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ABSTRACT

In the present study, we investigated not only the cytotoxic effects of
lymphokine-activated killer (LAK) cells on a tumor mass but also the
ultrastructural cell-to-cell interaction between LAK effector cells and
tumor cells during the cytolytic process within a three-dimensional solid
tumor. A multicellular tumor spheroid of a human glioma cell line (U-

251MG) was utilized as a solid tumor model. LAK cells were generated
from peripheral blood lymphocytes of a healthy donor after stimulation
by interleukin 2. Multicellular tumor spheroids with diameters of 500
uni were cocultivated with either LAK cells or nonactivated peripheral
blood lymphocytes at the effectontarget cell ratio of 20:1, and then time-

sequential kinetic, morphological, and ultrastructural analyses were car
ried out. Morphological and kinetic studies showed that LAK cells
directly infiltrated toward the inner areas of multicellular tumor spheroids
and caused a progressive tumor destruction. In contrast, peripheral blood
lymphocytes hardly exhibited such activities. Ultrastructurally, it was
found that the infiltrating LAK effector cells were composed of hetero
geneous subpopulations, T-like cells, and large granular lymphocyte-like

cells. Both types of lymphocytes tightly adhered to the tumor cells and
showed typical morphological features of killing them.

INTRODUCTION
LAK3 cells are generated from PBL after in vitro culture in

the presence of IL-2 and exhibit cytolytic activity against both
autologous and allogeneic tumor cells including NK-resistant
types (1). There have been a number of experimental reports
demonstrating the antitumor efficacy of LAK cells in both
human and murine systems (2-4). Recently, some investigators
have begun preliminary clinical trials applying LAK cells as the
effectors of adoptive immunotherapy against human cancer (5-
8). However, the effectiveness of these trials still remains con
troversial.

The difference in degree of cytolysis may be the result of the
difference in the condition of target cells. The targets in adop
tive immunotherapy are generally tumor aggregates, although
the majority of in vitro studies utilize monolayer or single-cell
suspended tumor cells as the targets. Taken into consideration
that lymphocyte-target cell contacts are necessary for target cell
lysis by immune cells including LAK cells (9), it is an important
question whether LAK cells have a sufficient capacity to infil
trate into the inner portion of a solid tumor or not. In order to
address this question with an in vitro experimental system,
therefore, it is necessary to utilize not two-dimensional struc
tures but three-dimensional ones as the targets.

Although lacking stromas and vasculatures, a MTS is thought
to provide an useful experimental model for solid tumors be
cause of its three-dimensional structure and ease of manipula-
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tion (10, 11). Because of these properties, MTS model has been
used to analyze the interactions between immune cells and solid
tumors (12-14), as well as the effects of chemotherapy or
radiotherapy on solid tumors (15, 16). In the present study, we
have undertaken in vitro cocultures of LAK cells and MTSs
consisting of human malignant glioma cells in an attempt to
analyze the destructive capacity of LAK cells against solid
tumors and the lymphocyte-tumor cell interactions occurring
within three-dimensional microenvironments during the cyto
lytic process.

MATERIALS AND METHODS

Tumor Cell and Formation of a MTS. U-2S1 MG, a human malignant
glioma-derived cell line, was used as the target (17). U-251MG cells
were cultured in Dulbecco's modified minimal essential medium (Nis-

sui, Tokyo, Japan) supplemented with 10% heat-inactivated fetal calf
serum (GIBCO, Grand Island, NY) and 50 mg/liter streptomycin at
37Â°Chumidified atmosphere (95% air/5% CO2).

MTSs were grown in vitro as described previously (11). Briefly,
monolayer U-251MG cells at the subconfluent stage were cultivated
with 0.1'r trypsin and 0.01% EDTA in PBS. washed twice, and resus-
pended in fresh medium. Cells (5 x 10') were then transferred into 50-

ml flasks with 10 ml medium and cultured on a rotary shaker under
humidified conditions. After 3-5 days, numerous MTSs 300-800 ^m
in diameter were obtained. MTSs approximately 500 ^m in diameter
were selected for further experiments, because MTSs of this size were
spherical with relatively small central necrosis.

Effector Cell Preparation. PBL were isolated from the heparinized
blood of a healthy volunteer by a standard Ficoll-Paque (Pharmacia
Fine Chemicals AB, Uppsala, Sweden) density gradient centrifugation
technique followed by adherence to plastic dishes to remove monocytes.
Nonadherent lymphocytes were incubated in the presence of 2 x 10~*

g protein/ml of recombinant IL-2 (Takeda Chemical Industries, Osaka,
Japan) for 4 days and used as LAK cells. In comparison with LAK
cells, the lymphocytes after 1 day of culture in IL-2-free medium were
used for nonactivated PBL.

These effectors were examined for their cytotoxic activities in a
standard 4-h "Cr release assay. The percentage of specific lysis was

calculated as described elsewhere (1). In addition to U-251MG, Daudi
(a NK-resistant cell line) and K562 (a NK-sensitive cell line) were used
as target cells in order to assess the cytotoxicity pattern of the effectors.
The lymphocytes and Daudi and K562 cells were cultured in RPM1
1640 (Nissui) supplemented with 10% heat-inactivated fetal calf serum
and antibiotics as above (this culture medium is referred to as RPMI
complete medium).

Coculture of MTSs and Effectors. Selected MTSs were placed into
the wells of a 96-well microplate (Corning, NY) containing 100 ^1 of
RPMI complete medium at 1 piece/well. Cells (1 x 10") of LAK cells

or PBL were added to each well and incubated on a rotary shaker (80
rpm) under humidified conditions. Spheroids (500 ^m) were composed
of approximately 5x10" tumor cells by trypsinization. Therefore, the

effectorrtarget cell ratio is about 20:1. After various intervals (12, 24,
36, and 48 h), MTSs were harvested, washed twice in warmed PBS,
and processed for further examinations.

Kinetic Analysis for the Number of Effectors and Tumors in MTSs.
The number of tumor cells and effector cells present within MTSs was
monitored every 12 h after coculture. Experimental MTSs were disso
ciated into single cells by trypsinization using 0.2% trypsin, and the
total number of viable cells including tumor cells and effector cells was
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counted on a hemocytometer by staining with trypan blue. Then, the
single-cell suspensions containing 1 x 10" cells/ml were cytocentri-
fuged, air-dried, and stained with May-Griinwald-Giemsa. Differential
counts were made on 200-300 cells/slide based on the morphological
characteristics of tumor cells and lymphocytes. The absolute number
of each cell present in the MTSs was calculated from the proportion of
each cell on the Giemsa-staining cell smears.

Morphological Analyses. For observation with SEM, experimental
spheroids were fixed with 2% glutaraldehyde in PBS for l h and
postfixed with 1% osmium tetroxidate in PBS for 1 h. The fixed
specimens were dehydrated through a graded series of alcohol to amyl
acetate, dried using the CO2 critical point method, ion coated with a
thin layer of gold palladium, and examined with a Hitachi S-430
(Tokyo, Japan).

For making toluidine blue-stained cross-sections, the fixed and de
hydrated specimens were embedded in epoxy resin and sectioned with
a microtome. Semithin sections (400-500 nm thick) were mounted on
glass slides, stained with toluidine blue, and examined with a light
microscope. In order to express the degree of destructive changes of
MTSs, we designated a grade based on the findings of the serial cross-
sections of the toluidine blue-stained samples. The definition of each
grade was as following: Grade I, effectors in contact with the MTS
surface, with little destructive change observed within the MTS; Grade
IL, effector cell infiltration and destructive changes in MTSs limited
to the outer third of the MTS; Grades III and IV, MTSs in which
damages are extended up to the middle third and the inner third,
respectively.

For TEM analysis, ultrathin sections (80-100 nm thick) were double
electron stained with uranium and lead and examined with a Hitachi
HU-1 ID (Tokyo, Japan).

RESULTS

Morphological Characteristics of a Control MTS. Toluidine
blue-stained samples showed that the control MTS with a
diameter of 500 ^m was composed of numerous tumor cells
arranged in multilayers and had a small central necrosis (Fig.
la). SEM analysis showed that the control MTS had an almost
spherical appearance and a relatively smooth surface. Higher
magnification revealed that the surface was covered with flat
and multipolar viable tumor cells (Fig. 1, b and c). TEM analysis
showed that spindle-shaped or multipolar tumor cells were
arranged in MTS. Each tumor cell was characterized by elon
gated or bizarre nuclei with heterochromatin, multiple cell
extensions, and well-developed mitochondria (Fig. Id).

Cytotoxicity of LAK Cells and PBL. In the 5lCr release

cytotoxicity assay, PBL exhibited tangible cytotoxic activity
against NK-sensitive K562 cells. However, PBL hardly lysed
both U-251MG and NK-resistant Daudi cells. In contrast, LAK
cells lysed not only K562 cells but also U-251MG and Daudi
cells (Fig. 2). This suggests that U-251MG is a NK-resistant
cell line. This cytotoxic pattern of each effector remained the
same at each coculture time.

Effector Cell Infiltration and Tumor Cell Killing. In MTSs
cocultured with LAK cells, the number of viable cells gradually
decreased, resulting from the decrease of the absolute number
of tumor cells. On the other hand, the number of the effector
cells slowly but steadily increased. After the 48-h coculture, the
effector cells occupied approximately one-half of the total cell
number existing in MTSs. In contrast, the number of viable
cells gradually increased in MTSs cocultured with PBL. The
majority of these cells were tumor cells, and the effector cells
occupied only a small proportion.

These results suggested that an increasing number of LAK
effector cells infiltrated into MTSs and effectively killed tumor
cells but that PBL did not have such abilities (Table 1).

Surface Morphological Changes of MTSs. Time-sequential

SEM study revealed the action of LAK cells or PBL and the
surface morphological changes of MTSs during cocultures.
After coculture, an increasing number of both types of effector
cells came in contact with MTSs and gradually destroyed them.
However, LAK cells and PBL significantly differed in the
number of effectors directly contacting MTSs and in the degree
of destructive changes on MTSs.

In the coculture systems of LAK cells and MTSs, numerous
effector cells adhered to MTSs and efficiently destroyed them.
In the later stages of coculture, destructive changes of MTSs
were so extensive that they never retained their original spher
ical shapes and smooth surface (Fig. 3, a-d). In the coculture
systems of PBL and MTSs, however, fewer lymphocytes ad
hered, and destructive changes of MTSs were much less pro
nounced than those by LAK cells. Even in the latter stages of
coculture, MTSs still maintained their original shapes, and
their surface was rather smooth (Fig. 3, e and/).

Pa rendÃyinnI Morphological Changes of MTSs. Time-sequen
tial toluidine blue-stained cross-sections revealed the kinetics
of lymphocyte action on MTSs and the parenchymal morpho
logical changes of MTSs during cocultures. In the coculture
systems of LAK cells and MTSs, an increasing number of round
cells directly infiltrated toward the inner zones of MTSs, where
progressive destructive changes developed. It was apparent that
the infiltrating round cells were LAK effector cells and that
these cells mediated tumor cell lysis. In the later stages, LAK
effector cells infiltrated up to the core portions of MTSs (Fig.
4, a-d).

In the coculture systems of PBL and MTSs, however, lym
phocytes neither infiltrated nor destroyed to the extent that
LAK cells did. Even in the later stages of cocultures, infiltration
of round cells was generally confined to the relatively outer
zones, and tumor cells of the inner zones were still intact (Fig.
4, e and/).

The results of grading for MTS-destruction are shown in
Table 2.

Cell-to-Cell Interaction between LAK Cells and Tumor Cells.
TEM study revealed the cell-to-cell interactions between infil
trating LAK effectors and tumor cells occurring within three-
dimensional MTSs. Lymphocytes and tumor cells were easily
distinguishable due to their morphological characteristics. LAK
cells gradually infiltrated toward the inner areas of MTSs with
their cell processes extending into the intercellular space of the
tumor cells and frequently adhered to the tumor cells with these
processes. It is noteworthy that these cell processes were often
penetrated deeply into the cytoplasm of the targets and formed
tight interdigitations. On the other hand, the target cells dis
played a variety of degenerative and disintegrative changes such
as intracytoplasmic vacuolations and swelling of mitochondria.
Finally, target cells were completely destroyed and appeared to
be "ghost cells" (Fig. 5).

Based on the intracytoplasmic morphological characteristics,
it was found that two main distinct cell groups existed among
the infiltrating LAK effectors. Morphological characteristics of
all lymphocyte subtypes have been clearly defined in other
reports ( 18-20). One cell type was characterized by round nuclei
with a relatively higher nuclear/cytoplasmic ratio, and relatively
few organdÃes including mitochondria and rough endoplasmic
reticulum. These characteristics seemed to reflect those of T-
lymphocytes (named T-like cells) (Fig. 6, a and b). The other
cell type was characterized by indented nuclei with a relatively
lower nuclear/cytoplasmic ratio, well developed Golgi complex,
and rough endoplasmic reticulum. The most striking feature of
this group was the presence of various numbers of electron-
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Fig. I. Morpholog) of a control MTS. a. toluidine blue-stained cross-section, x 180. b. SEM,
x 5000.

150. c, SEM (higher magnification of A), x 3000. d. TEM,
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Fig. 2. Cytotoxicity of PBL (A) and LAK cells (A) against U-25IMG, K562,

and Daudi. Target cells were labeled with "Cr and incubated for 4 h with each Control* 12
effector cell at various effectontarget cell ratios. Each point is the mean of 24
triplicate determinations. $(,48Cells/spheroid

(x10TTotal

cells Tumor cellsLymphocytes4.8

+ 0.9 3.8 Â±0.7 1.0 Â±0.2
3.9 Â±0.7 2.7 Â±0.5 1.2 Â±0.2
3.5 Â±0.6 2.2 Â±0.4 1.3 Â±0.2
3.0 Â±0.6 1.5 Â±0.3 1.5 +0.35.8

Â±1.0 5.7 Â±1.0 0.10 Â±0.02
6.3+1.2 6.2+1.2 0.12 + 0.02
6.6 0.9 6.4 Â±0.9 0.20 + 0.03
7.2 1.2 6.9 Â±1.2 0.35 +0.066.0

0.5 6.0 Â±0.5 0
6.5 0.7 6.5 Â±0.7 0
6.8 1.0 6.8 Â±1.007.5

Â±1.2 7.5 Â±1.2 0

dense intracytoplasmic granules. The cells of this group
strongly resembled LGL (names LGL-like cells). Upon target
cell killing, this type of effector cells exhibited the especial
morphological changes; the development of cytoplasmic organ-
elles associated with cellular secretion including Golgi appara
tus and electron-dense secretory granules. It was noted that the

" Spheroids (500 ^m) were cocultured with 1 x 10" cells of each effector. After
various periods of incubation, the spheroids were dissociated into single cells by
trypsinization. Numbers of total viable cells, tumor cells, and lymphocytes present
within the spheroids were counted as described in "Materials and Methods." Each

value represents mean + SD.
* 500-fim spheroid cultured alone.
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Fig. 3. SEM of MTSs after cocultures with each effector, a and b (higher magnification) after 24 h with LAK cells. MTS shows an irregular surface with which
numerous round cells are in direct contact, c and d (higher magnification), after 48 h with LAK cells. Destructive changes are so extensive that MTS is sponge-like
in appearance. Many crater-like holes are seen (*). e and/(higher magnification), after 48 h with PBL. MTS shows a relatively smooth surface, a, c, e, X 160; h, d,f,
x 1200.

2432

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/50/8/2429/2443736/cr0500082429.pdf by guest on 19 M

ay 2023



INTERACTION BETWEEN LAK AND TUMOR SPHEROID

toi*Â« .-*rÂ»-^r^-' ' -"'â€¢â€¢â€¢"â€¢'

â€¢¿�i1'* 'â€¢' Â¿W'- v** ^-J

.Â£:ft**Â£#5l

ItfÃ¬f^â€¢¿�^e^'^*\
!*.Ã tÃ³

â€¢¿�..- â€¢¿�,^Â»,<*52
*f^^

Fig. 4. Photomicrographs of MTSs after cocultures with each effector (toluidine blue-stained cross-sections), a and h (higher magnification), after 24 h with LAK
cells. This was designated as Grade III according to our grading of destructive changes, a. x 140; b, x 400. c and */(higher magnification), after 48 h with LAK cells.
This was designated as Grade IV. c, x 140; d. x 1000. e and/(higher magnification), after 48 h with PBL. This was designated as Grade II. e. x 140;/. x 1000.
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Table 2 Grading of the destructive changes in spheroids after coculture with LAK
cells or PBL

EffectorLAKPBLIncubation
period

(h)1224.164812243648Grade

(%)Â°I000090827874II433212010182226HI574558550000IV02330450000

Â°Spheroids (500 pm) were cocultured with 1x10* cells of each effector. After

various periods of incubation, the spheroids were subjected to morphological
analysis of toluidine blue-stained serial cross-sections. The definition of each
grade is described in "Materials and Methods." At least 20 spheroids were

prepared for each incubation stage of each effector. Each value represents mean
of three separate experiments.

granules displayed more complex shapes with heterogeneous
contents. These granules seemed to fulfill the features of "im
mature" granules before condensing to "mature1" electron-dense

granules as described in a previous paper (21) (Fig. 6, c and d).
This suggests that the secretory function was prominently ele
vated in LGL-like cells. Some of T-like cells possessed such a
granule; however, the number was much smaller than in LGL-
like cells.

DISCUSSION

Time-sequential morphological analyses clearly visualized
the processes of LAK cell infiltration and the destruction of
MTSs by the effector cells. After coculture, an increasing num
ber of LAK cells came into direct contact with the MTS surface
and infiltrated toward the inner portion of MTSs. Subsequently,
the MTSs underwent a progressive destruction. In contrast,
PBL hardly showed such an infiltration pattern, although they
adhered to and caused small destructive changes on the MTS
surface. This evidence was quantitatively confirmed by the

kinetic analysis of effector cell infiltration and tumor cell kill
ing. From these results, we have concluded that LAK cells have
a significant capacity to infiltration into a tumor mass and kill
the tumor cells as compared with PBL.

The ultrastructural analysis showed that the infiltrating LAK
effector cells are composed of heterogeneous cell types. On the
basis of the morphological characteristics, the majority of the
effector cells could be classified into two main subgroups, T-
like cells and LGL-like cells. With regard to the progenitors of
LAK cells, a large number of studies have been performed
mainly from the functional and/or surface phenotypic aspects
(22-25). Although the results are somewhat inconsistent, it
seems likely that LAK effectors are derived from heterogeneous
subpopulations, T-cells and LGL. Therefore, our results may
support the hypothesis from other reports with a morphological
point of view.

In the current study, it was observed that these two kinds of
LAK effector cells directly infiltrated toward the inner portion
of MTSs with their cytoplasmic processes extending into the
intercellular space of tumor cells within a three-dimensional
microenvironment. It should be stressed, however, that each
type of the effector cell displayed some different ultrastructural
feature in the process of target cell killing. Upon adhering to
the tumor cells, most of T-like LAK cells extended their cell
processes deeply into the cytoplasm of the targets and eventu
ally induced a degenerative change of MTSs. From the ultra-
structural examinations of cytotoxic T-Iymphocyte-mediated
cytolysis, it has been suggested that effector-target cell contacts
are necessary for target cell lysis and that the effector cell
projections pushing into the targets are closely related to the
mechanism of cytolysis (26-32). It seemed that T-like LAK
cells in our study exhibited the same pattern of effector-target
contacts with cytotoxic T-lymphocytes in the process of cytol
ysis. On the other hand, LGL-like LAK cells also showed a
similar effector-target cell contact. Furthermore, it was note
worthy that the Golgi apparatus and the secretory granules
markedly developed in the cytoplasm of LGL-like cells upon

Fig. 5. Representative ultrastructural find
ings of a MTS cocultured with LAK cells (after
48 h). Right upper corner, surface of MTS. Most
of the tumor cells are lysed and show a ghost
cell-like appearance. Left lower corner, still viable
tumor cells. At least three round cells, which
have morphological features completely differ
ent from those of the tumor cells, are invading
with their cell processes extending into the in
tercellular space of the tumor cells (*). x 5000.
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Fig. 6. Ultraslructure of the cell-to-cell interaction of LAK effector cells and tumor cells within a MTS. a, typical T-like cell engaged in target cell killing. The
effector (Â£)is in contact with a target cell (T) via cell processes, x 10,000. In b (a higher magnification of a), the cell processes (arrows) of the effector have penetrated
into the cytoplasm of the target cell, and a tight interdigitation is formed, x 30,000. In c, a typical LGL-like cell infiltrating into a MTS is shown. The most striking
feature is that its intracytoplasmic organelles are developed, x 10,000. In d(a higher magnification of c), the development of Golgi apparatus (left upper corner) and
intracytoplasmic granules (arrows) is especially prominent. The intracytoplasmic granules are enlarged and display more complex shapes, x 30,000.

target cell killing and that the secretory granules showed an
"immature"-like appearance documented in other reports (21).

These findings were thought to represent the elevation of secre
tory function in this kind of effector cells. Regarding the cyto-
lytic mechanism of LGL (NK cell), there is a strict biochemical
and morphological evidence that the secretory apparatus, es
pecially intracytoplasmic secretory granules, may play an im
portant role in target cell lysis (33-36). It is strongly suggested,
therefore, that the secretory function is closely associated with

target cell lysis by LGL-like LAK cells as is seen in NK-

mediated cytolysis.
In addition to these experiments, we have further performed

a preliminary immunohistochemical analysis on the infiltrating
LAK cells, using anti-OKT3 (CD3) and anti-Leu-llb (CD 16)
monoclonal antisera. It was found that the infiltrating LAK
effectors were positive for either CD3 or CD 16 (data not
shown). Heterogeneity of the surface antigen expression seems
to be in agreement with that of the morphology.
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Taken together, it may be indicated that LAK cells are
potentially effective effectors for adoptive immunotherapy of
solid tumors including malignant gliomas insofar as the range
of tumor size is within the capacity of LAK cells to infiltrate.
In view of the therapeutic application of LAK cells, however,
there remains a very important subject to be resolved, i.e., the
presence of in vivo factors blocking LAK activity which may
reduce their effectiveness (37).

In order to further characterize LAK effectors using this
experimental three-dimensional model, detailed studies with a
combination of morphological, functional, and surface pheno-
typic analyses using a wider panel of antibodies are currently in
progress.
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