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Abstract

In this study, we have investigated if current cancer
therapeutic modalities including hyperthermia and
ionizing radiation can increase the expression of
NKG2D ligands in human cancer cell lines. The
expressions of NKG2D ligands were induced by both
heat shock and ionizing radiation in various cell lines
including KM12, NCI-H23, HeLa and A375 cells with
peaks at 2 h and 9 h after treatment, respectively,
although inducibility of each NKG2D ligand was
various depending on cell lines. During the induction
of NKG2D ligands, heat shock protein 70 was induced
by heat shock but not by ionizing radiation. These
results were followed by increased susceptibilities
to NK cell-mediated cytolysis after treatment with
heat shock and ionizing radiation. These results
suggest that heat shock and ionizing radiation

induce NKG2D ligands and consequently might lead
to increased NK cell-mediated cytotoxicity in various
cancer cells.
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Introduction

Based on the discovery and identification of tumor-
associated antigens, it is now possible to target
tumors specifically by cytotoxic T lymphocytes (CTLs)
(Rosenberg, 1999). However, major histocompatibili-
ty complex (MHC) class | molecule expression is
known to be reduced in many malignant tumors
permitting escape from immune surveillance by
MHC-restricted CTLs (Amiot et al, 1998). Mean-
while, tumors lacking MHC class | expression be-
come more susceptible to NK cells (Pawelec, 2004).
Although NK cells can mediate in part an antitumor
immunity induced by dendritic cell vaccination (Kim
et al., 2004a), they can recognize target cells such
as tumor cells and virally infected cells without need
for immunization or pre-activation compared with T
cells, which first require activation by antigen-pre-
senting cells (Smyth et al., 2002; Albertsson et al.,
2003; Colucci et al., 2003).

NK cell-mediated killing of tumor cells is result of
integration of signals from several activating and
inhibitory receptors that are regulated by the density
and selection of class | and class-| like ligands
expressed by the target cell (Farag et al., 2003). The
best characterized activating ligands are the NKG2D
ligands, in which MHC class I-related chain A and B
(MICA/B) have been known to be induced by cellular
distresses such as heat shock, oxidative stress and
viral infection, and UL-16 binding proteins (ULBPs) by
viral infection (Vivier et al., 2002; Farag and Caligiuri,
2006). Feature of the different NKG2D ligands is their
stress-inducible expression and their specific pre-
sence on different tumor cell lines (Watzl, 2003).

The ability of NKG2D ligands to specifically “mark”
stressed or transformed cells suggests that the
susceptibility of tumor cells to NK cells may be
controlled by the regulated expression of activating
ligands. Since expression of NKG2D ligands can
render target cells sensitive to NK cell attack, tumor
cells that express normal level of MHC class | and
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high level of NKG2D ligands at the cell surface may
still be killed by autologous NK cells (Raulet, 2003).
Therefore, modulation of NKG2D ligands expression
may be an attractive strategy for controlling tumor
development and progression.

Local radiation therapy could increase the expres-
sion of immunologically important cellular proteins
on tumor cells (Santin et al., 1998), and consequent-
ly alter immunogenicity of the tumor cells. Recently,
it has been shown that radiation of malignant tumor
cells enhanced Kkiller cell-mediated cytotoxicity in
autologous models (Ishikawa et al., 2004). In addi-
tion, hyperthermia is one of the promising approa-
ches in cancer therapy. Among NKG2D ligands,
MICA/B have been known to be induced by heat
shock (Groh et al., 1996).

Here, we investigated whether heat shock and
ionizing radiation can increase the expression of
NKG2D ligands in human cancer cell lines and
consequently enhance their susceptibility to NK
cell-mediated cytotoxicity.

Materials and Methods

Cell lines

The A375 human melanoma cells (kindly provided
by Dr. I. J. Fidler, M.D. Anderson Cancer Center,
Houston), which were originally established from a
lymph node metastasis of melanoma, and KM12
cells, which were isolated from a primary colon

Table 1. List of primers used in multiplex RT-PCR.

carcinoma classified as Dukes’ stage B2, were
maintained at 37°C in a 5% CO; incubator in DMEM
supplemented with 10% fetal bovine serum (Gibico-
BRL Life Technologies Inc., Gaithersburg, MD), strep-
tomycin (100 pg/ml), and penicillin (100 U/ml). The
human non-small cell lung cancer cell line NCI-H23
and human cervical carcinoma cell line HelLa were
obtained from the American Type Culture Collection
(ATCC, Rockville, MD) and maintained in RPMI
1640 supplemented with 10% fetal bovine serum
and antibiotics at 37°C in a 5% CO; incubator.

Multiplex reverse transcription-PCR analysis

The presence of NKG2D ligands was examined by
multiplex RT-PCR analysis (Park et al.). Total RNA
was extracted using RNeasy mini kit (Qiagen,
Valencia, CA). One microgram of extracted total
RNA was used to synthesize cDNA. 100 pmol of
random primers (Takara Shuzo, Shiga, Japan) and
2.5 mM of each deoxynucleotide triphosphate were
added and incubated at 65°C for 5 min, and quickly
chilled on ice. This mixture was combined with 250
mM Tris-HCI, 375 mM KCI, 50 mM DTT, 15 mM
MgCl, and 100 U of M-MLV reverse transcriptase
(Promega Co.) and incubated at 37°C for 50 min.
The resulting cDNA was used for PCR reaction with
QIAGEN multiplex PCR kit (Qiagen GmbH, Ger-
many) using PCR primers listed in Table 1. The
conditions for multiplex PCR were 15 min at 95°C,
29 cycles of 30 sec at 94°C, 90 sec at 65°C, and 90

Name Polarity Sequence (5' — 3') Position of primer Slzef of
amplicon
GAPDH Sense CCTCCCGCTTCGCTCTCTGC 17-36 640 b
Anti-sense GGGTGGCAGTGATGGCATGG 637-656 P
RPL19 Sense ATGCTCAGGCTTCAGAAGAGGCTCG 16-40 550 b
Anti-sense TGATGATCTCCTCCTTCTTGGCCTG 541-565 P
MICA Sense TTGAGCCGCTGAGAGGGTGGC 7-27 460 b
Anti-sense GGGAGAGGAAGAGCTCCCCATC 445-466 P
MICB Sense GCCCCCTGACCCCTTGTTCC 1648-1667 358 b
Anti-sense GGGCTGGTCAACTTGGCGAAA 1985-2005 P
ULBP1 Sense TGGCTGGTCCCGGGCAGGAT 60-79 266 b
Anti-sense GAATGTCAAGCAGTTGCCCTTTAAGGAAA 297-325 P
ULBP2 Sense TCAAACTCGCCCTTCTGTCTGGC 879-901 194
Anti-sense GCAGGAATTCCATCAGGTAGCACCA 1048-1072 P
ULBP3 Sense AGGTCTTATCTATGGGTCACCTAGAAG 212-238 132
Anti-sense TGAAATCCTCCAGCTCAGTGTCAGC 319-343 P
ACTB Sense TCCATCCTGGCCTCGCTGTC 1103-1122 9%Bb
Anti-sense GCATTTGCGGTGGACGATGG 1176-1195 P
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sec at 72°C with a final elongation step of 5 min at
72°C. The PCR products were analyzed by ethidium
bromide-stained 2.0% agarose gel electrophoresis.

Heat shock treatment

Heat shock treatment was carried out as described
previously (Groh et al., 1998). Briefly, tumor cell lines
grown in 10-cm culture dishes were immersed in a
42°C water bath for 60 min, followed by incubation at
37°C for various lengths of time, and then subjected
to PCR analysis.

Treatment with gamma-radiation

Tumor cell lines were irradiated with 20 Gy in culture
dishes using '¥Cs source blood irradiator (Gamma-
cell 3000 Elan, MDS Nordion, Ottawa, Canada) at a
dose rate 5 Gy/min, followed by incubation at 37°C
for various lengths of time, and then subjected to
PCR analysis.

Flow cytometric analysis

To determine the surface expression of the NKG2D
ligands on the tumor cell lines, the following mono-
clonal antibodies (mAbs) were used: the anti-human
MICA and B mAbs were from Immatics biotech-
nologies GmbH (Tubingen, Germany), and anti-
ULBP1,2,3 mAbs were from R&D Systems (Wies-
baden, Germany). Cells were incubated with each
anti-NKG2D ligand mAb or isotype control at 10
pg/ml and then, after washing, with goat anti-mouse
Ig FITC conjugate (1:100) (Becton Dickinson Immu-
nocytometry Systems, CA) as secondary reagent. To
determine the surface expression of HLA Class |,
cells (1 X 106) were incubated at 4°C for 30 min
with FITC-conjugated anti-HLA Class | mAb (W6/32)
(Sigma, St. Louis, MO). Samples were analyzed on
a FACSCalibur (BD Becton Dickinson Biosciences,
Heidelberg) with CellQuest software (BD Phar-
Mingen Becton Dickinson, Mountain View, CA).

Preparation of NK cells

NK cells were isolated from PBMC of healthy donors
with NK Cell Isolation Kit Il (MACS system, Miltenyi
Biotech, Bergisch Gladbach, Germany). Briefly, hu-
man mononuclear cells were isolated from healthy
volunteers by Ficoll-Hypaque density centrifugation
(Sigma, St. Louis, MO) and were incubated in
RPMI1640 supplemented with 10% heat-inactivated
FBS, 2 mM L-glutamine, 50 uM 2-mercaptoethanol,
100 U/ml penicillin and 100 ug/ml streptomycin for 2
h at 37°C to remove adherent cells. 10_ul of Biotin
Antibody Cocktail was added to 1 X 107 cells in 40
ul of MACS buffer, and the mixture was incubated at

4°C for 10 min. 30 ul of MACS buffer and 20 ul of
Anti-Biotin MicroBeads were added and the mixture
was incubated at 4°C for 15 min. After washing with
MACS buffer, NK cells were negatively selected
using a LS Column with a VarioMACS Separator
system. The isolated cells henceforth referred to as
NK cells were more than 90% CD56 positive. The
freshly separated NK cells were cultured at a con-
centration of 1 X 10° cells/ml in culture medium
containing 200 IU/ml recombinant human interleu-
kin-2 (Chiron Corporation, Emeryville, Calif.) for 5
days.

'Cr-release assay

Cytotoxicity was determined with a standard ey
release assay. One million target cells were labeled
at 37°C for 1 h with 100 uCi Naz °'CrO,4 (Amersham
Pharmacia, Piscataway, NJ). Cells were washed
and resuspended at cell density of 1 X 10° cells/ml
with  RPMI1640 complete medium. Effector and
target (5 X 10°) cells were placed into individual
wells of 96-well U-bottom plates (NUNC™, Nalge
Nunc International, Denmark) in a total volume of
200 ul. Cytotoxicity assays were performed at 37°C
for 4 h. After incubation, aliquots were analyzed with
a gamma counter (LKB-Wallac CliniGamma 1272,
Wallac, Finland). The maximum or spontaneous
release was defined as counts from samples incu-
bated with 2% Triton-X or medium alone, respec-
tively. “Specific cytotoxicity” was calculated as the
measure of NK function against each target. Per-
centage specific lysis was calculated using the
following formula: (experimental release-spontaneous
release)/(maximum release-spontaneous release) X
100%.

Statistics

For comparison of groups, unpaired Student’s ¢ test
was performed. P < 0.05 was considered significant
in all experiments.

Results

Induction of NKG2D ligands by heat shock in various
human cancer cell lines

To investigate the effect of heat shock on the ex-
pression of NKG2D ligands, total RNA was isolated
from various tumor cell lines treated with heat shock
and subjected to multiplex RT-PCR (Figure 1). In
KM12, NCI-H23 and Hela cells, treatment with heat
shock resulted in increase of the levels of all NKG2D
ligands. The levels of NKG2D ligands were increas-
ed in a time-dependent manner, and reached the
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maximum levels at approximately 2-4 h after heat
shock. Among NKG2D ligands, MICB and ULBP2
appeared to respond most sensitively to heat shock.
Meanwhile, in A375 cells, which barely expressed
ULBP1, only MICB seemed to be induced by heat
shock. The results demonstrated that heat shock
treatment induced not only MICA/B but also ULBPs
in tumor cells, although inducibilities of NKG2D
ligands by heat shock were somewhat different
among various tumor cells.

Induction of NKG2D ligands by ionizing radiation
in various human cancer cell lines

In addition to heat shock, it was studied if ionizing
radiation, which is commonly used to treat cancer,
can induce NKG2D ligands in cancer cell lines
(Figure 2). In KM12 and Hela cells, treatment with
ionizing radiation resulted in increase of the levels of
MICB, ULBP1 and 2. The levels of these NKG2D
ligands were increased in a time-dependent manner,
and peaked at approximately 9 h after ionizing
radiation. In NCI-H23 and A375P cells, ULBP1, and
MICB and ULBP2 were increased slightly by ionizing

Figure 1. Induction of NKG2D ligands in
human cancer cell lines by heat shock
treatment. Each human cancer cell line
was treated with heat shock (1 h ex-
posure to 42°C), and allowed to recover
at 37°C for the indicated time. Total RNA
was isolated and then subjected to multi-
plex RT-PCR analysis for expression of
NKG2D ligands including MICA, MICB,
ULBP1, ULBP2 and ULBP3. (A) KM12:
human colon carcinoma cells, (B) NCI-
H23: human non-small cell lung carcino-
ma cells, (C) HeLa: human cervical car-
cinoma cells and (D) A375: human mel-
anoma cells.

radiation, respectively. These results showed that
ionizing radiation also can upregulate the expression
of NKG2D ligands.

Surface expression of NKG2D ligands after heat
shock and ionizing radiation

We examined with flow cytometric analysis if the
increased transcription of NKG2D ligands genes is
followed by increased surface expression of NKG2D
ligands. Since NCI-H23 and Hela cells appeared to
respond most sensitively to heat shock and ionizing
radiation, respectively, the surface expression of
NKG2D ligands was monitored in NCI-H23 cells
after treatment with heat shock (Figure 3A) and in
Hela cells after treatment with ionizing radiation
(Figure 3B). The surface expression of NKG2D
ligands were increased by heat shock time-de-
pendently with peak after 4 h, and also increased by
ionizing radiation time-dependently up to 24 h.
Although the surface expression of NKG2D ligands
was not exactly in proportion to their mRNA levels,
the increased level of mRNA of NKG2D ligands
induced by heat shock and ionizing radiation was
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Figure 2. Induction of NKG2D ligands in
human cancer cell lines by ionizing
radiation. Each human cancer cell line
was treated with ionizing radiation
ﬁf‘g AI? H (exposure to 20 Gy) and allowed to re-
MICB cover at 37°C for the indicated time.
ULBP1 Total RNA was isolated and then sub-
ULBP2  jected to multiplex RT-PCR analysis for
ULBP3 expression of NKG2D ligands. (A)
KM12, (B) NCI-H23, (C) HelLa and (D)
A375 cells.
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Figure 3. Surface expression of NKG2D ligands after heat shock treatment and ionizing radiation. NCI-H23 (A) and HelLa (B) cells were treated with
heat shock and ionizing radiation as indicated in legend of Figure 1 and Figure 2, respectively. Flow cytometric analyses using anti-NKG2D ligands
mAb were shown at 4 and 24 h after treatment with heat shock and ionizing radiation, respectively. Gray histograms, thin lines and thick lines showed
isotype controls, untreated controls and treated cells, respectively.
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accompanied by the increased surface expression.

Effect of heat shock and ionizing radiation on
expression of HSP 70

Since it has been known that heat shock treatment
induces the expression of MICA/B, which are
regulated by promoter heat shock elements similar
to those of HSP70 genes (Groh et al., 1996), it was
investigated whether heat shock and ionizing ra-
diation can induce the expression of HSP70 in
human cancer cell lines during the induction of
NKG2D ligands. In this experiment, HSP70 was
induced by heat shock (Figure 4), but not by ionizing
radiation (Figure 5) in all tumor cells. The induction
kinetics of NKG2D ligands and HSP70 were con-
sistent with each other. These results suggest that
the expression of NKG2D ligands may be regulated
by complex stress signals as well as heat shock
factors.

Effect of heat shock and ionizing radiation on NK
cell-mediated cytotoxicity against tumor cells

It was examined if heat shock and ionizing radiation
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Figure 4. Expression of HSP70 in hu-
man cancer cell lines after heat shock
treatment. Each human cancer cell line
was treated with heat shock (1 h ex-
posure to 42°C), and allowed to recover
at 37°C for the indicated time. Total RNA
was isolated and then subjected to
RT-PCR analysis for expression of
HSP70 (398 bp). (A) KM12, (B) NCI-
H23, (C) HeLa and (D) A375 cells.

treatment can lead to increased sensitivity to NK
cell-mediated cytotoxicity in tumor cells (Figure 6).
After heat shock, the susceptibility to NK cells was
significantly increased in KM12 cells, but not in other
cells including NCI-H23, HelLa and A375 cells.
Meanwhile, after ionizing radiation, the susceptibility
to NK cells was significantly increased in all cell lines
except A375 cells. These results indicated that the
sensitivity of tumor cells to NK cell-mediated cytoto-
xicity can be increased by both heat shock and
ionizing radiation treatment, although it was depen-
dent on cell types.

Discussion

Since recent findings illustrated that NK cell activa-
tion via NKG2D receptor can occur despite the
normal expression of MHC class | molecules on the
target cells (Cerwenka et al., 2000; Diefenbach et
al.,, 2000; O'Connor et al., 2006), stress-induced
upregulation of NKG2D ligands in tumor cells may
trigger an additional signal towards activation and
induction of NK cell-mediated cytolysis (Biassoni et



480 Exp. Mol. Med. Vol. 38(5), 474-484, 2006

o o
& SRS S
SHIENF AN NN

2,000
1,000

FOECLE

500

FLII Th

100

O
>
w
&
o
v

2,000
1,000
500

—
—_—
—
O
-
pu—
e
-
—
—_—

CORR

100

al., 2003). Here, we have shown that heat shock
upregulated expression of ULBPs and ionizing ra-
diation increased the expression of NKG2D ligands
in various human cancer cell lines, and conse-
quently increased their susceptibility to NK cell-medi-
ated cytotoxicity.

In the present study, heat shock and ionizing
radiation appeared to increase MICA/B in various
tumor cells, although sensitivities to the stresses
were different among various cell lines. Previous
report has shown that heat shock treatment results
in increcased mMRNA and protein expression of
MICA/B, which is presumably due to the presence of
putative heat shock-elements in the 5'-flanking
region of the corresponding genes (Groh et al,
1996). It has been known that HSP70 can be
induced transcriptionally by various forms of stress
including lethal heat shock, anoxia, heavy metals,
UV radiation, gamma-rays and chemicals that cause
DNA damage (Matsumoto et al, 1995; Santoro,
2000). However, in our study, the induction of
MICA/B by ionizing radiation was not followed by
induction of HSP70, suggesting that the expression
of MIC genes may be regulated by other trans-

el e i GAPDH

el e ) HSP70

Figure 5. Expression of HSP70 in hu-
man cancer cell lines after ionizing
radiation. Each human cancer cell line
was freated with ionizing radiation
(exposure to 20 Gy) and allowed to re-
cover at 37°C for the indicated time.
Total RNA was isolated and then sub-
jected to RT-PCR analysis for ex-
pression of HSP70 (398 bp). (A) KM12,
(B) NCI-H23, (C) HeLa and (D) A375
cells.

cription factors as well as heat shock factors.
Recently, it has been shown that mouse and human
NKG2D ligands are upregulated by genotoxic stress,
and ligand upregulation is prevented by pharma-
cological or genetic inhibition of ATR (ATM- and
Rad3-related), ATM (ataxia telangiectasia, mutated)
or Chk1 (a downstream transducer kinase in the
pathway) (Gasser et al., 2005), and glycogen syn-
thase kinase-3 activity is essential for the MICA/B
expression induced by HDAC inhibitors (Skov et al.,
2005).

ULBPs have been known to be induced by viral
infection (Welte et al, 2003). We showed that
ULBPs were induced also by both heat shock and
ionizing radiation. Recently, it has been shown that
ULBP1 and 2 clearly induce stronger signaling re-
sponses than ULBP3 (Kubin et al., 2001; Sutherland
et al., 2002). Since both heat shock and ionizing
radiation upregulated mainly the expression of ULBP1
and 2 on tumor cells, those treatments may provide
benefits to NK cell-based immunotherapy. Since the
transcriptional regulation of ULBPs have not been
studied in detail currently, it is not known how ULBPs
were upregulated by heat shock and ionizing ra-
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Figure 6. NK cell-mediated cytotoxicity against heat shock- or ionizing radiation-treated target tumor cells. °'Cr-labeled target cells
(A, KM12; B, NCI-H23; C, HeLa; and D, A375 cells) were incubated with NK cells at the indicated effector/target ratios. Data from
three independent experiments were presented as the average cytotoxicity & SE after subtraction of the cytotoxicity induced by
heat shock or ionizing irradiation from the values of NK cell-mediated cytotoxicity against heat-shocked or irradiated target cells
(square, untreated target cells; circle, irradiated target cells; and triangle, heat-shocked target cells). * and ** (P < 0.05) indicated
the significant differences of the cytotoxicity against heat-shocked (triangle) and irradiated (circle) target cells compared with the

cytotoxicity against untreated control (square), respectively.

diation. Recently, it has been suggested that the
expression of ULBPs would be regulated at least by
DNA damage pathways (Groh et al., 1996; Gasser et
al., 2005).

A comparative sequence analysis of NKG2D
ligand gene putative promoter regions demonstrated
that there is significant sequence diversity, promo-
ters of some NKG2D ligand genes are polymorphic,
and several sequence alterations in these alleles
abolish putative transcription factor binding (Eagle et
al., 2006). Therefore, difference in availability of sig-
naling molecules and transcription factors in different
cell types may determine the differential expression
of NKG2D ligands in various cells and cell type-
specific response to heat shock and ionizing radi-
ation. However, further studies are needed to de-
termine the precise mechanisms by which heat
shock and ionizing radiation activate NKG2D ligands
including MICA/B and ULBPs.

In the present study, these results were followed
in some tumor cells by increase of NK cell-mediated
cytotoxicity after treatment of malignant tumor cells
with heat shock or ionizing radiation. Previously,
there were some reports showing that the suscep-
tibility of tumor cells to lysis by lymphokine-activated
killer cells (LAK) was significantly increased by
hyperthermia (Strauch et al., 1994; Fujieda et al.,
1995). The mechanisms of these effects have been
suggested to be related to an increased trafficking of
immune active cells to the tumor-bearing sites, an
increase in the sensitivity of tumor cells to lysis, a
local release of cytokines induced by hyperthermia,
or de novo protein synthesis in heat-treated tumor
cells. According to our study, the induction of
NKG2D ligands appeared to contribute additionally
to the enhanced susceptibility of heat-shocked tumor
cells to NK cells. NKG2D ligands may be included in
the proteins, which are needed to be synthesized de
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novo for susceptibility to LAK.

Radiation has been known to have immune
modulating activities through upregulating expre-
ssion of immunomodulatory surface molecules (MHC,
costimulatory molecules, adhesion molecules, death
receptors, heat shock proteins) and secretory mole-
cules (cytokines, inflammatory mediators) in tumor,
stromal, and vascular endothelial cells (Friedman,
2002). Recently, it has been shown that irradiation to
malignant tumor cells enhanced killer cell-mediated
cytotoxicity in autologous models (Ishikawa et al.,
2004). This effect might be in part due to the upre-
gulation of NKG2D ligands induced by ionizing
radiation.

It has been mentioned that NK cells inhibit activity
by themselves on recognition of HLA-class | on
target cells (Moretta et al., 1993; Gumperz and Par-
ham, 1995). Previously, some reports have shown
that heat shock and high doses of gamma irradiation
(i.e., 50 to 100 Gy) increased MHC class | antigen
on the surface of tumor cells 1-2 day after treatment
(Santin et al., 1996; Ito et al., 2001). In the present
study, the expression of HLA class | molecules was
not changed up to 12 h by both heat shock and
ionizing radiation in all cell lines used in this study
(data not shown). These results demonstrated that
the NK cell-mediated cytotoxicity stimulated by heat
shock and ionizing radiation was not affected by
modulation of HLA class | molecules during the
cytotoxicity assay time (data not shown). However, if
clinical application of combination of heat shock or
ionizing radiation with NK cell-based immunotherapy
will be considered, the induction of NKG2D ligands
and HLA class | molecules may need to be
monitored after heat shock or ionizing radiation in
cancer patients.

There are many evidences showing that hyper-
thermia and ionizing radiation induce specific anti-
tumor immunity (Friedman, 2002; Hildebrandt et al.,
2002; Chakraborty et al., 2004; Manijili et al., 2004).
Recently, intratumoral injection of dendritic cells, a
professional antigen presenting cells, into locally
heated or irradiated tumor have been shown to
enhance specific antitumor immunity (Kim et al.,
2004b; Chen et al., 2005; Tanaka et al., 2005). Accor-
ding to our experiment, NK cells may be injected into
locally heated or irradiated tumors to induce anti-
tumor immunity. However, since somewhat high
dose of ionizing radiation was required to induce
NKG2D ligands in various cell lines, radiosensi-
tization by combination with hyperthermia or other
methods may be required to improve the efficacy of
NKG2D ligands induction (Chin et al., 2005; Song et
al., 2005).

In conclusion, this study indicates that the heat
shock and ionizing radiation induced NKG2D ligands

in various cancer cells and might lead to increased
NK cell-mediated cytotoxicity. Based on these re-
sults, clinical trials using local radiotherapy or hyper-
thermia combined with NK cell-based immuno-
therapy can be designed.
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