K562 cells and nonlabeled competitor

cells at the ratios indicated above.

Phenotypic Analysis of Target Cell Lines and Clones

Expression of surface membrane antigens on TC lines and clones
was investigated using mouse monoclonal antibodies (Becton Dickin
son, Mountain View, CA), followed by FITC-labeled goat anti-mouse
antibodies (Southern Biotechnology Associates, Birmingham, AL).
Myeloid cells were analyzed for expression of class II antigens (DR and
DQ), the myelomonocytic antigen Leu Ml (48), and C3bi receptors
(CR3) using the Leu 15 monoclonal antibody (49). The phenotypic
profile of MOLT-4 and MOLT-4/C8-1 cells was defined with a panel
of monoclonal antibodies specific for I -cell differentiation antigens
(50-51), class II products, and Leu Ml (Becton Dickinson). Expression
of interleukin-2 receptors on MOLT-4 cells was assessed by anti-Tac
monoclonal antibody kindly provided by Dr. T. A. Waldman (52).

Surface carbohydrate expression on cells from all lines and clones
was analyzed by staining with FITC-conjugated lectins (Vector Labo
ratories, Burlingame, CA) with the following specificities: Ulex euro-
paeus agglutinin, type I (L-fucose), wheat germ agglutinin (.Y-acetyl-i >-
glucosamine), soybean agglutinin (A'-acetyl-D-galactosamine), and pea
nut agglutinin (D-galactose and other galactose-containing residues)
(53).

Antibody- and lectin-stained cells were analyzed by flow cytometry
and percentages of positive cells were obtained from 10,000 cells.
Phenotypic analyses were carried out monthly, for at least 8 months,
with consistently similar results on all occasions.

Cell Sorting

NK-resistant KG-1 was the only TC line that expressed the Leu Ml
antigen and bound the Ulex lectin. To determine whether the two
surface markers were found on the same cells or were expressed by
distinct subpopulations, KG-1 cells were stained with the Leu Ml
monoclonal antibody followed by FITC-labeled goat anti-mouse Ig.
Leu Ml-positive and Leu Ml-negative fractions were obtained by
fluorescence-activated cell sorting (FACS IV; Becton Dickinson, Sun
nyvale, CA). Leu Ml-negative cells were subsequently stained with
FITC-labeled Ulex agglutinin. The percentage of {//ex-positive cells
was determined using the FACS analyzer and compared with the
percentage of Mex-binding cells in the Leu Ml-unstained, unfraction
ated population of KG-1 cells.

Immunofluorescence Binding Assay

The ability of NK-EC to form conjugates with TC was tested using
a previously described immunofluorescence binding assay (54). Briefly,
NK-EC were stained with FITC-conjugated monoclonal antibodies
(Becton Dickinson) with specificities for T-helper cells (Leu 3), T-
suppressor cells (Leu 2), and NK cells (Leu 11). These antibodies do
not interfere with the conjugate-forming ability of NK-EC (54). Stained
NK-EC were admixed with TC at a 20:1 ratio (although other ratios
were also used yielding similar results), centrifuged at 200 x g for 7
min, and incubated for 10 min at 37Â°Cas cell pellets. Cells were

subsequently resuspended, and wet cell preparations analyzed by phase
contrast and fluorescence microscopy to determine: (a) the percentage
of TC capable of binding NK-EC (%conjugate-forming TC), and (Â¿>)
the surface phenotype (i.e.. Leu 3+, Leu 2+, Leu 11+)of NK-EC forming

conjugates with TC.

Cytochemical Analysis of NK-EC/TC Conjugates

Conjugate formation with tumor TC is largely a characteristic of
cells with granular lymphocyte morphology (54), i.e., cells with numer
ous lysosomal granules dispersed in the cytoplasm. The morphological
features of conjugate-forming NK-EC were determined using cytochem-
ical techniques for the localization of lysosomal acid hydrolases. Con
jugates between NK-EC and TC were formed at 20:1 ratio, using the
same experimental conditions as in the immunofluorescence binding
assay (see above). The NK-EC/TC mixtures were fixed in suspension
with 1.25% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2, for 30
min at room temperature. Fixed cell suspensions were spun onto slides
by cytocentrifugation. Slides were subsequently incubated in substrates
for the cytochemical localization of acid phosphatase and a-naphthyl
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acetate esterase (55). The percentage of granular lymphocytes was
determined for NK-EC forming conjugates with all of the neoplastic
TC employed in these studies. Two hundred NK-EC bound to each TC
type were enumerated and the percentage of cells with granular lym
phocyte morphology was determined.

NK Cell Activation

The activation phase of NK cell-mediated cytotoxicity was investi
gated using two different approaches.

Ultrastructural Studies. NK-EC were allowed to form conjugates
with TC under the conditions described for the immunofluorescence
binding assay. Cell pellets were incubated for 4 h at 37Â°C,a condition

that allows extensive NK-EC/TC contact, NK-EC-mediated cytotox
icity, and NK-EC recycling. NK-EC/TC mixtures were subsequently
fixed with 1.25% glutaraldehyde in cacodylate buffer, postfixed with
1% osmium tetroxide in cacodylate buffer, dehydrated through a graded
ethanol series, and embedded in Spurr's medium (56). The ultrastruc

tural characteristics of NK-EC were determined by analysis of thin
sections, using a Philips EM 201 electron microscope. NK-EC incu
bated under the same conditions, but in the absence of target cells,
provided control preparations.

Inactivation of NK-EC by TC. These experiments were designed to
show that a preliminary and prolonged contact between NK-EC and
TC can inactivate the NK-EC via an extensive release of granules and
cytotoxic factors. These "inactivated" NK-EC show a decreased cyto-
toxic ability when subsequently exposed to another NK-sensitive TC.
The technique described by Brahmi et al. (57) was used in these
experiments. In this technique, preselection of NK-EC and tumor TC
on Percoli gradients is necessary since, following NK-EC/TC binding,
conjugates are dissociated and NK-EC must be recovered as a pure
population to be tested for its ability to lyse NK-sensitive TC. Briefly,
NK-EC and TC were preselected by using a modified Percoli gradient
similar to that described by Hiserodt et al. (58). Percoli (Pharmacia)
was adjusted to 285 mOsm/kg of water with lux concentrated NaCl
and distilled water. 40% (by volume) 285 mOsm Percoli was optimal
for preselection. NK-EC and TC (K562 and KG-1 or THP-1-0) were
preselected separately by overlaying 5 x 106 cells on 4.0 ml of 40%

Percoli. TC were centrifuged for 5 min at 1200 x g and cells at the
interface were collected. NK-EC were centrifuged for 3 min at 1200 x
g on a single-step 40% Percoli gradient and only those cells forming
the pellet were collected. These preselection procedures were repeated
twice to enhance the purity of the desired populations.

Preselected NK-EC were mixed with preselected TC at a 2:1 ratio,
were centrifuged at 200 x g for 7 min to facilitate conjugate formation,
and then incubated at 37Â°Cfor 4 h. After incubation, all tubes received

EDTA (10 mM) (Sigma) and were vortexed and vigorously pipetted to
dissociate the conjugates. The dispersed NK-EC and TC were overlaid
onto a 40% Percoli gradient and were separated by centrifugation at
1200 x g for 5 min. NK-EC were recovered from the pellet and their
purity was determined by Wright's staining. NK-EC so recovered
consistently contained <1% contaminating TC. These "inactivated"

NK-EC preparations were assayed for their ability to bind to and to
lyse fresh K562 TC, and were compared with control NK-EC prepara
tions similarly preselected, incubated at 37Â°Cfor 4 h, but not previously
exposed to TC. The flow cytometry cytotoxicity assay and the 5'Cr-
release assay were employed to evaluate NK cell-mediated TC lysis.

RESULTS

Susceptibility of Human Leukemia-derived Cell Lines and
Clones to NK Cell-mediated Lysis. Data in Table 1 show that
the standard NK-sensitive TC lines, K562 and MOLT-4, were
lysed by NK cells, although there were significant differences
in degree of susceptibility. A clone, MOLT-4/C8-1, was consist
ently more sensitive to NK cells than the parental cell line.
Other cell lines displaying sensitivity to NK cells were the
undifferentiated leukemic line, SPI-802 and the B-lymphoblas-

tic line, ZS (not shown in Table 1).
The myeloblastic cell line, KG-1, was found to be NK cell

Table 1 Susceptibility of human leukemia-derived cell lines and clones to NK
cell-mediated cytotoxicity"

Target
cellsK562SPI-802KG-1KG-l/A-3THP-1-0HL-60RHL-60SMOLT-4MOLT-4/C8-1%

NonviableTCN"21413861318138A-Â±SD31.0

Â±15.918.7
Â±14.33.0

Â±2.314.2
Â±5.21.5

Â±0.52.7
Â±2.011.0

Â±5.59.6
Â±3.020.8
Â±13.2Range'10-669-400-78-211-21-63-236-146-43%

Specific
"Crrelease'36.5

Â±13.53.3

Â±2.81.3

Â±1.5

" As determined using a 4-h cytotoxicity assay at a 20:1 = NK-EC:TC ratio
(see "Materials and Methods").

4 Number of determinations performed over a period of at least 8 months,
using NK-EC from different donors.

e As determined by flow cytometry analysis of Pi-stained target cell popula

tions.
**Range reflects differences related to sources of donor NK-EC. In general,

Â£3%nonviable TC above controls was considered insignificant.'' As determined using the standard "Cr-release assay.

resistant on a number of tests using NK-EC from a variety of
donors. In contrast, one of the clones generated from the KG-
1 cell line, KG-l/A-3, was sensitive to NK cell-mediated lysis.
Other NK cell-resistant TC were the monocytic THP-1-0 (Table
1) and the lymphoblastic LFM cell lines (<1% nonviable LFM
cells at an effectontarget ratio of 20:1).

Two promyelocytic HL-60 cell lines were analyzed for NK-
EC susceptibility. One of them, termed HL-60R, was refractory
to NK cell-mediated lysis, whereas the other, HL-60S, was NK
sensitive.

NK sensitivity or resistance of TC lines was confirmed using
5lCr-labeled target cells and the standard 5lCr-release assay
(Table 1). The NK-resistant TC lines were refractory to the
lytic effect of NK cells also at the highest effectontarget cell
ratios (80:1).

Binding of MNC to TC Lines and Clones. The surface phe-
notype of conjugate-forming MNC was determined using an
immunofluorescence binding assay (54). MNC were stained
with monoclonal antibodies with specificity for T-helper cells
(Leu 3), T-suppressor cells (Leu 2), and NK cells (Leu 11), and
subsequently allowed to form conjugates with TC. The choice
of the above surface markers derived from the following obser
vations: (a) the majority of MNC capable of forming conjugates
with NK-sensitive target cells display GL morphology (54); (b)
T-helper cells are comprised of approximately 20% GL which
form conjugates with NK cell targets (54); (c) approximately
half the cells with T-suppressor phenotype are GL binding to
NK cell targets (59); (d) all of the cells with NK activity (Leu
11+) are GL (1,5); (e) there is virtually no overlap among Leu
3+, Leu 2+, and Leu 11+ cells from normal peripheral blood

(60). The combined use of these three markers demonstrates
all of the MNC with GL morphology and, reciprocally, all of
the conjugate-forming GL express one of the three selected
markers. Phenotypic analyses of conjugate-forming MNC are
shown in Table 2. As expected, all of the NK-sensitive TC lines
and clones bound Leu 11+ cells. However, of the NK-resistant
cell lines, KG-1 and THP-1-0 cells bound proportions of Leu
11* cells comparable to those of NK-sensitive cell lines, whereas
only minimal percentages of Leu 11+ cells formed conjugates
with HL-60R and LFM cells.

The percentage of Leu 3+ cells bound to HL-60R cells was
far above the expected percentage of GL with T-helper pheno
type (approximately 20%) (54). This finding prompted further
analyses of the MNC/TC conjugates using cytochemical tech
niques for lysosomal enzyme localization. As shown in Table
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Table 2 Conjugate forming ability and surface membrane phenotype of blood
MNC binding to human leukemia-derived cell lines and clones

% of conjugate-formingMNC"Cell

linesK562SPI-802KG-1KG-l/A-3THP-1-0HL-60RHL-60SMOLT-4MOLT-4/C8-1LFMLeu3*23.0

Â±11.67.3
Â±6.129.0

Â±21.025.3
Â±17.663.0
Â±2.054.5
Â±8.645.2
Â±9.631.0
Â±14.625.0
Â±8.660.0
Â±12.0Leu2+33.6

Â±6.249.6
Â±10.531.2
Â±7.643.3
Â±23.032.3
Â±6.329.0
Â±8.825.5
Â±11.219.7
Â±8.041.6
Â±18.035.0
Â±9.5Leu

11*37.0

Â±8.644.0
Â±4.628.7
Â±17.026.6
Â±14.412.6

Â±3.22.6
Â±2.514.5
Â±5.946.0
Â±13.43

1.3 Â±24.00CFC*36.7

Â±9.841.3
Â±6.826.2

Â±10.247.3
Â±4.626.0
Â±5.333.5
Â±9.847.6
Â±15.040.5
Â±12.550.3
Â±14.512.0
Â±3.0

* % of conjugate-forming MNC expressing Leu 3, Leu 2, or Leu 11, as
determined by an immunofluorescence binding assay (see "Materials and Meth
ods"). Mean values Â±SD from 5 to 10 individual experiments.

* % Â±SD of target cells forming conjugates with blood MNC.

Table 3 Cytochemicalfeatures of lymphocytes that form conjugates with NK-
sensitive and NK-resistant cell lines

Cytochemical pattern
ofreaction"Gall

body-positive*

Granular lymphocyte
morpholog/Target

celllinesK5622

98MOLT-45 95KG-15 95HL-60R6733

" NK-EC/TC conjugates were stained for the Cytochemical localization of acid
phosphatase and a-naphthyl acetate esterase.

* % cells with a single (dotlike) area of cytoplasmic staining.
' % cells with numerous positive granules scattered in the cytoplasm.

3, virtually all of the MNC-forming conjugates with NK-sensi
tive cell lines (K562 and MOLT-4) and with KG-1 cells (which
bind NK cells but are NK-resistant, see Table 2 and Table 1)
displayed GL morphology (Fig. IA). In contrast, the majority
of the MNC binding to HL-60R TC contained the Gall body,
a Cytochemical marker of nongranular, resting T-cells (Fig. IB)
(61).

We also determined the percentage of TC which formed
conjugates with blood MNC. Approximately 25-50% of TC
from both NK-resistant and NK-sensitive cell lines and clones
bound peripheral blood MNC (Table 2).

Competitive Inhibition of NK Cell-mediated Killing. The abil
ity of leukemic cells to compete with K562 cells for NK cells
was evaluated using both the flow cytometry Pi-exclusion assay
and the standard cold target inhibition assay (47). In both
assays, all cell lines capable of binding Leu 11+ cells competed

effectively with K562 cells and the competitive inhibition of the
K562 killing was comparable. As expected on the basis of their
binding characteristics, HL-60R cells did not inhibit NK cell-
mediated killing of K562 target cells (Table 4).

Analysis of the Activation Phase of NK Cell-mediated Cyto-
toxicity by Electron Microscopy. Results in the preceding sec
tions indicate that different mechanisms may be responsible for
the NK resistance of human leukemia-derived TC which are
refractory to NK cell-mediated lysis. Either NK-resistant TC
do not bind NK cells (e.g., HL-60R), or they bind NK cells but
cannot trigger subsequent steps of the cytotoxic event (e.g., KG-
1 and THP-1-0).

The latter possibility was further investigated using KG-1
cells, to determine whether or not KG-1 cells could activate NK
cells and induce them to release cytotoxic factors. NK-EC were
incubated with KG-1 cells under conditions allowing conjugate
formation and NK cell activation, and cells were subsequently
examined with the electron microscope. Ultrastructural anal
yses confirmed the Cytochemical observations showing that KG-
1 cells predominantly bound cells with GL morphology. Fur
thermore, conjugate-forming GL displayed the morphological
characteristics of activated cells as shown by uropod formation

v-
C-

Fig. 1. Cytochemical localization of lysosomal acid hydrolases (acid phospha-
tase) in peripheral blood mononuclear cells forming conjugates with two NK-
resistant TC lines, KG-1 (A) and HL-60R (B). The cell binding to KG-1 displays
Cytochemical features of granular lymphocytes. In contrast, two cells binding to
a HL-60R TC show a Gall body, i.e., a single cytoplasmic area of staining (see
also Table 3). x 650.

Table 4 Competitive inhibition ofNK cell-mediated killing ofK562 target cells
by NK-resistant or NK-sensitive leukemic cell lines

% Inhibition in the competi
tive assay

Effector
cells"MNCMNC

MNC
MNC
MNCTarget

cells"K562

K562
K562
K562
K562Competitor

cells*MOLT-4

KG-1
HL-60S
HL-60RFlow

cytometry'69

59
536Cold

target
inhibition'4345

46
0

" Effector/target cell ratio, 40:1.
* Competitor/target cell ratio, 4:1.
c See "Materials and Methods" for a description of the competitive assays.
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Fig. 2. Ultrastructural analysis of a conju
gate formed between a KG-1 TC (shown only
in part) and an NK-EC. The effector cell shows
a distinct uropod region, prominent centriole,
and an extended Golgi region. Electron-dense
granules are detected in the proximity of the
centriole. The electron-dense matrix of these
granules differs from the content of granules
and vesicles found in the uropod region,
x 21,000.

.

and distinctive changes in the granule structure (Fig. 2). De-
granulation was also a prominent feature of KG-1-activated
GL, as shown in Fig. 3, B, C, and Z>,in comparison with resting
GL (Fig. 3A).

Analysis of the Activation Phase of NK Cell-mediated Cyto-
toxicity by Cytotoxicity Assay. The functional equivalent of the
above morphological observations was provided by the finding
that KG-1-activated NK cells showed a largely decreased ability
to kill the NK-sensitive TC, K562 (Fig. 4), although their
conjugate-forming capacity was unchanged (data not shown).
The "preactivation" of NK-EC with KG-1 or K562 decreased

the lytic ability of NK-EC to the same extent. Similar results
were obtained using THP-1-0, a target cell line which, like KG-
1 cells, is capable of binding NK cells but is resistant to NK
cell-mediated cytolysis.

Leu Ml and L7er-binding Determinants are Expressed by
Distinct Subsets of Leukemic Cell Lines and Clones with Differ
ent NK Susceptibility. As shown in Table 5, a major phenotypic
difference among the myeloid and lymphoblastic cell lines was
the expression of Leu Ml membrane determinants. Leu Ml
was found on all of the TC lines tested which bound NK cells.
Leu M1 was absent on the NK-resistant cell lines, HL-60R and
LFM, which did not bind NK cells.

Surface expression of L-fucose (Ulex) was detected on NK-
resistant cell lines (KG-1, HL-60R, and LFM), but not on their
NK-sensitive variants (KG-l/A-3 and HL-60S), and the expres

sion of these carbohydrate residues appeared to be reciprocal
to the expression of Leu Ml antigens as shown by FACS
analysis (Fig. 5).

As shown in Fig. 5, Leu M l determinants and i/fec-binding
sites were expressed in a mutually exclusive fashion on all cell
lines and clones, with the exception of the NK-resistant KG-1
cell line. To determine whether these markers were coexpressed
on the same KG-1 cells or they were found on distinct subsets
of cells, Leu Ml-negative cells were isolated by FACS and
subsequently tested for their ability to bind Ulex agglutinin.

Approximately 80% of Leu Ml-negative cells were Ulex-posi-
tive in comparison with ~30% positive cells in the unfraction-
ated KG-1 population.

These data indicate that (7/ex-binding site expression is
largely confined to the Leu Ml-negative subset, and supports
the contention that expression of Leu Ml determinants and
L7er-binding sites are mutually exclusive.

Other differences in the expression of carbohydrate binding
sites were detected when comparing NK-sensitive TC with their
NK-resistant variants. Thus, jV-acetyl-D-galactosamine residues
(soybean) were found on KG-1 and HL-60R which are NK-
resistant but were undetectable on the NK-sensitive KG-1/A3
and HL-60S (Table 5).

Other Surface Membrane Phenotypic Characteristics of
MOLT-4 Cells. MOLT-4 cells expressed class II antigens (DR
and DQ), Leu M l determinants and sheep erythrocyte receptors
but not other T-lineage markers or IL-2 receptors. This surface
phenotype is quite atypical in comparison with that of normal
thymocytes and T-cells (50, 51). In contrast, cells from clone
MOLT-4/C8-1 lacked DR and DQ molecules and IL-2 recep
tors, but expressed a variety of T-lineage markers, including
those of cortical (Stage II) thymocytes (e.g., Leu 6, and
coexpression of T-helper and T-suppressor antigens) (50, 51).
Phenotypic immaturity of MOLT-4/C8-1 cells was confirmed
by the expression of D-galactose residues (peanut agglutinin),
not detected on parental MOLT-4 cells (62).

DISCUSSION

NK cell-mediated cytotoxicity has functional relevance for
the control of tumor cell growth in vivo (63, 64). Experiments
in vitro have shown that binding of NK-EC to tumor TC is a
prerequisite for TC lysis, but the nature of the NK cell target
recognition receptor remains to be determined. Activation of
NK cells is the immediate post-binding event which leads to
release of cytotoxic factors from the cytoplasmic granules of
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; v*

Fig. 3. Ultrastmctural features of NK cells activated by KG-1 TC (fi, C, and D) in comparison with those of a resting NK cell (/I). The resting cell is round in
shape and displays numerous electron-dense granules surrounding the Golgi apparatus. B, C, and D illustrate progressive stages of NK cell activation and degranulation
following interaction with KG-1 TC. In D, cell is virtually devoid of granules and displays fibroblast-like features. A, x 11,000; B, x 16,000; C x 13,000; D, x 7,500.
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Fig. 4. Flow cytometry evaluation of K562 cell killing by control NK-EC cells
(lop line in both graphs) and by NK-EC preactivated with K562 cells or KG-1
cells (bottom line in both graphs). Following pretreatment with both KS62 and
KG-1 cells, respectively, NK-EC show a largely decreased ability of killing K562
cells. This experiment demonstrates that KG-1 cells, although refractory to NK
cell-mediated cytotoxicity, are capable of activating NK cells to degranulate, and
to lose their cytolytic ability.

NK cells, and fixation of cytotoxic factors on the TC membrane
triggers the lytic event. The TC structures that may provide an
activation signal to NK cells are not known, nor is it known
whether recognition and activation of NK cells are two sequen
tial distinct events or whether they are simultaneous and me
diated by the same TC molecule. Finally, the TC membrane
structures capable of binding the cytotoxic factors are not
defined.

Our approach to the definition of mechanisms and molecules
involved in NK cell-mediated cytotoxicity has been to develop
TC lines and clones with different abilities to interact with NK
cells and different susceptibility to their lytic effect. Cell lines
used as standard NK targets (e.g., K562, MOLT-4) were effi
ciently lysed by NK cells and provided a model in which all
steps of the NK cell-mediated event occurred. Other cell lines,
KG-1, THP-1-0, LFM, and HL-60R, resistant to NK cell-
mediated lysis in both the flow cytometry and the standard
51Cr-release assay, provided models to investigate defective
steps of the NK cell-mediated lytic process. A NK-sensitive
variant, HL-60S was available for comparison with the NK-
resistant variant, HL-60R. We also developed a NK-sensitive
myeloid clone, KG-l/A-3, from the NK-resistant parental cell
line, and a T-lymphoblastic clone, MOLT-4/C8-1 with in
creased NK susceptibility in comparison with that of the paren
tal cell line.

NK resistance may be related to a defective step during the
binding phase or during the postbinding events of the NK-EC
to TC interaction. Since different molecules appear to be asso
ciated with the binding and the postbinding events respectively

(11), we analyzed NK-resistant TC models for their ability to
bind and activate NK cells. We found that HL-60R cells (in
contrast to the NK-sensitive HL-60S cells) and LFM cells were
unable to bind NK (Leu 11+) cells. In contrast, KG-1 and THP-
1-0 cells bound NK cells at proportions comparable to those of
NK-sensitive TC. KG-1 and THP-1-0 cells were also able to
activate NK cells. This is indicated by the loss of granules
shown by ultrastructural analysis and by the largely decreased
cytotoxicity against K562 cells observed when MNC were prein-
cubated with KG-1 and THP-1-0 TC. Therefore, the most likely
explanation of the NK resistance of these cell targets is their
insensitivity to cytotoxic factors. In this respect, the KG-1 and
THP-1-0 cell lines appear to be identical to the YAC-6-28
target cell line which, in the murine model, is resistant to
cytolytic effector cells, but is capable of binding NK cells and
of inducing them to release cytotoxic factors (65, 66). We have
also shown that all of the target cell lines capable of binding
NK cells, competed effectively with K562 cells, independently
on their sensitivity or resistance to NK cell-mediated killing.

Phenotypic analyses with monoclonal antibodies and fluores
cent lectins showed consistent correlations between certain
surface phenotypic characteristics of the TC and their sensitivity
to NK cells. For example, increased sensitivity of MOLT-4/
C8-1 cells in comparison with the parental cell line was paral
leled by corresponding changes in the surface phenotypic pro
file. The more NK-sensitive clone had surface antigen expres
sion characteristic of less mature T-cells, reinforcing previous
observations suggesting that sensitivity of hemopoietic cells to
NK cells is related to stage of cell differentiation (67-69).

All of the NK-sensitive cell lines and clones expressed surface

determinants detected by the monoclonal antibody Leu Ml,
and lacked L-fucose residues binding Ulex europaeus agglutinin
(see Fig. 5 and Tables 1 and 2). In the NK-resistant HL-60R
and LFM cell lines, the opposite phenotypic features were
detected, i.e., cells were Leu Ml-negative and bound Ulex
avidly. Another NK-resistant cell line, KG-1, displayed inter
mediate characteristics with some cells positive for Leu M l and
other cells positive for Ulex. However, the NK-sensitive clone
(KG-1/A3) developed from KG-1 showed increased proportions
of Leu Ml-positive cells, but lacked t//ex-binding sites, thus
displaying the phenotypic features of all of the NK-sensitive
TC. Similar functional characteristics were observed with the
THP-1-0 cell line, a Leu Ml-positive, i/tex-negative TC line
capable of binding and activating NK cells, but refractory to
their lytic effect.

Altogether, these observations point out a strong correlation
between L-fucose residue expression and NK resistance. The
NK resistance of i/fec-positive cell lines (HL-60R and LFM) is

Table 5 Surface membrane phenotype of myelogenous and lymphoblastic human leukemia-derived cell lines and clones

Target cell lines (% positive cells)

K562 SPI-802 KG-1 KG-l/A-3 THP-1-0 HL-60R HL-60S MOLT-4 MOLT-4/C8-1 LFM ZS
Monoclonalantibodies"HLA-DRLeu

lO(HLA-DQ)Leu
I5(CR3)Leu

MlLectins*UlexWheatSoybeanPeanut00093010034100000950981588826140813993403010010001004984351000210009115399100008196811989907458253100008679943100008219979791001000010010099601001000800ND<ND'ND<

" As determined by immunofluorescence staining and FACS analysis.
'' As determined by staining with fluorescent lectins and FACS analysis.
c ND, not determined.
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Fig. 5. FACS analysis of Leu Ml antigen expression and binding of Ulex
europaeus agglutinin on NK-sensitive and -resistant myelogenous leukemia-de
rived cell lines. Percentages of positive cells are indicated in each histogram.
Reciprocal expression of Leu Ml and t/fet-binding site is of note.

related to their inability to form conjugates with NK cells.
Leu Ml is a monoclonal antibody that shares specificities

with a large group of other monoclonal reagents, mostly of IgM
isotype (e.g., Myl, VEP 8/9) (70-81). These reagents bind to a
molecule, 3-fucosyl-./V-acetyl-lactosamine (Lex, X hapten, stage-
specific embryonic antigen-1, SSEA-1) which can be linked, as
a hapten, to a variety of membrane glycoproteins and glyco-
lipids (82-84). Lex has a widespread expression on human and

mouse cells, both normal and neoplastic (85, 86). In our cell
models, expression of Lex appears to be strongly associated

with the ability of both myeloid and lymphoblastic TC to bind
and activate NK cells.

The biological role of this, and other glycosphingolipid mol
ecules for cellular interactions during embryogenesis and cancer
development has recently received strong experimental support
(as reviewed in Refs. 87 and 88). We are now looking at the
role of the Lex hapten, expressed on the surface of tumor target

cells, in providing signals for recognition and activation of NK
cells.
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