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Abstract
AIM: To induce efficient expansion of natural killer (NK)
cells from peripheral blood mononuclear cells (PBMCs)
using a culture of anchorage-dependent Wilms tumor cell
lines, and to provide a reliable supply for adoptive
immunotherapy of hepatocellular carcinoma.

METHODS: Culture expansion of NK cells was achieved using
PBMCs cultured with Wilms tumor cells. Cytotoxicity was
measured using a standard 51Cr release assay and crystal violet
staining technique. The proportions of CD3+, CD4+, CD8+,
CD16+, and CD56+ cells were determined by flow cytometry.

RESULTS: After PBMCs from healthy donors and
hepatocellular carcinoma (HCC) were cultured with
irradiated HFWT cells for 10-21 d, CD56+ CD16+ cells
shared more than 50% of the cell population, and more
than 80% of fresh HFWT cells were killed at an effector/
target ratio of 2 over 24 h. NK-enriched lymphocyte
population from HCC patients killed HCC-1 and 2 cells with
sensitivities comparable to fresh TKB-17RGB cells. HCC cells
proliferated 196-fold with the irradiated HFWT cells at
18 d. Stimulation by HFWT cells required intimate cell-cell
interaction with PBMC. However, neither the soluble factors
released from HFWT cells nor the fixed HFWT cells were
effective for NK expansion. The lymphocytes expanded with
IL-2 killed fresh HFWT target cells more effectively than
the lymphocytes expanded with the 4-cytokine cocktail
(IL-l β, IL-2, IL-4 and IL-6). IL-2 was the sole cytokine
required for NK expansion.

CONCLUSION: Wilms tumor is sensitive to human NK cells
and is highly efficient for selective expansion of NK cells
from PBMCs.
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INTRODUCTION
Natural killer (NK) cells are CD3- CD56+ and/or CD16+ cytotoxic

lymphocytes that mediate first-line defense against various
types of target cells without prior immunization[1,2]. The
regulation mechanism of human natural killer (NK) cell growth
has not been well characterized despite the importance of NK
cells in immune response[3]. One reason is that the currently
used culture system for human NK cells is relatively poor at
inducing a strong growth response compared with culture
systems for other lymphocytes, such as T cells.
       Since K562 cells expressing scarcely MHC-class I on their
surface are highly sensitive to natural killer (NK) cells, they
have been widely used for the assay of NK killing activity[4-6].
When K562 cells are killed by NK cells in vitro, apparent growth
response of NK cells follows. The stimulation by K562 requires
direct cell-cell contact and is not reconstituted by cell-free
supernatants. However, the stimulation is not necessarily
sufficient for the NK selective expansion in peripheral blood
mononuclear cells (PBMCs) of every subject. Reports from
Perussia et al.[7] and Silva et al.[8,9] suggested that human B
lymphoblastoid cell lines and leukapheresed peripheral blood
stem cell grafts were also useful for human NK cell expansion.
Sekine et al.[10] developed an alternative method for lymphocyte
expansion from peripheral blood by cultivating cells with IL-2
and immobilized anti-CD3 monoclonal antibodies. Application
of expensive anti-CD3, anti-CD16 bispecific antibodies may
avoid the dilution of NK cells in the lymphocyte populations[11].
Coculture of NK cells with dendritic cells (DCs) resulted in
significant enhancement of NK cell cytotoxicity and IFN-gamma
production[12]. Coexpression of GM-CSF and B70 may enhance
NK-mediated cytotoxicity, and then induce the antitumor
immunity in hepatoma transplanted into nude mice[13].We
consider that, for further use of the NK cells in adoptive
immunotherapy of human tumors, clear separation of expanded
NK cells and suspension cultured allogeneic EB virus-
transformed cells that may have escaped from the killing by NK
cells will be difficult.
      In this study, we screened anchorage-dependent virus-free
human tumor cell lines as an appropriate target in the NK cell
expansion culture.  We found that an anchorage-dependent
cell line derived from Wilms tumor (HFWT) was sensitive to
human NK cells.

MATERIALS AND METHODS
Cell lines and reagents
All the cell lines were from routine stock cultures in the RIKEN
Cell Bank. Cell lines were maintained in basal medium containing
100 mL/L or 150 mL/L fetal bovine serum (FBS). Peripheral
blood was taken from healthy volunteers and hepatocellular
carcinomas (HCCs) were from patients who gave their informed
consent. Recombinant human  IL-1 β, -2, -4, -6, -7, -12, and -15
were purchased from Genzyme (Tokyo, Japan). Mouse anti-
human-CD3, CD4, -CD8, CD56 and CD16 monoclonal antibodies
were purchased from Nichirei Co., (Tokyo, Japan). 51Cr was
purchased from Nen Life Science Products Inc. (Boston, USA).

Flow cytometry
Suspended cells (l×106) were washed three times with PBS,
incubated for 30 min with monoclonal antibodies, 30 min with
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FITC-labeled goat anti-mouse IgG polyclonal antibody. The
cells were again washed with PBS containing 40 mL/L FBS.
They were re-suspended in the same buffer at a concentration
of l×106/mL and were immediately analyzed by FACS (Becton-
Dickinson, Co.). The proportion of CD3+, CD4+, CD8+, CD16+,
and CD56+ cells was detected with corresponding monoclonal
antibodies.

Fixation of HFWT cells
HFWT cells (1×105/mL, 1 mL) were plated in a 24-well plate and
incubated overnight in a humidified 50 mL/L CO2 incubator.
The culture medium was replaced with PBS, and the cells were
fixed with 0.5 mL of 40 g/L formaldehyde or 3:1 methanol-acetic
acid mixture for 1 h, and then thoroughly washed with water.
       HFWT cells were subjected to heat treatment at 100  for
2 s in a microwave oven after the replacement of the culture
medium with PBS. The treated HFWT cell concentration was
adjusted to 1×105 /well for the NK expansion experiments.

Expansion culture of NK cells
PBMCs were prepared from heparinized peripheral blood with
the conventional preparation kit (Lymphopre, Nycomed Pharma
A.S., Norway). The cells were washed once with PBS, then
once with RHAM alpha medium supplemented with 50 mL/L
autologous plasma, and centrifuged at 1 400 r/min (240 g) for
10 min at room temperature. Before addition of PBMCs to the
NK cell expansion cultures, the confluent target tumor cells
maintained in a 24-well plate were irradiated with 50 Gy of X-
rays. The PBMCs (l×106 /mL, approximately 1 mL/well) were
then cultured with the tumor cells (at this stage, the responder/
stimulator ratio was adjusted to 10 in the culture medium, i.e. the
RHAMα medium was supplemented just before adding 50 mL/L
autologous plasma and a 4-cytokine cocktail of IL-l β (167 U/mL),
IL-2 (67 U/mL), IL-4 (67 U/mL), and IL-6 (134 U/mL)). When
IL-2 alone was used, the concentration was adjusted to 200 U/mL.
IL-7, IL-12, and IL-15 were used at a concentration of 10 U/mL,
10 ng/mL, and 20 U/mL, respectively.
     NK expansion culture was continued with appropriate
changes of the medium, including addition of the indicated
cytokines (at least half of the medium was changed every 2 d),
until the adherent target cells disappeared. When K562 cells
were the targets, this period was set at 7 d. The cell suspension
was diluted to 5×105/mL and the culture continued. Whenever
the cell suspension reached 5×106/mL, the dilution was repeated.

Cytotoxicity assay
A standard 51Cr release assay was performed in the 4-h co-
culture of the effector lymphocytes and the target K562 cells as
described[14]. The crystal violet staining was also used[15].
Briefly, the target cells, 1×104/well suspended in 200 µL RHAM
α medium containing 50 mL/L plasma from the lymphocyte
donor (or 50 mL/L PPF whenever the plasma was in short
supply), were seeded in a 96-well plate and were pre-cultured
overnight. The cultured target cells were washed once with
PBS, then the cultured lymphocytes suspended in 200 µL of
RHAM α medium containing 50 mL/L autologous plasma (or
50 mL/L PPF) were added as effector cells to each well at the
indicated effector/target (E/T) ratio. The cells were co-cultured
for 4 or 24 h. Then, the wells were washed once gently with
appropriate amounts of Dulbecco’s PBS containing calcium
and magnesium. The target cells remaining adhered were fixed
for 1 h with 40 g/L formaldehyde (200 µL/well), and then stained
with crystal violet solution (4 g/L  in water, 100 µL/well) for 30
min at room temperature. The plate was washed with water and
dried at room temperature. A 200 µL of 800 mL/L methanol was
added into each well and the absorbance at 570 nm (A570) of
each well was determined. As a 100% control, the A570 of the

target cells cultured in a separate plate was determined just
before the addition of the effector cells.
      Percentage of surviving target cells was defined as follows:
       Surviving target cells (%)=(A-B)/(C-D)×100%
      Where A is the A570 of the well containing the target cells
and the effector cells, B is the A570 of the well containing only
the effector cells which remained in the well after the washing
with calcium- and magnesium-containing Dulbecco’s PBS, C is
the A570 of the 100% control target cells just before the addition
of the effector cells, and D is the A570 of the well containing
medium alone. The target cells cultured at an E/T ratio of 0 grew
rapidly over the 24-h incubation period and, therefore, showed
more than 100% survival.

RESULTS

Proportion of NK cells in the lymphocyte culture
Two hundred and forty kinds of human cell lines from RIKEN
Cell Bank were screened for their expression of MHC-class I
and class II surface molecules. Ten cell lines including leukemia
cell line K562, HFWT (Wilms tumor), HMV-II (melanoma) and
NB 19 (neuroblastoma) were found that weakly expressed MHC
molecules of both.
      Subsequently, PBMCs taken from healthy subjects were
co-cultured with these cell lines after the target cells had been
irradiated with 50 Gy of X-rays. HFWT cultures demonstrated
a striking change in anchorage-dependent HFWT cells that
were totally killed and disappeared after 13-14 d. CD3- CD56+
cells occupied 64.6%, 54.6%, and 75.9% of the lymphocyte
population in the three experiments, respectively. However,
K562 and HMV-II in experiments 2 and 3 only raised the
proportion of CD3-CD56+ cells to 17.6% and 18.9%,
respectively, though these proportions were higher than those
(5.4-13.0%) in the control cultures containing no target cells. In
contrast, irradiated TKB-17RGB cells increased CD3+CD56 T
cells in the lymphocyte populations in the three experiments to
95.1%, 96.0%, and 84.8%, respectively as compared to 74.4%,
58.2% and 60.9% in controls.

Assay for NK cytotoxicity activity
Figure 1A depicts a typical dose-response curve for the 4-h
51Cr release assay. The NK-enriched population lysed 31.3%
and 76.5% of the fresh HFWT cells at E/T ratios of 2 and 8,
respectively. A mirror image of this curve was observed in
crystal violet staining (Figure 1B). The target cells showed
100% survival in crystal violet staining and 20% lysis in the
51Cr release assay when E/T ratio was 1.
        Effect of extending co-culture time to 24 h was also examined.
The percentage of the surviving control target cells usually
exceeded 100% (Figure 1C) at an E/T ratio of 0, but the shoulder
portion of the dose-response curve in Figure 1B disappeared
and fewer surviving target cells were observed at larger E/T
ratios. Only 17.0% of the target cells remained at E/T ratio of 4,
whereas 42.5% remained in the 4-h crystal violet staining.
Therefore, for determination of killing activity, 24-h crystal violet
staining had a higher sensitivity than 4-h crystal violet staining
at low E/T ratios.
        PBMCs grown on TKB-17RGB target cells could efficiently
kill fresh TKB-17RGB cells but not fresh 17 RGB cells.
Lymphocytes grown on the HFWT target cells could efficiently
kill both fresh TKB-17RGB cells and fresh HFWT cells (Figure
2, 8 columns on the right), indicating that the lymphocytes
contained nonspecific NK cells. The latter lymphocyte
population, at an E/T ratio of 2 at 24 h, reduced TKB- 17R GB
target cells to 60.5% and HFWT target cells to 18.5% compared
to the control tumor cells (E/T ratio of 0) that proliferated to
175-180% of starting levels.



Figure 2  Killing by T cell- and NK-enriched lymphocytes. Lym-
phocytes derived from PBMC of the Subject-1 (taken from
Experiment-1 of Table 1) were used in this 24-h crystal violet
staining with various E/T ratios. Eight columns on left side are
the results from assays of lymphocytes grown on irradiated
TKB-17RGB cells (MHC class I positive). Major lymphocyte
population was CD3+ CD56- (T cell-enriched, see Table 1). For
the killing assay, fresh TKB-17RGB (left-end 4 columns) or cells
(mid-left 4 columns) were submitted as the target. Right side 8
columns are the results from assays of lymphocytes grown on
irradiated HFWT cells (MHC class I negative). Major lympho-
cyte population was CD3-CD56+ (NK-enriched, see Table 1).
For the killing assay, fresh TKB-17RGB (mid-right 4 columns)
or HFWT cells (right-end 4 columns) were used as the target.
Each column represents the mean value of triplicate
measurements.

       Lymphocytes from PBMC of HCC patient were cultured on
the irradiated cells and proliferated 196-fold at 18 d. This was
about 6 times the proliferation of lymphocytes suspended with
the irradiated K562 cells (data not shown) and the proliferation
ceased after 14 d in the NK expansion culture. X-ray irradiated
HCC-1 cells (MHC class I positive) and HCC-2 cells (MHC
class I negative) obtained from the same hepatocellular
carcinoma were used in place of HFWT cells, and neither of the
two cell lines could support efficient growth of the lymphocytes
from PBMC of HCC patient. NK-enriched lymphocyte
population from HCC patient, however, killed HCC-1 and 2 cells
with sensitivity comparable to fresh TKB- 17RGB cells (Figure 3).
About half of the control HCC-2 cells detached spontaneously

after 24-h incubation. The NK-enriched population derived from
the patient and expanded on the irradiated HFWT cells could
also kill fresh K562 cells with high efficiency (data not shown).

Figure 3  Killing activity of the NK-enriched population on
MHC class I-positive and -negative cell lines. PBMCs of HCC
patient were expanded on irradiated T cells and submitted to
the 24-h crystal violet staining. Target cells were MHC class I-
negative HFWT and HCC-2 cells, MHC class I-positive HCC- 1
and TKB-17 RGB cells. HCC-1 and HCC-2 cells were derived
from the same human hepatocellular carcinoma tissue.

     In a separate experiment, the effect on NK expansion of
HFWT and MHC class I-non-expressing HCC-2 cells were
compared using a medium containing IL-2 (Table 1). After 10 d
of co-culture with PBMCs from Subject 1, irradiated HFWT
cells induced 72.0% concentration of CD3- CD56+ cells, whereas
irradiated HCC-2 cells induced only 18.5% concentration of
CD3-CD56+ cells. CD16+CD56+ cells co-cultured with HFWT
grew to 72.7% of the lymphocyte population, whereas
CD16+CD56+ cells co-cultured with HCC-2 grew to 22.8% of
the lymphocyte population. All the other tumor cell lines showed
lower similar efficiency for NK cell expansion.

Cell-cell interaction between PBMC and HFWT cells
After PBMCs from Subject 1 were grown for 10 d in direct-
contact co-culture, the final proportion of CD16+ CD56+ cells
reached 71.7%, but in the case of PBMCs separated from HFWT
cells with a membrane filter, the final proportion reached only
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Figure 1  Dose-response relationships of 51Cr release assay and the two crystal violet staining assays. PBMCs were detected after
15-d culture with irradiated HFWT cells. A: 51Cr release assay, in which the effector lymphocytes and the fresh target cells pre-
labeled with 51Cr were incubated for 4 h. B and C: crystal violet staining, in which effector lymphocytes and fresh target HFWT cells
were incubated for 4 and 24 h, respectively. Each point and bar represent mean and SD (3-6 replicates), respectively.

Table 1  Proportion of CD16+ CD56+ cells compared to other cell groups after NK cell expansion cultures

                                                                                       Cell proportion in lymphocyte populations (%)
Irradiated target cells used
for expansion culture             CD3+CD56-                         CD3-CD56+                              CD3+CD56+                             CD16+CD56+

HFWT     15.2 72.0 12.3 72.7
HCC-2     49.7 18.5 31.1 22.8

Ly
si

s 
(%

)

0      2     4      6      8     10

100

80

60

40

20

0

E/T ratio

A

Su
rv

iv
in

g 
ce

lls
 (

%
)

0      2     4      6      8     10

120

100

80

60

40

20

0

E/T ratio

B

Su
rv

iv
in

g 
ce

lls
 (

%
)

0      2     4      6      8     10

200

160

120

80

40

0

E/T ratio

C

Target cells in the expansion culture
   TKB-17RGB                              HFWT

0 2 4 8    0 2 4 8                   0 2 4 8    0 2 4 8
TKB-17    HFWT                   TKB-17     HFWT
RGB        RGB

         Target cells for the killing assay

Su
rv

iv
in

g 
ce

lls
 (

%
) 200

150

100

50

0

-50
E/T
ratio

0  2  4  8       0  2  4  8      0  2  4  8       0  2  4  8

  HFWT           HCC-1          HCC-2      TKB-17RGB

            Target cells for the killing assay

Su
rv

iv
in

g 
ce

lls
 (

%
)

160

140

120

100

80

60

40

20

0
E/T
ratio



3.9% (Table 2). Most of the lymphocytes in the latter culture
were T lymphocytes. These results demonstrate that direct
cell-cell interaction is crucial for NK expansion.

Cytokine requirements for NK cell induction
The highest increase in lymphocyte number from Subject-2
reached 401-fold after 15 d in the expansion culture.
Lymphocytes derived from both Subject-2 and Subject-3
expanded with IL-2-containing medium killed fresh HFWT
target cells more effectively than the lymphocytes expanded
with the 4-cytokine cocktail (data not shown). Without the
presence of target HFWT cells, lymphokine activated killer
(LAK) cells grew slower than those cultured on the target cells.
Unlike IL-2, IL-12 inhibited and IL-15 stimulated the growth of
lymphocytes cultured on target HFWT cells. IL-7 (10 U/mL)
was not effective on lymphocyte growth. Without addition of
IL-2 to the culture medium, the irradiated HFWT cells themselves
could not support survival of the lymphocytes for several days.
      We compared the effects of HFWT and MHC class I-non-
expressing HCC-2 cells on NK cell expansion using IL-2-
containing medium. For 10 d in the culture of PBMC from Subject-
1, irradiated HFWT cells induced 72.0% of CD3-CD56+ cells,
but irradiated HCC-2 cells could induce only 18.5% of CD3-
CD56+ cells. CD16+ CD56+ cells shared 72.7% in the former
lymphocyte population and, in the latter, 22.8%.

DISCUSSION
Expansion of human NK cells from PBMCs has long been
investigated but large-scale expansions for adoptive
immunotherapy of human tumors deserve further investigation.
LAK cells have been applied to tumor immunotherapy.
However, LAK cell expansion in culture for more than 2 wk
usually resulted in the loss of killer cell activity. T cells without
killing activity formed a major part of the resulting lymphocyte
populations[16]. Similar problems have been found in expansion
cultures of tumor-infiltrating lymphocytes, in which cells bearing
B cell, NK cell and macrophage markers disappeared early in
the culture[17].
     The K562 cell line in suspension culture has long been
adopted as the common target cell line for determination of the
killing activity of human NK cells by the standard 51Cr release
assay. For ecological reasons, a nonradioisotopic crystal violet
staining assay was used in our experiments for determining the
killing activity of CTLs against anchorage-dependent target
tumor cells. The crystal violet staining assay is safe and
amenable to coculturing effectors and targets for more than
4 h. Since HFWT cells disappeared completely during NK
expansion culture described above, crystal violet staining using
non-irradiated fresh T cells as the target, was considered as
sensitive for assessment of the cytotoxic activity of the NK
cells as the standard 51Cr release assay.
     The results demonstrated that an anchorage-dependent
Wilms tumor cell line is a highly efficient target for selective
expansion of human NK cells from PBMCs. After culturing
PBMCs from healthy donors for 10-21 d, the number of
lymphocytes increased extensively. More than 50% of the
resulting population consisted of CD16+ CD56+ NK cells that
could efficiently kill the MHC class I-non-expressing K562.

Moreover, these expanded NK cells also appeared to kill MHC
class I-expressing tumor cells (Figure 2, TKB-17 RGB target
cells), suggesting the probablity of using these highly active
NK cells for adoptive immunotherapy of human tumors.
      We have already repeated more than 20 times the 2-week
cultures for NK expansion from PBMCs on HFWT cells. Under
microscopic examination, we observed that anchorage-
dependent target HFWT cells always disappeared completely,
the advantage of which was adoptive immunotherapy with NK
cells when compared to the methods of NK cell proliferation
with suspension-cultured target tumor cells such as K562 and
B lymphoblastoid cell lines.
      For NK expansion, direct contact of PBMCs with HFWT
cells was required (Table 2), suggesting that factors released
from target cells do not contribute to NK cells expansion. The
need for direct cell-cell contact had been noted in experiments
using K562 cells[18]. Growth stimulation through direct cell-cell
contact might not be ascribed simply to molecules on the
HFWT cell surface preserved after fixation, although Pierson
et al.[19] reported that NK cells plated directly on ethanol/acetic
acid-fixed M2-10B4, which leaves stromal ligands (cell membrane
components and ECM) intact, resulted in increased NK cells
expansion compared with medium alone. The variety of the
fixation methods used in the present experiments conserved, at
least partially, reactivity of the surface molecules. Therefore,
some interactions between the surface molecules of HFWT
cells may contribute to NK expansion. In any case, contact
between PBMCs and live HFWT cells were found to be a key
requirement.
      NK cells are cytotoxic to tumor and virus-infected cells that
have lost surface expression of MHC class I proteins. Target
cell expressing MHC class I proteins inhibits NK cytotoxicity
through binding to inhibitory NK cell receptors[20,21]. Therefore
contrasting properties of NK cell inhibitory receptors compared
to CTL T-cell receptors (MHC class I receptors that stimulate,
rather than inactivate, the CTL cytotoxic response) are expected
to provide complementarity in the cytotoxic response to tumor
cells[22,23]. In humans, natural killer (NK) cell function is regulated
by a series of receptors and coreceptors with either triggering
or inhibitory activity[24].
        HFWT cells were more effective targets for NK cell expansion
than K562 cells. Since it has been reported that NK cells
differentiate from CD34+ progenitor cells[25,26], HFWT cells must
stimulate NK cells differentiation from the progenitor cells
included in PBMC but not in the CD3-CD56+ subset. Further
investigation needs to be conducted to identify the NK precursor
cells to which HFWT cells transmit the proliferative signal.
      Since the present NK cell expansion culture started as one
of variation of the human CTL induction culture from PBMC,
the present study has shown that IL-2 is the sole cytokine
required for the NK expansion on the T cell layer[27]. In other
reports, IL-15 was found to stimulate NK development from
CD34+ hematopoietic progenitor cells[28-30]; IL-7 as a cofactor
during myelopoiesis, is capable of activating monocytes/
macrophages and NK cells[31]. IL-12 showed an inhibitory effect
on NK cell growth[32,33]; TGF β was reported to be similarly
inhibitory[34]. The present results suggest that expansion and
activation of NK cells may provide an effective immunotherapy
of hepatocellular carcinoma.

Table 2  Proportion of CD16+CD56+ after co-culture of PBMC with irradiated HFWT cells with and without separation by a
membrane filter

                                                                                                                 Cell proportion in the final lymphocyte populations (%)
PBMCs and HFWT co-culture conditions
                                                                                                          CD3+CD56-                             CD3-CD56+              CD16+CD56+

Without separation 13.4 78.2 71.7
Separated by a membrane filter 83.4   5.3   3.9
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