
Interleukin-32 enhances cytotoxic effect of natural killer cells to
cancer cells via activation of death receptor 3

Introduction

Natural killer (NK) cells are white blood lymphocytes

and have an important role in innate immune defence

by eliminating tumour cells or pathogen-infected cells

through cytokine production and cytotoxicity.1,2 The NK

cells comprise approximately 15% of all circulating lym-

phocytes and are also found in peripheral tissues includ-

ing the liver, placenta and peritoneal cavity.3 Whereas

resting NK cells circulate in the blood, cytokine-activated

NK cells are capable of extravasation and infiltration

into most tissues invaded by pathogens and tumour

cells.4 They can release several cytokines such as granu-

locyte–macrophage colony-stimulating factor and inter-

feron-c, which can induce a tumour-killing effect.2,5,6

Natural killer cells also respond to many cytokines such

as interleukin-2 (IL-2), IL-12, IL-15, IL-18 and type I

interferons (a and b), which increase their cytolytic and

anti-tumour functions, but their significant toxicity was

observed after systemic administration of high doses.7–11

Besides these cytokines, there are several tumour necrosis

factor (TNF) family ligands such as FAS ligand (FASL),

TNF and TNF-related apoptosis-inducing ligand

(TRAIL), which are also released by NK cells and have

been shown to induce cancer cell apoptosis.1–3,12,13

Moreover, NK cells kill cancer cells by the release of

cytoplasmic granules that contain a number of proteins,

such as perforin and granzymes, which lyse target cells.

The NK cells also kill cancer cells through nitric oxide

signalling.1–3

Death receptor 3 (DR3) is also a member of the TNF

receptor (TNFR) superfamily such as TNFR1 (DR1), FAS
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Summary

Studies have demonstrated that the anti-tumour effect of natural killer

(NK) cells is successful for patients with several cancers. Although inter-

leukin-32 (IL-32) is endogenously expressed in NK cells, cytolytic function

of NK cells against cancer cells has not been fully demonstrated. In the

present study, we found that the growth of cancer cells was suppressed

when colon cancer cells or prostate cancer cells were co-cultured with

NK-92 cells, an NK cell line. We also found that the expression of tumour

necrosis factor receptor 2 and death receptor 3 (DR3) was increased in

PC3 cells, and the expression of FAS and DR3 was increased in SW620

cells by co-culture with NK-92 cells. However, cancer cell growth inhibi-

tion and IL-32 expression were abolished when cancer cells were co-cul-

tured with NK cells transfected with small interfering (si) RNA of IL-32.

DR3 expression was also diminished by co-culture with IL-32-specific siR-

NA-transfected NK-92 cells. Expression of APO3L, a ligand of DR3, was

elevated in NK cells that were co-cultured with cancer cells. It was also

found that expression of apoptosis-related proteins such as cleaved cas-

pase-3 and bax was increased in cancer cells co-cultured with NK-92 cells,

but their expression was abolished by co-culture with IL-32 siRNA-trans-

fected NK-92 cells. Moreover, knockdown of DR3 in co-culture of NK-92

cells with cancer cells by siRNA or antibodies of DR3 and APO3L

reversed the growth inhibitory effect of NK-92 cells. In conclusion, our

study showed that IL-32 enhanced the cytotoxic effect of NK-92 cells on

the cancer cells through activation of DR3 and caspase-3.

Keywords: apoptosis; cancer cells; death receptor 3; interleukin-32; natural

killer-92 cells
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(DR2), DR3, DR4, DR5 and DR6, and is known as a

death domain (DD) -containing receptor.14,15 The DR3

binds to its own ligand, APO3L, which is a type II mem-

brane protein of the TNF family closely related to three

death-inducing ligands; TRAIL, FasL and TNF-a. The

extracellular sequence of APO3L shows highest identity to

that of TNF. Soluble APO3L induced apoptosis in human

cell lines.16,17 Once APO3L has bound to DR3 in cancer

cells, apoptosis is triggered through TNFR-associated DD

protein (TRADD), Fas-associated DD protein (FADD)

and caspase-8. The APO3L interacts directly with the

TRADD, and then TRADD recruits downstream signal-

ling molecules including procaspase-8. Recruitment of

caspase-8 to the death-inducing signalling complex leads

to the activation of caspase-8 and subsequently activates

downstream effector caspases such as caspase-3, -7 and -

9. As a result, this receptor-mediated pathway induces

apoptosis.18,19 Several cytokines such as IL-2, IL-7, IL-12,

IL-15 and IL-18 activate NK cells.7–11 Activated NK cells

induce death ligand, and then affect cancer cell apoptosis

through interaction with death receptors of cancer cells.2,3

Normally, in cancer cells, the death receptors are down-

regulated or mutated,20,21 but NK cells cause cancer cells

to up-regulate death receptor expression and then kill the

cancer cells by inducing apoptosis.22–24

In many malignant tumour cells, the expression level of

MHC-I and MHC-II is repressed, thereby immunogenic-

ity is repressed.25,26 Although cytotoxic T cells and helper

T cells require both MHC class I and II for stimulation

and tumour killing effect, NK cells do not require MHC

for antigen presentation, so participate in the innate

immune response.8,27 Therefore, anti-tumour immune

responses through NK-cell-mediated mechanisms would

be of potential benefit to anti-tumour therapy. We used

NK-92, which expresses high levels of APO3L as well as

FasL, TNF-a and TRAIL,28–29 and IL-2, an inducer of IL-

32, -dependent cell line for survival.30,31 It can therefore

be expected that IL-32 activates NK-92 cells, and hence

increased anti-tumour activity of NK cells.

Interleukin-32, previously known as natural killer cell

transcript 4 (NK4) was originally identified as a tran-

script that over-expressed in a cDNA library derived

from IL-2-activated NK cells.30 Interleukin-32 was pro-

duced by NK cells, blood monocytes, T lymphocytes

and epithelial cells,32,33 and has six splice variants, IL-

32a, IL-32b, IL-32c, IL-32d, IL-32e and IL-32f; IL-32a is

the most abundant transcript.34 Although IL-32 does not

share sequence worthy to know; the IL-32 gene is

induced by IL-12 and IL-18, which are the cytokines

that trigger the anti-tumour activity of NK cells, and IL-

32 induces TNF-a, which promotes apoptotic activity of

NK cells.30,32,33,35 Interleukin-32 is localized in both the

cytosol and the nucleus, but the amounts of IL-32

secreted from the cells are small compared with those in

the cytoplasm.36 Although IL-32 is highly expressed in

NK cells, its cytolytic function in NK cells has not been

investigated.

In this study, we demonstrate the enhancing effect of

IL-32 on the anti-tumour activity of NK-92 cells through

induction of death receptor and activation of caspase-3

pathway in cancer cells.

Materials and methods

Regents and cell culture

RPMI-1640, minimum essential medium a, penicillin,

streptomycin and fetal bovine serum were purchased

from Gibco Life Technologies (Grand Island, NY). Small

interfering (si) RNA species for IL-32 was purchased from

Dhamacon (Lafayette, CO) and non-targeting control siR-

NA were purchased from Bioneer (Daejeon, Korea). The

NK-92 natural killer cell, PC3 prostate cancer cell and

SW620 colon cancer cell lines were obtained from the

American Type Culture Collection (Manassas, VA). NK-

92 cells were grown in the same conditions in minimum

essential medium a that contained 20% fetal bovine

serum, 100 U/ml penicillin, 100 lg/ml streptomycin and

10 ng/ml IL-2. PC3 and SW620 cells were grown at 37�
in 5% CO2 humidified air in RPMI-1640 medium that

contained 10% fetal bovine serum, 100 U/ml penicillin

and 100 lg/ml streptomycin. In co-cultures the cells were

grown in a mixed medium (1 : 1) of PC3 or SW620 and

NK-92 medium in a trans-well system where the cells

were separated by a porous polycarbonate membrane

(pore size 0�4 lm; distance 6�5 mm). The PC3 or SW620

cells were first seeded at 5 · 104 cells/well plate, and then

cultured overnight, thereafter the inserts containing NK-

92 cells (5 · 104 cells/well) were added to the plate and

cultured with the cancer cells.

Cell viability

To determine viable cell numbers, the SW620 colon can-

cer cells or PC3 prostate cancer cells were seeded onto

24-well plates (5 · 104 cells/well). The cells were trypsi-

nized, pelleted by centrifugation for 5 min at 250 g, resus-

pended in 10 ml PBS, and 0�1 ml of 0�2% Trypan blue

was added to the cancer cell suspension in each solution

(0�9 ml each). Subsequently, a drop of suspension was

placed in a Neubauer chamber, and the live cancer cells

were counted. Cells that showed signs of Trypan blue

uptake were considered to be dead, whereas those that

excluded Trypan blue were considered to be viable. Each

assay was carried out in triplicate.

Western blotting

Western blot analysis was performed as described previ-

ously.26 The membranes were immunoblotted with the
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following primary antibodies: mouse monoclonal anti-

bodies directed against FAS and bax (1 : 500 dilutions;

Santa Cruz Biotechnology, Santa Cruz, CA), and rabbit

polyclonal antibodies directed against cleaved caspase-3

(1 : 1000 dilutions; Cell Signaling Technology, Beverly,

MA), DR3, TNFR2, APO3L (1 : 500 dilutions; Santa Cruz

Biotechnology). Interleukin-32 was detected using a

monoclonal antibody, KU32-52, as described previously.36

Electroporation

NK-92 cells were counted, cell density was determined,

and the required numbers of cells (1 · 106 cells per sam-

ple) were centrifuged at 160 g for 10 min at room temper-

ature, and rinsed with PBS. The cell pellet was resuspended

carefully in 100 ll human cell nucleofector solution (82 ll

nucleofector solution + 18 ll supplement), according to

the manufacturer’s specification (Lonza, Walkersville,

MD). One hundred microlitres of cell suspension was

combined with 50 nM siRNA, and transferred into a certi-

fied cuvette, the selected program was applied electropora-

tion program U-001 (Lonza), and 500 ll culture medium

was added to the cuvette. The mixture was gently trans-

ferred into the 24-well plate, and analysed after 48 hr.

Transfection

PC3 cells or SW620 cells (5 · 104 cells/well) were plated

in 24-well plates and transiently transfected with 0�4 lg

of the empty vector or the constitutively activated 100 nM

of negative siRNA or DR3 siRNA per well, using a mix-

ture of plasmid and the WelFect-EX PLUS reagent in

OPTI-MEN, according to the manufacturer’s specification

(WelGENE, Seoul, Korea).

Reverse transcription-PCR

Total RNA was extracted by RNeasy (Qiagen, Valencia,

CA). The reverse transcription reaction was performed

using an RNA to cDNA Kit (Applied Biosystems/Life Tech-

nologies Corporation, Carlsbad, CA). The PCR was per-

formed with cDNA as a template using the primers below

after an initial 1-min denaturation at 96�, followed by the

indicated cycles of 96� for 1 min, 60 or 63� for 1 min and

72� for 1 min. The PCR primers used were 50-ATGTGCT-

TCCCGAAGGTCCTC-30 and 50-TCATTTTGAAGGATTG-

GGGTTC-30 for the primer of IL-32; 50-ACCAAGTGCCA-

CAAA GGAAC-30 and 50-CTGCAATTGAAGCACTGG-

AA-30 for the human TNFR1; 50-CTCAGGAGCATGGGG-

ATAAA-30 and 50-AGCCAGCCAGTCTGACATCT-30 for

the human TNFR2; 50-ATGGCGATGGCTGCGTGTCC-

TG-30 and 50-AGCGCCTCCTGGGTCTCGGGGTAG-30 for

human DR3; 50-ACTTTGGTTGTTCCGTTGCTGTTG-30

and 50-GGCTTTCCATTTGCTGCTCA-30 for human

DR4; 50-TGGAACAACGGGGACAGAACG-30 and 50-GCA-

GCGCAAGCAGAAAAGGAG-30 for human DR5; 50-AAGC-

CGGGGACCAAGGAGACAGACAAC-30 and 50-TGCCGG-

GGCCCCTTTTTCAGAGT-30 for human DR6; 50-CAAAG-

CCCATTTTTCTTCCA-30 and 50-GACAAAGCCACCCCA-

AGTTA-30 for human FAS; 50-TCG CAG AAG TGC ACC

TAA AG-30 and 50-AGCCTTCCCCTCATCAAAGT-30 for

human APO3L; and 50-GAAGGTGAAGGTCGGAGT-30

and 50-CTTCTACCACTACCCTAAAG-30 for glyceral-

dehyde-3-phosphate dehydrogenase.

Flow cytometry

Anti-DR3 and FITC-labelled anti-rabbit antibodies were

obtained from Santa Cruz Biotechnology. For flow

cytometry, cultured cancer cells (2 · 105 cells/ml) were

washed with PBS, and then incubated with 3% BSA/PBS

solution (pH 7�0) containing primary antibody (DR3,

1 lg/ml) for 30 min at 4�, and then washed out. The cells

were then incubated again for 30 min with the rabbit-

FITC antibody (1 lg/ml). The cells expressing DR3 were

analysed by flow cytometry on a FACScalibur� (Becton

Dickinson, Franklin Lakes, NJ).

Nitric oxide determination

The nitrite accumulation in the supernatant was assessed

by Griess reaction. Each 50 ll of culture supernatant was

mixed with an equal volume of Griess reagent [0�1%

N-(1-naphthyl)-ethylenediamine, 1% sulfanilamide in 5%

phosphoric acid] and incubated at room temperature for

10 min. The absorbance at 540 nm was measured in a

microplate absorbance reader, and a series of known con-

centrations of sodium nitrite was used as a standard.

Statistical analysis

The data were analysed using the GRAPHPAD PRISM 4 ver.

4.03 software (GraphPad Software, La Jolla, CA). Data are

presented as mean ± SD. The differences in all data were

assessed by one-way analysis of variance. When the

P-value in the analysis of variance test indicated statistical

significance, the differences were assessed by the

Dunnett’s test. A value of P < 0�05 was considered to be

statistically significant.

Results

Effect of NK-92 cells on colon and prostate cancer
cell growth and expression of death receptors

First, we investigated the anti-cancer effect of NK cells to

cancer cells. When the PC3 prostate cancer cell or SW620

colon cancer cells were co-cultured with NK-92 cell, the

growth of cancer cells was significantly inhibited (Fig. 1a).

The TNF family ligands such as FASL, TNF, TRAIL and
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APO3L are released by NK-92 cells and have been shown

to induce cancer cell death.12,13,28,29 These ligands bind

with different death receptors such as TNFR1 (for TNF-

a), TNFR2 (for TNF-b), DR2 (for FASL), DR3 (for

APO3L) and DR4 or DR5 (for TRAIL) to cause cancer

cell death through expression of death receptor in cancer

cells.3,6,18 For this reason, we determined the mRNA

expression of the death receptors in cancer cells after co-

culture with NK cells, and we found that the TNFR2 and

DR3 are increased in PC3 cells, and FAS and DR3 are

increased in SW620 cells by co-culture with NK-92 cells

(see Supplementary material, Fig. S1). We also confirmed

the increased expression of these death receptors by Wes-

tern blot (Fig. 1b). Because the DR3 was increased in

both PC3 and SW620 cells, we showed the DR3 expres-

sion on the cell surface by flow cytometry (Fig. 1c). We

showed that the DR3-positive cells are increased from

2�17% to 72�56% in PC3 cells and from 1�75% to 85�93%

in SW620 cells by co-culture with NK-92 cells. After

increase of DR3 expression, apoptosis is induced through

activation of caspase-3 and bax,18,19 so we investigated

the role of NK-92 cells on the expression of these apopto-

sis-related proteins in cancer cells. The expression of

apoptosis-related proteins such as cleaved caspase-3 and

bax was increased in PC3 and SW620 cells co-cultured

with NK-92 cells (Fig. 1d).

IL-32 expression in NK cells and enhancing cytotoxic
effect of NK-92 cells on cancer cells

We then investigated whether IL-32 expression in NK-92

cells could affect the cytotoxic effect of NK-92 cells

against cancer cells. Interleukin-32 was endogenously

expressed in NK-92 cells (Fig. 2a left), and enforced

expression by transfection of IL-32 over-expressed plas-

mid did not increase the endogenous expression of IL-32
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Figure 1. Effect of natural killer (NK) cells on the cytotoxicity to prostate and colon cancer cells. (a) Colon cancer cells (SW620) and prostate

cancer cells (PC3) were cultured in 24-well plates (5 · 104 cells/well), and then co-cultured with NK-92 cells (5 · 104) for 48 hr. Thereafter, cell

growth was measured by direct counting after Trypan blue staining. (b) NK-92 cells (5 · 104) were co-cultured with PC3 or SW620 cells for

48 hr, and then harvested. Death receptor [FAS, tumour necrosis factor receptor 2 (TNFR2) and death receptor 3 (DR3)] expression was detected

by Western blotting in PC3 and SW620 cells. (c) NK-92 cells (5 · 104) were co-cultured with PC3 or SW620 cells for 48 hr, and then harvested.

DR3 receptor expression was investigated by flow cytometry using anti-DR3 in PC3 and SW620 cells as described in Materials and methods. (d)

SW620 and PC3 were cultured into 24-well plates (5 · 104 cells/well), and thereafter co-cultured with NK-92 cells (5 · 104) for 48 hr, and then

harvested. Apoptotic protein expression such as cleaved caspase-3 and bax was determined by Western blotting. Relative optical density of specific

bands is expressed versus actin amount. The figures are representatives of three experiments with replicates. Values are mean ± SD of three

experiments with replicates. *P < 0�05 indicates significantly different from the control group.
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in NK-92 cells. However, IL-32 siRNA reduced its expres-

sion (Fig. 2a right), suggesting that IL-32 is endogenously

expressed in NK-92 cells. We then investigated whether

the anti-cancer effect of NK cells is mediated by IL-32.

When these cancer cells were co-cultured with NK-92

cells transfected with IL-32-specific siRNA, the NK cell-

induced inhibition of cancer cell growth was abolished in

both prostate and colon cancer cells (Fig. 2b). As shown

in Fig. 1, the DR3 was commonly over-expressed in both

cancer cell lines after co-culture with NK cells. Hence, to

further demonstrate whether the increased expression of

DR3 is related to IL-32 expression by NK cells, DR3

expression was determined in PC3 and SW620 cancer

cells co-cultured with NK cells transfected with siRNA

of IL-32. The increased DR3 in PC3 and SW620

cells was diminished by co-culture with IL-32-specific
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Figure 2. Expression of interleukin-32 (IL-32), and effects of IL-32 knockdown in NK-92 cells on the expression of death receptor 3 and apopto-

sis-related proteins of cancer cells. (a) IL-32 is endogenously expressed in NK-92 cells, and its expression by IL-32 plasmid transfection. NK-92

cells (1 · 106) were transfected with the IL-32 plasmid (1�5 lg) by electroporation and then incubated for 48 hr. The IL-32 expression was

detected by reverse transcription-PCR (upper panel). NK-92 cells transfected with non-targeting control small interfering (si) RNA or IL-32 siR-

NA (50 nm/well) by electroporation were incubated for 48 hr. IL-32 expression was detected by Western blotting (lower panel). (b) Effect of

silencing endogenous IL-32 expression on the cytotoxic effect of NK-92 cells. SW620 and PC3 were cultured into 24-well plates (5 · 104 cells/

well), and then co-cultured with IL-32 siRNA-transfected NK-92 cells (5 · 104 cells) for 48 hr. Thereafter, cell growth was measured by direct

counting after Trypan blue staining. Sc-siRNA, IL-32 non-targeting control siRNA. The figures are representatives of three experiments with rep-

licates. (c) Effects of IL-32 knockdown in NK-92 cells on the expression of DR3 of cancer cells. NK-92 cells transfected with non-targeting con-

trol siRNA or IL-32 siRNA (50 nm/well) by electroporation for 24 hr were co-cultured with colon cancer cells (SW620) or prostate cancer cells

(PC3) for 48 hr. The expression of DR3 was determined by Western blotting. (d) Effects of IL-32 knockdown in NK-92 cells on the expression

of apoptosis-related proteins of cancer cells. NK-92 cells transfected with non-targeting control siRNA or with IL-32 siRNA (50 nm/well) by elec-

troporation were co-cultured with SW620 or PC3 cells for 48 hr. The expression of cleaved caspase-3 and bax was determined by Western blot-

ting. Quantitative analysis of immunoblot was performed by Western blot density in PC3 and SW620 cells. Relative optical density of specific

bands is expressed versus actin amount. The figures are representatives of three experiments with replicates. Values are mean ± SD of three

experiments with replicates. *P < 0�05 indicates significantly different from the control group. #P < 0�05 indicates significantly different from the

co-cultured cell group.
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siRNA-transfected NK-92 cells (Fig. 2c). These data again

indicated that the DR3 is important in the anti-cancer

effect on prostate cancer or colon cancer cells by NK cells,

and IL-32 may have a critical role in the expression of

NK cell-induced DR3 in these cancers. The increased

expression of apoptosis-related proteins such as cleaved

caspase-3 and bax in PC3 and SW620 cells co-cultured

with NK-92 cell was also abolished by IL-32-specific siR-

NA (Fig. 2d). These data indicated that the IL-32 has a

critical role in the induction of NK cell-induced prostate

cancer and colon cancer cell death.

Effect of IL-32 on the expression of APO3L in NK
cells, and effect of APO3L and DR3 knockdown on
the growth of cancer cells co-cultured with NK cells

To confirm that the DR3 has a critical role in the death

of prostate cancer or colon cancer cells by the enhancing

effect of IL-32 on NK-cell-induced cytotoxicity, we inves-

tigated the expression of APO3L, a ligand of DR3, in NK

cells. Consistent with DR3 expression in cancer cells, the

expression of APO3L was also increased in NK-92 cells

after co-culture with cancer cells (Fig. 3a), The expression

of APO3L in NK-92 cells was blocked by IL-32 siRNA

treatment (Fig. 3b). When the PC3 or SW620 cells were

transfected with DR3 siRNA, and then co-cultured with

NK cells, the growth inhibition of cancer cells by NK-92

cells was diminished (Fig. 3c). When the anti-DR3 pre-

treated PC3 or SW620 cells were co-cultured with NK-92

cells, the growth inhibitory effect was also diminished,

and the PC3 or SW620 cells were co-cultured with

APO3L pre-treated NK-92 cells, the growth inhibitory

effect was also diminished (Fig. 3d). These data indicated

that the cytotoxic effect of NK-92 cells to the cancer cells

is mediated through DR3.

Effect of IL-32 on the level of nitric oxide and the
expression of perforin/granzyme expression in NK
cells

In addition to the death receptor pathway, NK cells can

use the perforin/granzyme-containing granule exocytosis

pathway and the nitric oxide pathway in the tumour kill-

ing effect.3,37–39 We studied the expression of perforin

and granzyme B, and nitric oxide release in NK cells and

NK cells cultured with cancer cells. We found that perfo-

rin and granzyme B expression in NK-92 cells was not

changed after co-culture with cancer cells (Fig. 4a). We

also found that the expression of perforin and granzyme

B was not changed after knockdown of IL-32 with IL-32

siRNA in NK-92 cells (Fig. 4b). The release of nitric oxide

into the medium was not changed after co-culture with

cancer cells, either (Fig. 4c). After knockdown of IL-32

with IL-32 siRNA in NK-92 cells, nitric oxide level was

not changed (Fig. 4d). These results indicate that the

nitric oxide pathway and the perforin/granzyme pathway

were not affected by IL-32 in the cytotoxic processing of

NK cells and by co-culture with cancer cells.

Discussion

In this study, we demonstrated that IL-32 plays a role in

the cancer-cell-killing ability of NK cells through activa-

tion of the DR-3 and caspase-3 pathways in cancer cells.

We showed that the IL-32 is endogenously, highly

expressed in NK-92 cells, and the cancer cell growth was

suppressed when cancer cells were co-cultured with NK-

92 cells. Further study showed that the cancer-cell-killing

ability of NK cells was abolished when the cancer cells

were co-cultured with NK-92 cells transfected with IL-32

siRNA. These data indicated that the cytotoxic effect of

NK-92 cells on the cancer cells could be in part mediated

by IL-32 expression. Several studies demonstrated that the

anti-tumour effect of NK cells is successful in patients

with lung cancer, hepatic cancer, renal cell carcinoma and

malignant melanoma.40–42 A recent study described the

use of cytokine-enriched NK cells to treat patients with

breast cancer.43 In these studies, the effective cytokine

that has an effect on NK cell function is closely related

to IL-2. The administration of IL-2 to widely metasta-

sized cancer in humans effectively inhibited tumour

growth.44,45 In vivo administration of IL-18 elevates NK

activity in mice, and in vitro treatment with IL-18 aug-

ments NK activity of murine splenocytes and human

peripheral blood mononuclear cells.46–48 However, IL-18-

deficient mice showed impaired NK cell activity against

cancer cell growth.49 Interleukin-12 also stimulates NK

cells and enhances cytolytic activity by inducing inter-

feron-c production,50 but IL-12-deficient mice showed

impaired NK cell activity.51 In mice lacking IL-12 and IL-

18 cytokines, the cytolytic activity of the NK cells is fur-

ther impaired, indicating that the cytolytic activity of NK

cells is synergized by IL-12 and IL-18 in vivo. It was

known that IL-12 and IL-18 induce IL-32 to increase the

survival of NK-92 cells so our data indicated that IL-32

could be involved in NK cell killing ability against cancer

cells. However, its action mechanism is not clear.

The NK cells kill cancer cells through at least three

mechanisms. NK cells can use the perforin/granzyme-

containing granule exocytosis pathway, the nitric oxide

pathway and the death receptor-ligand pathway.3,37–39

The perforin/granzyme pathway is the principle pathway

by which NK cells kills the cancer cells or virus-infected

cells by lysis, and this pathway occurs primarily in the

spleen and lung. Nitric oxide is one of the most powerful

effector molecules in the cytotoxic function of NK cells

against tumour cells.39 We found that the expression of

perforin and granzyme B by reverse transcription-PCR

was not changed when NK-92 cells were co-cultured with

cancer cells. The release of nitric oxide from NK-92 cells
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into the culture medium was hardly changed. These

results indicated that the perforin/granzyme-containing

granule exocytosis pathway and nitric oxide pathway may

not be significant in our study conditions. So, we ques-

tioned that the reason for the enhanced cytotoxic

effect of NK cells caused by IL-32 is related to the death
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Figure 3. Effect of interleukin-32 (IL-32) on the expression of APO3L in natural killer (NK) cells, and effect of APO3L and death regulator 3

(DR3) knockdown on the growth of cancer cells co-cultured with NK cells. (a) Effect of co-culture on the expression of APO3L. NK-92 cells

(5 · 104) were co-cultured with PC3 or SW620 cells for 48 hr. APO3L expression was detected by Western blotting in NK-92 cells. (b) Effect of

silencing endogenous IL-32 expression on the expression of APO3L in NK-92 cells. NK-92 cells were transfected with non-targeting control small

interfering (si) RNA or IL-32 siRNA (50 nm/well) by electroporation and then incubated for 48 hr. APO3L expression was detected by Western

blotting. (c) Effects of DR3 knockdown on the cancer cell growth by co-culture with NK cells. SW620 and PC3 (5 · 104 cells/well) were trans-

fected with non-targeting control siRNA or DR3 siRNA (100 nm/well) for 24 hr. Thereafter co-cultured with NK-92 cells for 48 hr, and cancer

cell growth was measured by direct counting after Trypan blue staining. (d) Effects of anti-APO3L in NK-32 cells and anti-DR3 in cancer cells

on the cancer cell growth by co-culture with NK cells. Before initiation of co-culture, anti-APO3L (2 or 5 lg/ml) was incubated in NK-92 cells

for 2 hr. Pre-incubated NK-92 cells (5 · 104) were co-cultured with PC3 or SW620 cells for 48 hr, and then cancer cell growth was measured by

direct counting after trypan blue staining. Alternatively, cancer cells were pre-incubated with anti-DR3 (2 or 5 lg/ml) for 2 hr. Pre-incubated

cancer cells (5 · 104) were co-cultured with PC3 or SW620 cells for 48 hr, and then cancer cell growth was measured by direct counting after

Trypan blue staining. Quantitative analysis of immunoblot was performed by Western blot density in PC3 and SW620 cells. Relative optical den-

sity of specific bands is expressed versus actin amount. The figures are representatives of three experiments with replicates. Values are mean ± SD

of three experiments with replicates. *P < 0�05 indicates significantly different from the control group. #P < 0�05 indicates significantly different

from the co-cultured cell group.
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receptor/ligand pathway. We found that the expression of

APO3L (DR3 ligand) in NK-92 cells was elevated when

NK cells were co-cultured with cancer cells, and knock-

down of IL-32 by siRNA decreased the expression of

APO3L in NK-92 cells. We also demonstrated that the

mRNA expression of the death receptors was increased

after co-culture of cancer cells with NK cells. We showed

that the TNFR2 and DR3 are increased in PC3 cells, and

FAS and DR3 were increased in SW620 cells by co-cul-

ture with NK-92 cells transfected with IL-32. It has been

demonstrated that, depending on the type of cytokines

and cancer cells, differential DRs and DR ligands are

involved. Similar to our findings, other studies have also

shown that IL-15 activates NK cells, so significantly

increasing the cytolytic ability of NK cells against most

solid tumour cells (cervical carcinoma, larynx cancer,

human melanoma, lung cancer, liver hepatoma, breast

cancer and gastric cancer) and haematological tumour

cells. They showed that IL-15 can improve the function

of NK cells through an NKG2D-dependent mechanism,

and also augment the expression of cytotoxic effector

molecules such as TRAIL and FasL. Interleukin-2 FasL,

TNFa, granulocyte–macrophage colony-stimulating factor,

interferon-c, MIP (Macrophage inflammatory protein)-1a
and MIP-1b dose dependently increased the expression of

death receptors in cancer cells, and death receptor ligands

in NK cells resulting in increased cytotoxicity against

tumour cells.52 Moreover, it was also found that the

increased DR3 in PC3 and SW620 cells by co-culture with

NK-92 cell was diminished by co-culture with IL-32-spe-

cific siRNA-transfected NK-92 cells. Knockdown of DR3

in the co-culture of cancer cells with NK-92 cells abolished

cancer cell growth inhibition. In many malignant tumour

cells, the expression level of MHC-I and MHC-II is

repressed, thereby immunogenicity is repressed.25,26

Although, cytotoxic T cell and helper T cells require both

MHC class I and II for stimulation and tumour killing

effect, NK cells do not require MHC for antigen presenta-

tion, even though they participate in the innate immune

response.8,27 These results indicate that increase of APO3L

in NK-92 cells by IL-32 could cause DR3 in cancer cells

leading to anti-cancer activity of NK-92 cells.
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Figure 4. Effects of interleukin-32 (IL-32) on the expression of perforin/granzyme B and the level of nitric oxide (NO) of cancer cells co-cultured

with natural killer (NK) cells. (a) Effect of co-culture on the expression of perforin and granzyme B. SW620 and PC3 cells were cultured into 24-

well plates (5 · 104 cells/well) and then co-cultured with NK-92 cells (5 · 104) for 48 hr. Thereafter, expression of perforin and granzyme B was

determined by reverse transcription-PCR in NK-92 cells. (b) Effects of IL-32 knockdown in NK-92 cells on the expression of perforin and gran-

zyme B. NK-92 cells were transfected with non-targeting control small interfering (si) RNA or IL-32 siRNA (50 nm/well) by electroporation and

then incubated for 48 hr, thereafter co-cultured with colon cancer cells (SW620) or prostate cancer cells (PC3) for 48 hr. The expression of per-

forin and granzyme B was determined by reverse transcription-PCR in NK-92 cells. The figures are representatives of three experiments with rep-

licates. (c) Effect of co-culture on the level of nitric oxide. SW620 and PC3 were cultured into 24-well plates (5 · 104 cells/well) and then

co-cultured with NK-92 cells (5 · 104) for 48 hr. Thereafter, the nitrite release in the supernatant was assessed by Griess reaction as described in

Materials and methods. (d) Effects of IL-32 knockdown in NK-92 cells on the level of nitric oxide. NK-92 cells transfected with non-targeting

control siRNA or IL-32 siRNA (50 nm/well) by electroporation were co-cultured with SW620 or PC3 for 48 hr. The nitrite release in the superna-

tant was assessed by Griess reaction as described in Materials and methods. The figures are representatives of three experiments with replicates.

Values are mean ± SD of three experiments with replicates.
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Activation of DR3 leads to activation of apoptosis

through TRADD, FADD and caspase-8 pathways, and

subsequently activates apoptosis-related proteins such as

caspase-3 and bax.15,18,19 The increased apoptosis-related

proteins such as cleaved caspase-3 and bax in cancer

cells were induced by NK-92 cells, and their expression

was abolished by IL-32 knockdown. These results showed

that IL-32 may be critical in the NK-cell-induced cell

death in prostate and colon cancer cells. In our previous

study, we found that the infiltration of NK cells into

tumour tissue was elevated in nude mice xenografted

with IL-32c-transfected colon cancer cells as well as IL-

32c-over-expressed mice inoculated with melanoma

cells.53 Overall, our study is the first to identify that IL-

32 has anti-tumour effects on colon cancer cells and

prostate cancer cells, and these effects may be related to

the enhancement of the cytotoxic effect of NK cells via

activation of DR3 and caspase 3 pathways in colon and

prostate cancer cells as well as APO3L in NK cells. Alto-

gether, our findings are important in understanding the

role of IL-32 as anti-tumour cytokine, and it may be of

benefit to cancer therapy.
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