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Activated natural killer cell-mediated immunity is required for the
inhibition of tumor metastasis by dendritic cell vaccination
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Abstract

Immunization with dendritic cells (DCs) pulsed
with tumor antigen can activate tumor-specific
cytotoxic T lymphocytes (CTL), which is re-
sponsible for tumor protection and regression.
In this study, we examined whether DCs pulsed
with necrotic tumor lysates can efficiently pre-
vent malignant melanoma tumor cell metastasis
to the lung. DCs derived from mouse bone mar-
row were found to produce remarkably elevated
levels of IL-12 after being pulsed with the tumor
lysates. Moreover, immunization with these DCs
induced CTL activation and protected mice from
metastasis development by intravenously ino-
culated tumor cells. In addition, these DCs acti-
vated NK cells in vitro in a contact-dependent
manner, and induced NK activities in vivo.
Furthermore, NK cell depletion before DC vac-
cination significantly reduced the tumor-speci-
fic CTL activity, IFN-y production, and IFN-y
inducible gene expression, and eventually inter-
fered with the antitumor effect of tumor-pulsed
DCs. Finally, similar findings with respect to NK
cell dependency were obtained in the C57BL/
6J-bg/bg mice, which have severe deficiency in
cytolytic activity of NK cells. These data sug-
gest that the antitumor effect elicited by DC
vaccination, at least in a B16 melanoma model,
requires the participation of both cytolytic NK

and CD8" T cells. The findings of this study
would provide important data for the effective
design of DC vaccines for cancer immunother-

apy.
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Introduction

Dendritic cells (DCs) are highly effective antigen-
presenting cells with the unique ability of inducing
primary immune responses against tumor-associated
antigens (Banchereau et al, 2000), and have im-
portant roles in both early and late adaptive immune
responses. In fact, DCs pulsed with soluble Ag are
able to induce protective antitumor immunity accom-
panied by tumor-specific CTL induction in mice and
humans (Nestle et al, 1998; Shibagaki and Udey,
2002). Given that the induction of stronger CTL
responses is a major goal of current cancer vaccine
strategies, tumor lysate-loaded DCs containing multi-
ple known and unknown antigens that can be
presented to T cells by both MHC class |- and class
ll-pathways provide the potential to induce efficient
antitumor immune responses (Nouri-Shirazi et al,
2000; Sauter et al, 2000; Kotera et al., 2001).
NK cells are the major lymphocytes of innate
immune response and are able to kill tumor cells in
vitro (Trinchieri, 1989). Although they have also been
shown to kill circulating tumor cells in vivo, and in
this way participate in the defense against establi-
shment of metastasis (Salup et al., 1985; Wiltrout et
al., 1985), it is the current paradigm that NK cells do
not attack and destroy established solid tumors. This
notion is based on infrequent findings of NK cells in
solid tumors (Coca et al, 1997), and by the inability
of biological response modifier-activated NK cells to
influence the growth of established tumors (Hanna,
1982). This may indicate that NK cells do not
constitute an important factor in immune reactions
against established cancer. However, recent attention
has been focused on the interactions between NK
cells and DCs, and on the consequences of such
communication during immune response. In particular,
the role of DCs in innate immunity related with NK
cells has only recently been investigated, and evi-
dence indicates a substantial level of interaction and
cross-regulation between NK cells and DCs (Fer-



nandez et al., 1999; Yu et al., 2001; Piccioli et al.,
2002; Andrews et al., 2003). Nevertheless, little data
is available to prove that DCs activate NK cells to
induce antitumor immunity. We and other groups have
previously reported that the injection of DC co-
cultured with tumor cells can activate NK cells in vivo
(Kim et al, 1999), and that the in vivo depletion of
NK cells results in a marked reduction in tumor-
specific CTL activity (Kim et al., 2001; Nakamura et
al., 2004). Overall, these findings suggest that the
initiation of innate immune responses by NK cells in
cooperation with DCs facilitates CTL developments.

In this report, we describe the results of experi-
ments designed to answer the question as to whether
NK' cell activity is a prerequisite for the induction of
antitumor immune response by DC vaccination, in
particular to the induction of tumor-specific T cell
response. We took advantage of the fact that B16
melanoma lung metastasis by intravenous injection
occurs in NK cell-dependent way, and that tumor
formation can be eliminated by activated CTL (Xu et
al., 2004). We demonstrate here that DCs pulsed with
necrotic tumor lysates, which are transformed into
significant IL-12 producers, can efficiently prevent the
lung metastasis of melanoma cells and markedly
activate NK cells in vitro and in vivo. Importantly, NK
cell depletion before DC vaccination significantly re-
duced tumor-specific CTL activity, IFN-y production,
and IFN-y-inducible gene expression, and eventually
interfered with the antitumor effect of tumor-pulsed
DCs. Similar observations were made in C57BL/
6J-bg/bg mice, which have severe deficiency in cyto-
lytic activity, but not in the IFN-y producing activities
of NK cells. In summary, our data suggest that the
antitumor effect elicited by DC vaccination requires,
at least in a B16 melanoma model, the participation
of both cytolytic NK and CD8" T cells.

Materials and Methods

Mice and tumor cell lines

Five- to six-week-old female C57BL/6 mice were pur-
chased from the Genetic Resources Center, KRIBB
(Daejeon, Korea) and C57BL/6J-Lyst®/+ (beige mu-
tation) mice were provided from Prof. Je Kyung
Seong, Seoul National University. A genetic mutation
in the C57BL/6J-Lyst’”/+ mouse genome accounts
for the deficiency in cytotoxic activity of NK cells.
These mice are of the H-2" haplotype for histocom-
patibility antigens. All mice were maintained under
specific pathogen-free conditions, and all experiments
employing mice were performed in accordance with
institutional guidelines. The B16-F10 murine melano-
ma cell line, which shows metastatic activity to the
lungs of syngeneic C57BL/6 mice, was purchased
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from the American Type Culture Collection (ATCC,
Rockville, MD). The YAC-1 cell line, a mouse T cell
lymphoma sensitive to NK cell-mediated lysis, was
also purchased from ATCC. All tumor cells were
cultured in RPMI containing 10% heat inactivated
FBS, 100 U/ml penicillin, 100 ug/ml streptomycin, and
2 mM L-glutamine (Gibco BRL, Grand Island, NY) at
37°C in 5% CO,. Cells were routinely checked for the
absence of Mycoplasma contamination using an
ELISA detection kit (Roche Diagnostics GmbH, Mann-
heim, Germany).

Generation of dendritic cells from mouse bone
marrow cells

Dendritic cells were generated from bone marrow
cells using Dr. Inaba's method with slight modification
(Inaba et al, 1992). In brief, bone marrow cells
obtained from the femurs and tibias of C57BL/6 mice
were incubated with an antibody cocktail containing
Jij.10 (anti-CD90), J11d (anti-CD11b), 3.168 (anti-
CD8), GK1.5 (anti-CD4), RA3-3A1 (anti-B220), and
M5/114.15.2 (anti-I-A>*® &I-E**) at 4°C for 1 h. They
were then washed twice with 10% FBS RPMI and
treated with rabbit complement (Low-Tox"-M, Cedar-
lane, Ontario, Canada) according to the manufactu-
rer's instructions. To eliminate dead cells, the cells
were subjected to density centrifugation on Histo-
paque 1077 (Sigma) and then washed twice with
RPMI 1640 medium without serum. They were further
incubated at 5x10° cells/well in culture medium sup-
plemented with 10 ng/ml recombinant murine GM-
CSF and IL-4 (Endogen, Woburn, MA) in 24-well
plates (Costar, Cambridge). On days 2 and 4, non-
adherent cells were discarded and culture medium
was replenished with fresh DC medium. On day 7,
non-adherent cells that had acquired a typical den-
dritic morphology, as identified by phase contrast
microscopy, were harvested by gentle swirling and
then used in subsequent experiments.

Induction of tumor necrosis and uptake of necrotic
tumor cells by DCs

B16-F10 tumor cell necrosis was induced by exposing
the cells to one cycle of rapid freezing (liquid ni-
trogen) and thawing at 37°C in serum-free medium.
After treatment all cells became trypan blue positive.
For the tumor uptake by DCs, necrotic tumor cells
were co-cultured with DCs at a ratio of 1:1 for 24
h at 37°C. Phagocytosis of necrotic tumor cells by
DCs was examined using a PKH-dye labeling method
(data not shown).

Flow cytometric analysis of cell surface antigens
To analyze DC surface molecules, 1-5x10° DCs



430  Exp. Mol. Med. Vol. 36(5), 428-443, 2004

were incubated at 4°C for 30 min using the following
FITC-conjugated monoclonal antibodies (PharMingen,
San Diego, CA): anti-CD80 (B7-1; 16-10A1), anti-
CD86 (B7-2; GL-1), anti-CD40 (MH 40.3), anti CD11c
(N418), and anti-CD3. Dendritic cells were also
stained with hybridoma culture supernatant anti-B220
(RA3-3A1/6.1), anti-I-A and I-E (M5/114.15.2), and
anti-mouse macrophage (F4/80), and FITC-conju-
gated goat anti-rat Ig (Biosource International, Ca-
marillo, CA) was used as a secondary antibody. After
washing twice with phosphate-buffered saline, flow
cytometry was performed using a FACSCalibur (Bec-
ton Dickinson, Mountain View, CA).

Determination of IL-12 p70 and IFN-y by ELISA

To determine IL-12 p70 and IFN-y concentrations,
cell-free culture supernatants were collected after
co-culturing necrotic tumor cells with DCs, or after
contacting DCs or tumor-pulsed DCs either with either
C57BL/6 or beige mouse-derived NK cells, respec-
tively. Co-cultures of DCs with NK cells were also
performed in the absence or presence of different
levels of anti-IL-12 neutralizing antibody C17.8 (Endo-
gen, Woburn, MA). Cytokine levels in the culture
supernatants were quantified using an ELISA Kit
(Endogen) and all steps were performed at room
temperature. The relationship between absorbance
and cytokine concentration was linear between 0 and
1,000 pg/ml, with a correlation coefficients >0.999,
consistently.

Chemokine and cytokine mRNA expression
analysis by RT-PCR

Total RNA was isolated from each sample by the acid
guanidinium thiocyanate phenol chloroform extraction
method. cDNA was synthesized from 10 pg of total
RNA using a ProSTAR™ kit (Stratagene, La Jolla,
CA), and was then used as a template for PCR using
the following conditions (MCP-3; 94°C for 1 min, 57°C
for 1 min, and 74°C for 1 min, IL-12 p40 and IFN-v;
94°C for 1 min, 55°C for 1 min, and 72°C for 1 min,
IP-10; 94°C for 1 min, 57°C for 1 min, and 72°C for
1 min, Mig; 94°C for 1 min, 59°C for 1 min, and 72°C
for 1 min) using specific primers. To ensure accuracy
of procedure, reverse transcription (RT)-PCR was
performed on the same samples using specific
primers for B-actin. PCR products were harvested and
resolved on a 1.2% agarose gel containing ethidium
bromide and quantified with Quantity One software
supplemented with Gel Doc 2000 system (Biorad,
Hercules, CA). To compare relative expressions, re-
lative values were calculated as follows; (mean
concentrationxarea) of MCP-3, IL-12 p40, IFN-y
IP-10, or Mig/(mean concentrationxarea) of P-actin.
The sequences of the primers used were as follows:

miL-12 p40 (forward: 5-ATGTGTCCTCAGAAGCTA-
ACC; reverse: 5-CCAAATTCCATTTTCCTTCT), mIFN-
y (forward: 5-AACGCTACACACTGCATCT,; reverse:
5"TGCTCATTGTAATGCTTGG), mMCP-3 (forward:
5-TCCACCCTGAGGATCTCTGC; reverse: 5-CTTCA-
AGGCTTTGGAGTTGG), mMig (forward: 5-ATCTT-
CCTGGAGCAGTGTGG; reverse: 5-GATTCAGGGT-
GCTTGTTGGT), and miIP-10 (forward: 5'-CACCA-
TGAACCCAAGTGC; reverse: 5-TCCAGTTAAGGA-
GCCCTTTT).

Immunization of mice and lung metastasis
identificaiton

B16-F10 cells (>95% viable by trypan blue exclusion
assay) were suspended at a concentration of 1.5x
10%ml in PBS, and then injected intravenously into
a lateral tail vein of C57BL/6 or beige mice (200
u/mouse). On day 17 post-injection mice were eu-
thanized, and lungs and livers were removed and
examined macroscopically. Survival curves were pro-
duced by injecting mice intravenously with 3x10°
B16-F10 cells in 200 wl PBS and recorded over a
40-day period.

C57BL/6 mice were immunized subcutaneously
with 0.5-1x10° DCs, or necrotic tumor cell-loaded
DCs in the right flank, whereas control mice were
immunized with the same volume of PBS. Five days
after immunization, mice were inoculated intraven-
ously with 3x10° viable B16-F10 cells.

In vivo NK cell depletion

To deplete NK cell population, anti-NK1.1 antibodies
(PK136 ascites at 500 ug mAb/injection) were injected
intra-peritoneally into C57BL/6 mice on immunization
days -3, -1, +1, and +3. NK cell depletion was
confirmed by FACS analysis of spleen and peripheral
blood cells. In mice treated with anti-NK1.1, no de-
crease in the numbers of CD4" and CD8" cells was
observed in spleen or peripheral blood, suggesting
that CD4" and CD8" T cells were not affected by
anti-NK1.1 antibody treatment (data not shown).

Determination of cytotoxic activity

C57BL/6 mice, C57BL/6 mice pretreated with anti-
NK1.1, or beige mice at 6-8 wk age were immunized
subcutaneously in the right flank with 0.5-1x10°
DCs, necrotic tumor cell-loaded DCs, or PBS. To exa-
mine CTL activities, splenocytes or lymph node cells
were harvested, stimulated in vitro with irradiated DCs
pulsed with necrotic tumor cells for 3 days, and then
used as effector cells for CTL assays. For NK assays,
we used splenocytes incubated for 12 h in the
presence of IL-2 (10 ng/ml). The target cells, namely,
B16-F10 or YAC-1 cells, were incubated with



Na®'CrO, (100 uCi per 1-2x10°, NEN-DuPont) for 90
min at 37°C with shaking every 15 min. Radioiso-
tope-labeled target cells were then combined with
various numbers of effector cells in 96-well U-bot-
tomed culture plates (Corning, NY) in triplicate. Wells
containing only culture medium and target cells
served as spontaneous *'Cr release controls, whereas
those containing 1% SDS and target cells served
as the maximum °'Cr release controls. After
incubating mixed cells for 4 h at 37°C in 5% CO,,
supernatants (100 ul) were collected from each well,
and °'Cr release was measured in a gamma counter
(Wallac Inc., Gaithersburg, MD). The percentage of
specific lysis was calculated as follows: (cpm of test
- cpm of spontaneous release) / (cpm of maximum
release -cpm of spontaneous release)x100. Data
shown are mean results of triplicate cultures.

Statistical analysis

Data are expressed as means * SD. Statistical ana-
lysis was performed using the Student t-test, two-
sided. Differences were considered statistically signi-
ficant for P values < 0.05.
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Results

Increased IL-12 production in DCs after uptake of
necrotic tumor cells

Following the negative selection of precursor cells
derived from bone marrow of C57BL/6 mice using
antibody cocktails, DCs were generated by culture in
the presence of IL-4 and GM-CSF. To determine their
phenotype, DCs were subjected to flow cytometric
analysis using a series of monoclonal antibodies. As
shown in Figure 1A, the antigens CD80, CD86 and
MHC class Il were highly expressed, but macro-
phage-, T cell- and B cell-specific antigens were
either detected weakly or not detected. CD40 and
CD11c antigens were also highly expressed. We
recently found that tumor lysate-pulsed DCs from
Balb/c mice are able to produce significant levels of
IL-12 (Kim et al, 2003). Thus, we investigated whe-
ther IL-12 production can be induced by pulsing DCs
with necrotic B16 tumor cells. Tumor cells were
subjected to necrosis by one cycle of rapid freezing
and thawing, and then mixed with the same numbers
of DCs. Measure of IL-12 in the supernatant from the
culture fluid of DCs pulsed with necrotic B16 tumor
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Figure 1. Tumor lysate-pulsed DCs show an enhanced ability to
produce IL-12. (A) Examination of surface molecules on C57BL/6J
mouse bone marrow-derived DCs. MHC class I, B7-1, B7-2, CD40,
and CD11c antigens were highly expressed on the surface of DCs,
while CD3, F4/80, and B220 antigens were not detected. (B) Uptake
of necrotic tumor cells induces IL-12 p70 production in DCs. DCs
were co-cultured with necrotic B16 at the ratio of 1:1. After incubation
for 24 h, culture supernatants were collected, and then subjected to
IL-12 p70 ELISA. The data shown are representative of a minimum
of three experiments. *P < 0.01: DC versus DC/B16.
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cells for 24 h showed a greater level of IL-12 in the
treated than control cells (Figure 1B). A possible endo-
toxin contamination was ruled out by direct the Limulus
Amebocyte Lysate assay (BioWhittaker, Walkerville,
MD), and also the treatment of them with polymyxin
B did not affect IL-12 production (data not shown).

NK cell activation and the inhibition of tumor
metastasis following vaccination with tumor
cell-pulsed DCs

IL-12 has been shown to directly augment the pro-
liferation and the cytolytic potential of NK cells and
to promote CTL development in mice surviving long-
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Figure 2. Activation of NK cell activity and the inhibition of tumor lung metastasis after immunizing with necrotic tumor cell-loaded DCs. (A)
C57BL/6J mice were immunized subcutaneously with PBS, DC, DC/B16, or poly I:C (200 uglinjection, intra-peritoneally, twice). After 5 days,
splenocytes from each mouse were prepared, cultured for 12 h in the presence of IL-2 (10 ng/ml), and used as effector cells against *'Cr-labeled
NK-sensitive YAC-1 cells. Splenocytes from poly I:C injected mice were used immediately without additional incubation. Data are representative
of two experiments that produced similar results. (B) Naive C57BL/6J mice were immunized subcutaneously with PBS, DC, or DC/B16. Poly
I:C was injected intraperitoneally twice consecutively. After 5 days, viable 3x10° of B16 tumor cells were injected into lateral tail veins. On
day 17 after tumor inoculation, mice were autopsied, lungs removed, and the extents of tumor metastases were observed macroscopically. Data
shows lung front and rear sides. (C) C57BL/6J mice were immunized as described in A. After 5 days, spleens from immunized mice were
harvested, and total RNA was extracted. RT was performed and prepared cDNAs were amplified with specific primers for IFN-y, IL-12 p40,
and MCP-3. The relative values of PCR products were calculated as follows; (mean intensityxband area) of IFN-y, IL-12 p40, or MCP-3 / (mean

intensityxband area) of B-actin.
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Figure 3. Co-culture of tumor-
pulsed DCs with NK cells in vitro
enhances IFN-y production by NK
cells in a contact-dependent man-
ner. Naive splenic NK cells from
C57BL/6J mice were negatively
selected using an Ab cocktail
(anti-CD4, CD8, B220, MHC class
I, and F4/80) and rabbit com-
plement (purity > 85%). DCs (4x
10%) or DCs pretreated with ne-
crotic tumor cells for 24 h were
thoroughly washed and co-cultured
with purified splenic NK cells (2x
10% under various conditions in
24-well plates for 48 h. IFN-y in
culture supernatant was deter-
mined by ELISA. For IL-12 de-
pletion, different amounts of anti-
IL-12 neutralizing antibody were
added to cultures. In some experi-
ments, transwell plates (pore size:
0.4 pm, Costar, Cambridge, MA)
were used to block cell-to-cell

term (Shurin et al, 1997; Pham-Nguyen et al., 1999).
Investigation of the effects of DCs or tumor-pulsed
DC vaccinations on NK cell activation showed that NK
cell activity on YAC-1 target cells from mice im-
munized with DC/B16 was considerably greater than
in controls or in other immunization groups consistent
with IL-12 production (Figure 2A). Furthermore, exa-
mination of DC or tumor-pulsed DC vaccinations
effect on the pulmonary metastasis of B16 tumor
cells, showed that a vaccination with tumor-pulsed
DCs 5 days before tumor inoculation was enough to
prevent lung metastasis 17 days after intravenous
inoculation of live tumor cells (Figure 2B). Vaccination
with DCs alone had a partial effect, and poly I:C
which activates NK cells had a remarkable inhibitory
effect (Figure 2A and B). Vaccination with tumor-
pulsed DCs also significantly enhanced expression of
IFN-y, IL-12 p40 and MCP-3 gene (Figure 2C). Col-
lectively, these results suggest that vaccination with
tumor- pulsed DCs induced NK cell activation and
elicited a preventive antitumor immune response.

Co-culture of tumor-pulsed DCs with NK cells
in vitro induces NK cell activation

To test conditions required for NK cell stimulation in
vitro, IFN-y expression was used as a guide. Purified
splenic NK cells or DCs alone were not able to
produce IFN-y whereas co-culturing the cells induced

' ' ' contact. Data are representative of
60 80 100

more than three experiments. *P
< 0.01: without anti-IL-12 mAb
IFN- v (ng/ml) versus with anti-IL-12 mAb.

low levels of IFN-y production in supernatants (Figure
3). However, DCs pulsed with necrotic B16 tumor
cells induced markedly more IFN-y secretion by NK
cells than non-treated DCs. IFN-y production was not
observed in the culture supernatant of tumor cell-
pulsed DCs, suggesting that DCs pulsed with necrotic
tumor cells do not produce IFN-y. In addition, IFN-y
secretion was blocked by a transwell culture of two
groups of cells or by adding neutralizing anti-IL-12
antibody to the co-cultures. These results show that
NK cells can be stimulated to produce IFN-y by
tumor-pulsed DCs by cell-to-cell contact and by a
soluble factor, such as IL-12.

Depletion of NK cells abrogates the anti-metastatic
effect of tumor-pulsed DCs

To examine whether the elimination of NK cells in
vivo affects the ability of tumor-pulsed DCs to induce
protective immune responses, NK cells were depleted
by administering anti-NK1.1 monoclonal antibody into
mice prior to injecting DCs or tumor-pulsed DCs.
Significant reductions in the NK cell populations in
spleen and peripheral blood cells were confirmed 1
day after antibody injection by FACS analysis (Figure
4A). When cytolysis assay against YAC-1 was con-
ducted 4 days following final antibody treatment, NK
cell activity was not detected in NK cell-depleted
mice, even in mice vaccinated with tumor-pulsed DCs,
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Figure 4. Pretreatment with anti-NK1.1 abrogates the anti-metastatic effect of immunization with necrotic tumor cell-loaded DCs. (A) The
percentages of NK cells in splenocytes and peripheral blood cells were determined 24 h after intraperitoneally injecting anti-NK1.1 antibody (500
ug) by staining with the NK-specific antibody DX-5. (B) C57BL/6J mice were immunized with PBS, DC, or DC/B16. To deplete the NK cell
population, 500 pg of anti-NK1.1 was injected intraperitoneally on days -3, -1, +1 and +3 post-immunization. After 5 days, splenocytes were
prepared, cultured for 12 h in the presence of IL-2 (10 ng/ml), and used as effector cells against *'Cr-labeled NK-sensitive YAC-1 cells. (C)
Naive C57BL/6J mice were immunized subcutaneously with PBS, DC, or DC/B16. After 5 days, 3x10° viable B16 cells were injected into lateral
tail veins. To deplete the NK cell population, 500 pg of anti-NK1.1 (PK136) was injected intraperitoneally 3 times every two days. 17 days
after tumor injection, mice were autopsied, and lungs and livers were removed. The extents of tumor metastases were assessed macroscopically.

whereas NK cell activity was enhanced in control
mice vaccinated with tumor-pulsed DCs (Figure 4B).
Tumor-pulsed DCs were subcutaneously inoculated
into flanks and on the fifth day, viable B16 cells were
inoculated into the lateral tail vein. Anti-NK1.1 anti-
body for NK depletion was injected ip. on days -3,
-1, +1 and +3. As shown in Figure 4C, at 17 days
post-inoculation, the antitumor effect of DC vacci-
nation was absent in mice depleted of NK cells. In
addition, liver metastasis absent in control mice was
observed in all three immunized groups pretreated
with antibody. The results of these experiments sug-
gest that NK cells are required for the antitumor effect
induced by immunization with tumor-pulsed DCs.

Survival of mice inoculated with tumor-pulsed DCs
and the role of IFN-y in the antimetastatic effect
of this vaccination

The effect of NK depletion on DC-mediated antitumor
immune response were tested on the survival of B16
melanoma-bearing mice. Mice given intraperitoneal
injections of anti-NK1.1 antibody prior to vaccination
survived for 28 days on average, whereas 82% of the
mice vaccinated with tumor-pulsed DCs lived over 40
days (Figure 5A). When mice that had survived more
than 2 or 3 months were rechallenged with a sub-
cutaneous injection of live tumor cells, only small
tumors in a regressed state were found indicating that
the vaccination had induced a long-lasting systemic
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memory response mediated by T cells (data not
shown). The vaccination of DC alone or treatment
with poly I:C partially increased the survival period
and survival rate of tumor inoculated mice. In
contrast, irrespective of vaccination, the survival
period of tumor-bearing mice after the elimination of
NK cells was much shorter than that of control mice
indicating that NK cells play an important role in the

role of IFN-y in the antimetastatic
effect of DC vaccination. (A) Naive
C57BL/6J mice were immunized
subcutaneously with PBS, DC, or
DC/B16. After 5 days, 3x10° vi-
able B16 cells were injected into
lateral tail veins. To deplete the NK
cell population, 500 pg of anti-
NK1.1 (PK136) was injected intra-
peritoneally 3 times every two
days. During the observation per-
Mig iod, mice that died as a direct
result of lung metastases were
recorded. (B) Immunization and NK
depletion were performed as des-
cribed above. Total splenic RNA
was extracted 5 days after im-
munization, and prepared cDNAs
were amplified with specific primers
for IFN-y, IP-10, and Mig, respec-
tively. To compare mean intensi-
ties, relative values were calculated
as described in Figure 2.
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induction of antitumor immune responses elicited by
DC vaccination.

To explore the DCs elicited effects on NK cells,
the IFN-y and IFN-y-inducible chemokine mRNA level
in splenocytes were measured by RT-PCR analysis.
An increase of IFN-y mRNA was observed post-5
days tumor-pulsed DC vaccinated mice but not in the
mice pretreated with anti-NK1.1 antibody (Figure 5B).
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Similar observations were made with respect to the
expression levels of IFN-yinducible protein-10 (IP-
10) and monokine induced by IFN-y (Mig) mRNA.
These data support important roles for IFN-y in
antitumor mechanisms and suggest that NK cell de-
pletion interferes with IFN-y production, which might
otherwise be induced by vaccination with tumor-
pulsed DCs.

Induction of tumor-specific CTL by DC vaccination
is implicated in long-term protection against tumor
metastasis

To assess whether vaccination with tumor-pulsed DCs
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can induce CTL responses against melanoma cells,
splenocytes or lymph node cells were isolated from
mice in all groups 7 days after vaccination. These
cells were then stimulated in vitro for 36 or 72 h with
irradiated tumor cell-loaded DCs. As shown in Figure
6A, significant CTL activity was observed in mice that
received tumor-pulsed DCs, whereas no specific CTL
activity was detected in the anti-NK1.1 antibody-
treated group. DC alone induced modest but repro-
ducible CTL activity. Similar results were obtained
when lymph node cells from treated mice were
stimulated (Figure 6C). Importantly, these activities
were markedly reduced by depleting CD8 " cells us-
ing anti-CD8 mAb and complement, indicating that the
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Figure 6. Induction of tumor-specific CTL after immunizing with necrotic tumor cell-loaded DCs. (A) C57BL/6 mice were immunized with PBS,
DC, or DC/B16. To deplete the NK cell population, 500 ug of anti-NK1.1 was injected intraperitoneally on days -3, -1, +1 and +3 post immunization.
One week after immunization, splenocytes were harvested, cultured for 36 or 72 h wnh irradiated necrotic tumor cell-loaded DCs, and used
as effector cells against B16 melanoma cells. Target cells labeled with 100 uCi of Na®'CrO, were incubated with graded numbers of effector
cells in round-bottomed 96 well plates. After 4 h, the supernatants were harvested and counted in a gamma counter. The data shown are
representative of a minimum of three experiments. (B) To examine Ag-specific cytotoxicity, in vitro stimulated splenocytes from each group were
treated with anti-CD8 mAb (3.168) and rabbit complement, and then used as effector cells. Depletion of CD8" T cells by antibody was confirmed
by FACS analysis (data not shown). (C) Lymph node cells were prepared from immunized mice, in vitro stimulated with irradiated necrotic tumor
cell-loaded DCs for 72 h, and then used as effector cells. Mice pretreated with anti-NK1.1 did not have any cytolytic activity, as shown in

Figure 5A (data not shown).



cytotoxic activities were mainly mediated by CD8 " T
cells (Figure 6B and C). To identify the role of the
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functional NK cells responsible for antitumor activity,
we vaccinated DCs into C57BL/6J-bg/bg mice, in
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Figure 7. NK cell depletion by treating with monoclonal antibody in vivo abrogates DC vaccination effects. (A) C57BL/6, anti-NK1.1-pretreated
C57BL/6, and C57BL/6J-Lyst"g'J/+ mice were subcutaneously immunized with PBS, or DC/B16. After 5 days, spleens were removed, incubated
for 12 h in the presence of IL-2, and then used as effector cells against YAC-1 cells. (B) C57BL/6 and beige mice were subcutaneously immunized
with DCs or DC/B16. After 7 days, spleens were removed, incubated with irradiated DC/B16 for 3 days, and then used as effector cells against
B16F10 cells. Control mice injected with PBS buffer only showed no cytolytic activity in all mice. 5(C) C57BL/6, anti-NK1.1-pretreated C57BL/6,
and beige mice were subcutaneously immunized with PBS, DC, or DC/B16. After 5 days, 3x10° viable B16 cells were injected into lateral
tail veins. On day 29 after immunization, each group of mice were autopsied, lungs were removed, and the extents of tumor metastases were
assessed macroscopically. In addition, spleens were harvested, incubated in vitro for 3 days, and then used as effector cells against B16. To
test the CD8" cell involvement in CTL activity, a part of effector cells were depleted of CD8" T cell. E/T ratio = 100.
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which the cytolytic functions of NK cells are defective.
As expected, no NK cytolytic activity was observed,
even after tumor-pulsed DC vaccination, which was
similar to the findings obtained in NK cell-depleted
mice (Figure 7A). In addition, tumor-specific CTL
activity induced by vaccination in the control mice was
not induced in C57BL/6J-bg/bg mice (Figure 7B). The
enhanced CTL activities of splenocytes from the
vaccinated mice were again strongly blocked by a
depletion of CD8" T cells in the effector cells (Figure
7C). In parallel with these results, pulmonary meta-
stasis of melanoma cells in C57BL/6J-bg/bg mice was
not prevented by tumor-pulsed DC vaccination. These
data suggest important roles for NK cells and CD8"
T cells in the antitumor immune responses induced
by DC vaccination, and that splenocytes from long-
term surviving mice can exhibit a strong tumor-
specific CTL activity.

The cytolytic function of NK cells is required for
the antitumor effects of DCs

To assess whether NK cells derived from bg/bg mice
elicit any change in the cytolytic function, DCs were
cocultured with NK cells in vitro, which generally
results in the activation of NK cells. After co-culture

% specific lysis

w

IFN-y conc. (ng/ml)
S
o
|

0
DC + - -
DC/B16 -
C57BL/6 NK -
Beige NK - - -
IL-2 (10 ng/ml) -

1 v+
1 +
+ ¢+
e+ o+
T TR SR N
T+ '
+ + 1

with the tumor- pulsed DCs, IFN-y was increased
significantly greater than in co-culture with the control
DCs. Interestingly, no significant difference was ob-
served in IFN-y production by NK cells from different
sources (Figure 8B). Although IL-2-stimulated NK cells
showed the strongest cytolytic activity, the Killing
activity of NK cells after co-culture with the tumor-
pulsed DCs was increased more than by co-culture
with the control DCs, which is consistent with IFN-y
production (Figure 8A). On the other hand, the
cytolytic activity of NK cells derived from bg/bg mice
was still low irrespective of the presence of IL-2 or
co-culture with DCs. These observations indicate that
cytolytic activity of NK cells induced by DC vaccina-
tion is primarily required for antitumor immune re-
sponses and tumor prevention, despite the antitumor
role played by IFN-y.

Tumor metastasis can be inhibited by therapeutic
vaccination with tumor-pulsed DCs

Therapeutic potential of the tumor-pulsed DCs vac-
cination on the pulmonary metastasis of melanoma
cells was tested in mice model. Pulmonary metastasis
was formed by an intravenous injection of viable
tumor cells, and vaccination was performed by a

Figure 8. Co-culture of DCs and NK cells enhances
IFN-y production by NK cells and the cytolytic activity
of NK cells. (A) Splenic NK cells from C57BL/6J and
C57BL/6J-bg/bg were negatively selected with Ab
cocktail (anti-CD4, CD8, B220, MHC class II, and F4/80)
and rabbit complement. DCs or DCs pulsed with
necrotic tumor cells (1x10°) for 24 h were thoroughlsy
washed and co-cultured with splenic NK cells (4.5%x10°)
in 96-well plates for 24 h. Thereafter, the cultured NK
- cells were incubated at different ratios with 1x10* of

+ *'Cr-labeled YAC-1 cells for 4 h before measuring their

cytolytic activities by °'Cr-release assay. (B) The
concentrations of IFN-y in the culture supernatants were
measured using an ELISA kit. *P < 0.01: DC versus
DC/B16.
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Figure 9. Therapeutic vaccination of tumor-pulsed DCs significantly inhibits pulmonary metastasis by B16 melanoma tumor cells. (A) Pulmonary
metastases were formed by intravenously injecting 3x10° viable B16 cells. Vaccinations with PBS, irradiated B16, DCs or tumor-pulsed DCs
(1x10°) were performed by subcutaneous injection into the right flank on the same day. After 24 days, lungs from 2 mice per group were
removed and the extents of lung metastases were assessed macroscopically. Importantly, DC therapy showed a partial, but significant inhibitory
effect on pulmonary metastases. (B) Pulmonary metastases were formed by intravenously injecting 3x10° viable B16 cells. After 2 days,
therapeutic vaccinations were performed by subcutaneous injection. Lungs from 2 mice per group were removed on day 17 and the extents

of lung metastases were assessed macroscopically.

subcutaneous injection on the same day. When mel-
anoma cell metastasis was assessed macroscopically
after 24 days, the number of metastatic colonies was
lower in mice that had received DCs and markedly
more reduced in mice that had received tumor-pulsed
DCs (Figure 9A). In another experiment, the thera-
peutic vaccination was delayed 2 days after tumor
challenge, and lung metastasis was observed after 24
days. As shown in Figure 9B, vaccination with tumor-
pulsed DCs was still effective, although some meta-
static colonies were observed, whereas the inhibitory

effect of DC vaccination alone was poor. These ob-
servations suggest that immunization with DC vaccine
acts to induce antitumor immune responses and to
prevent tumor metastasis.

Discussion

Crosstalk between DCs and NK cells is now regarded
as a key component in the initiation of innate and
adaptive immune responses. In addition, DC-mediated
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NK cell activation is particularly efficient, since DCs
promote both effector functions and the survival or
proliferation of NK cells. In the present study, we
found that DCs can induce mouse NK cell activation,
and that NK cells are necessary for efficient tumor
protection by tumor lysate-pulsed DCs, because NK
cell depletion in vivo using anti-NK1.1 antibody before
tumor challenge abrogated this protection against
tumor challenge. Moreover, the inoculation of beige
mice, having defective NK cell function, with pulsed
DCs failed to induce tumor protection.

The contribution made by NK cells to the regulation
of CTL activity has been documented in a number
of experimental models, e.g., the induction of virus-
specific CTL (Kos and Engleman, 1996), and the pri-
ming of tumor-specific CTL (Kurosawa et al., 1995;
Terao, et al., 1996). In the case of a B16 tumor
model, it was shown that the depletion of NK cells
before B16 immunization abrogated tumor-specific
CTL activity (Kurosawa et al., 1995). However, details
regarding how NK cells mediate or regulate CTL
activity are not entirely clear. Moreover, there are
difficulties in analyzing the NK dependence of CTL
activation, because the NK specificities of antibodies
used to deplete NK cells in vivo are not completely
defined, and indeed, T cells express T cell markers
as well as NK cell markers. More importantly, several
studies have demonstrated that antigen-specific T
cells can express any of the specific NK cell markers
(DX-5, NK1.1, ASGM-1, Ly49) at selective steps
during CTL differentiation or activation (Ting et al.,
1986; Assarsson et al., 2000; Kambayashi et al.,
2001). In contrast, earlier studies demonstrated that
the cytotoxic treatment of splenocytes with anti-
ASGM-1 specifically removes NK cells, and that this
treatment is ineffective at removing alloreactive cyto-
toxic and helper T cells (Stitz et al., 1986; Parker et
al., 1988). Recent reports have also shown that anti-
ASGM-1 depletion has no direct effect on tumor-
specific CTL and does not influence the total number
of splenic CD8" cells (Geldhof et al., 2002; Kelly et
al., 2002). Overall, these data provide evidence that
the effect of antibody treatment on CTL activity is
dependent on the mouse strain and/or the antigen
stimulus. Thus, considering that DCs have the unique
ability to activate naive CD4" and CD8" T cells and
to sustain primary immune responses, the effect of
antibody treatment for NK depletion on T cell acti-
vation would be expected to be negligible.

In the present study, the essential role of NK cells
in the induction of efficient antitumor immune re-
sponse was initially evidenced by the disappearance
of tumor protection after NK cell depletion before
tumor challenge. In particular, vaccination with tumor-
pulsed DCs enhanced NK activity, and this effect
correlated well with the ability of pulsed DCs to

produce IL-12 and to stimulate NK cells to produce
IFN-y in vitro. Similar findings, which show that IL-12
has an effect on NK cell activation, were recently
reported in a highly immunogenic rat histiocytic tumor
(Alli and Khar, 2004). Indeed, vaccination with inacti-
vated B16 melanoma cells showed that IL-12 is an
important cytokine in mediating the development of
tumor immunity (Wu and Fleischmann, 2001). It has
also been shown that DCs expressing IL-12 confer
NK-mediated tumor protection, and that NK activation
depends on both DC-NK cellular interaction and IL-12
secretion (Miller et al., 2003). Although IL-12 shows
strong antitumor activity, this activity is considered to
be mediated by IFN-y, which has already been shown
to prevent B16 melanoma experimental metastasis by
directly inhibiting cell growth (Kakuta et al., 2002).
Recently, it was shown that IL-12-induced IFN-y
induces IFN-y-inducible protein-10 (IP-10) and mono-
kine induced by IFN-y (Mig), and these chemokines
have strong antiangiogenic activities, causing sup-
pression of tumor growth (Sgadari et al., 1996; Nagai
et al., 2002). These results suggest that NK cells and
IFN-y act independently to suppress experimental
metastasis.

The present study demonstrates that the expres-
sion of IFN-y by IL-12 secreted from pulsed DCs
induces enhanced IP-10 and Mig expression. Unpul-
sed DCs, which induced NK activation and tumor
protection in part, were unable to induce significant
IFN-y, IP-10 and Mig upregulation. Similarly, although
a few mice immunized with DC alone or poly I:C had
prolonged survival for more than 40 days, they were
not healthy enough to be rechallenged with live tumor
cells. In contrast, when surviving mice were rechal-
lenged even after 2 or 3 months with a subcutaneous
injection of live tumor cells, we observed only small
tumors which then regressed, indicating that the
vaccination with lysate-pulsed DCs induced a long-
lasting immunologic memory mediated by T cells.
Recently, it has been shown that fresh DC vaccina-
tion without antigen pulsing can induce NK activation
and tumor protection, which was found to be NK cell
mediated (van den Broeke et al., 2003). Interestingly,
this activation of NK cells was CD4" T cell-dependent
and strongly relied on the expression of costimulatory
molecules on DCs, but did not require the expression
of IL-12 or IL-15 by DCs. It was concluded that,
though endogenous release of IL-12 derived from the
inoculated DCs themselves is not required for NK cell
activation, CD4" T cells are capable of bridge-forming
between DCs and NK cells. Actually, it seems pos-
sible that CD4" T cells may have played a similar role
in our experiments, although we did not test the effect
of CD4" T cell depletion. As we have seen the
neutralizing effect of anti-IL-12 antibody in vitro on the
production of IFN-y by NK cells, the antitumor effect



of tumor-pulsed DCs is expected to have been
mediated through enhanced IL-12 production by
pulsed DCs. However, if this was the case, the
substantial effect observed after vaccinating with DCs
alone, which produced only marginal levels of IL-12,
cannot be explained. Thus, although the production
of IL-12 has a synergistic effect on the antitumor
effect induced by DC vaccination, we conjecture that
IL-12 production alone may not be sufficient for
effective vaccine, and that cell contact between DCs
and NK cells is more important for NK cell activation.
The importance of cell contact for NK cell activation
was evidenced by the transwell plate experiment,
which allowed the two cell populations to be sepa-
rated. Finally, in addition to the production of IFN-y
by NK cells due to contact-dependent pulsed DCs
stimulation, the cytolytic activities of NK cells appear
to be necessary for effective tumor protection, be-
cause NK cells from beige mice could be induced to
produce IFN-y by in vitro co-culture with DCs,
whereas mice, like NK-depleted normal mice, were
not protected against tumor metastasis by vaccination
with pulsed DCs. Indeed, we observed that the tumor
protective effect was partially recovered in beige mice
after they were replenished with NK cells of normal
mice activated with pulsed DCs before vaccination
(data not shown). Exactly how DC-mediated NK cyto-
lytic activity or IFN-y production enhancement contri-
butes to the induction of antigen-specific CTL in in-
dividual tumor models remains to be determined.

With respect to the therapeutic benefit of DC
inoculation, we found that tumor-pulsed DCs offer
significant partial protection by. However, it should be
noted that although this treatment did not eradicate
whole tumors, the observed therapeutic benefit is of
importance since we treated mice bearing i.v. injected
tumors by injecting pulsed DCs subcutanously. In
contrast to the systemic application of DCs, the
therapeutic potential of intratumoral injected DCs, via
the induction of Ag-specific CD8" T cells, is generally
accepted and is relatively well documented (Kikuchi
et al,, 2000; Candido et al., 2001). Our findings may
therefore be valuable for the prevention of metastasis
after primary tumor resection, as was demonstrated
by the prevention of pulmonary metastasis in our
melanoma tumor model.

Taken together, our data show that DCs are
uniquely enable to activate NK cells and that they are
involved in the development and maintenance of
antitumor CTL. We demonstrate the importance of the
relationship between IL-12 secreting DCs and NK
cells in four different ways: 1) by coculture of DCs
and purified NK cells in vitro; 2) by analysis of NK
cell activation in treated mice; 3) by depleting NK
cells in tumor survival experiments; and finally 4) by
immunizing pulsed DCs in beige mice. Furthermore,

Tumor metastasis inhibition by DC vaccination 441

the finding that therapeutic benefit was observed in
a metastasis model by the administration of antigen-
pulsed DCs, suggests the immunological relevance of
the clinical application of DC vaccines. Thus, the
present study may have important implications for the
design of DC vaccines for cancer immunotherapy.
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