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Summary

 

Dendritic cells (DCs) play a key role in the induction and regulation of anti-
gen-specific immunity. Studies have shown that, similar to infection, cellular
necrosis can stimulate DC maturation. However, the ability of necrotic cell
death to modulate DC cytokine secretion has yet to be explored. We investi-
gated the regulation of interleukin (IL)-12 secretion by human DCs in
response to tumour cell necrosis in an 

 

in vitro

 

 culture model. Two human
tumour cell lines (K562 and JAr) were induced to undergo necrosis using heat
injury and repeated cycles of freezing and thawing. Both types of tumour cells
tested in this study, when injured, induced secretion of monomeric IL-12p40
by monocyte-derived DCs. Furthermore, priming DCs with necrotic cells
augmented IL-12p70 secretion significantly in conjunction with CD40 cross-
linking. This was physiologically relevant because cell death-pulsed DCs were
more potent than non-pulsed DCs at stimulating T cells to proliferate and
secrete interferon (IFN)-gggg

 

. The Toll-like receptor 4 (TLR4) played a role in
mediating the DC response to heat-killed, but not freeze/thaw-killed necrotic
cells. For both methods of injury, proteins contributed to the effect of necrosis
on dendritic cells, whereas DNA was involved in the effect of freeze/thawed
cells only. These findings indicate that necrotic tumour cell death is not suf-
ficient to induce bioactive IL-12p70, the Th1 promoting cytokine, but acts to
augment its secretion via the CD40/CD40L pathway. The results also high-
light that the mode of cell death may determine the mechanism of dendritic
cell stimulation.
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ntroduction

 

Dendritic cells (DCs) are innate immune cells which play an
important role in initiating adaptive immune responses [1].
They are distributed widely in non-lymphoid tissues, where
they exist in an immature state. When they are exposed to
pathogens or inflammatory stimuli, DCs mature, up-
regulate co-stimulatory molecules and acquire the capacity
to secrete immunomodulatory cytokines. Several factors
may induce DC maturation and activation including micro-
organisms, bacterial and viral products and cytokines. There
is growing evidence that necrotic cell death can also serve
this function. For example, in a mouse model, necrotic but
not apoptotic cells and tissues up-regulated co-stimulatory
molecules 

 

in vitro

 

 and 

 

in vivo

 

 [2]. A study of the response of
human DCs 

 

in vitro

 

 demonstrated that necrotic death of a

number of tumour cell lines, but not primary cells in culture,
also up-regulated co-stimulatory molecules on DCs [3].
However, the ability of necrosis to stimulate cytokine secre-
tion by DCs has not been investigated. We hypothesized that
interleukin (IL)-12 could play a critical role in the response
of DCs to necrosis because of its well-known ability to pro-
mote Th1 responses, the type of cell-mediated immunity
responsible for monitoring the intracellular environment.

IL-12 is a heterodimeric cytokine (p35 and p40 subunits)
produced by DCs upon activation and plays a critical role in
the differentiation of Th1 cells [4,5]. Both subunits must be
formed in the same cell to generate the biologically active
heterodimeric IL-12p70 [4]. DCs produce IL-12p70 when
their CD40 interacts with CD40 ligand (CD40L) on acti-
vated T cells [4]. Both microbial and T cell-derived stimuli
can synergize to induce production of high levels of IL-12
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p70 [6]. Furthermore, inflammatory cytokines such as IL-1

 

b

 

and type I interferon (IFN) released early during an immune
response were found to be potent co-factors for CD40L-
mediated IL-12p70 production by DCs [7].

In this study, we tested the hypothesis that products of
tumour cell necrosis would induce IL-12 secretion by DCs
and synergize with CD40 ligation for the regulation of this
important Th1-promoting cytokine. We used two tumour
cell lines of separate lineage, and tested the effect of products
of their necrotic death on the ability of human monocyte-
derived DCs to secrete IL-12.

 

Material and methods

 

Generation of dendritic cells

 

Peripheral blood was obtained from normal donors in hep-
arinized Vacutainer tubes or from a single donor buffy coat
(North London Blood Bank at Colindale, London, UK). DCs
were prepared as described previously [8]. Briefly, peripheral
blood mononuclear cells (PBMCs) were isolated by sedimen-
tation through Histopaque (Sigma, Dorset, UK) and allowed
to adhere to tissue culture plastic (96-well plates, Greiner,
Gloucester, UK) for 2 h. The non-adherent cells were
removed. The adherent cells were cultured in RPMI-1640
supplemented with 10% heat-inactivated fetal calf serum
(FCS), 2 m

 

m l

 

-glutamine, 1000 U/ml penicillin, 10 mg/ml
streptomycin, 250 

 

m

 

g/ml amphotericin B and 20 

 

m

 

g/ml gen-
tamycin (Sigma, Dorset, UK). Adherent PBMCs were cul-
tured for 7 days in the presence of IL-4 at a concentration of
25 ng/ml (2 U/ng, First Link, West Midland, UK) and gran-
ulocyte macrophage-colony stimulating factor (GM-CSF) at
a concentration of 50 ng/ml (10 U/ng, Schering-Plough,
Hertfordshire, UK). Cytokines were added on days 2, 4 and 6.
All DCs used in experiments were at day 7 of culture.

 

Cell lines

 

K562, a myelogenous leukaemia cell line that lacks human
leucocyte antigen (HLA) molecules [9,10], was a kind gift
from Dr N. Imami (Department of Immunology, Chelsea
and Westminster Hospital, London, UK). These cells were
cultured in supplemented RPMI-1640 medium and pas-
saged every 2 days. JAr, a human choriocarcinomata cell line
[11,12], was a kind gift from Dr D. Sooranna (Department of
Fetal and Maternal Medicine, Chelsea and Westminster Hos-
pital, London, UK). JAr cells do not express any HLA mole-
cules [13], and the mRNA of TNF or IL-1 was either absent
or weakly expressed [14]. The cells were cultured as mono-
layers in supplemented RPMI-1640 medium and harvested
when confluent using trypsin/ethylenediamine tetra-acetic
acid (EDTA) (0·5/0·2 g/l, Sigma, Dorset, UK). On average,
cells were diluted 1 : 4–1 : 6 twice a week.

P3

 

¥

 

3BII is a mouse myeloma cell line transfected with
human CD40L [15] (a kind gift from Dr D. Graf, MRC,

Hammersmith Hospital, London, UK). They were cultured
at a concentration of 1 

 

¥

 

 10

 

5

 

/ml in supplemented RPMI-
1640 and passaged twice a week. All cell lines were tested for
mycoplasma by nested polymerase chain reaction (PCR)
(Takara, Shiga, Japan) and confirmed to be mycoplasma free.

 

Cellular injury

 

Cellular injury was induced by two methods. With heat
treatment, cells were incubated at 63

 

∞

 

C for 30 min. Freeze–
thaw killing involved snap-freezing cells in liquid nitrogen
and thawing at 37

 

∞

 

C. This process was repeated six times.
Cell viability was checked by trypan blue (1%, Sigma, Dor-
set, UK) before culture to confirm that more than 90% of
cells were dead. To confirm that the mode of cell death after
the above forms of injury was indeed necrosis, cells were
stained with annexin V and propidium iodide after exposing
them to injury. The assay was performed according to the
manufacturer’s recommendation (Oncogene Research Prod-
ucts, Boston, USA). Briefly, cells were adjusted to 10

 

6

 

/ml,
0·5 ml of cell suspension was transferred to a microcentri-
fuge tube and stained with 10 

 

m

 

l media reagent binding and
1·2 

 

m

 

l of annexin V. After 15-min incubation, cells were cen-
trifuged at 200 

 

g

 

 and resuspended in a cold binding buffer
and 10 

 

m

 

l propidium iodide. Stained cells were examined
immediately after staining by FACSCalibur flowcytometer
and data analysed by 

 

cellquest

 

 software (Becton Dickinson,
Oxford, UK). Cell death by thermal treatment or repeated
cycles of freezing and thawing induced necrosis of the two
types of tumour cells tested (data not shown).

 

Co-culture of DCs with cell lines

 

K562 and JAr cells (3 

 

¥

 

 10

 

5

 

/ml, injured and non-injured)
were added to DCs at a concentration of 3 

 

¥

 

 10

 

5

 

/ml on day 7
of DC culture, in a 96-well tissue culture plate (Greiner).
DCs were stimulated with the proinflammatory cytokines
tumour necrosis factor (TNF)-

 

a

 

 and IL-1

 

b

 

 at a concentra-
tion of 30 ng/ml each (First Link Ltd, Brierley Hill, UK).
Non-injured tumour cells were used as negative controls. It
was not possible to use fixed-tumour cells as negative con-
trols because they were stimulatory for DCs [16,17] (data
not shown). Co-cultures were incubated at 37

 

∞

 

C for 48 h in
a humidified incubator containing 5% CO

 

2

 

 in air. In some
experiments DCs were cultured with dead cells (heat-killed
and freeze/thaw-killed cells) at a final concentration of
3 

 

¥

 

 10

 

5

 

/ml, with CD40L-transfected cells at a final con-
centration of 1·5 

 

¥

 

 10

 

5

 

/ml or with both dead cells and
CD40L-transfected cell lines simultaneously. After 48 h,
supernatants were collected for IL-12p40, IL-12p70 and IL-
10 measurement by enzyme-linked immunosorbent assay
(ELISA) (see below). In some experiments, K562 cells that
have been exposed to cell death were fractionated by centrif-
ugation to test the ability of particulate and soluble fractions
to stimulate DCs. With heat injury, cells still maintained



 

H. Kandil 

 

et al.

 

56

 

© 2005 British Society for Immunology, 

 

Clinical and Experimental Immunology

 

, 

 

140:

 

 54–64

 

their integrity (not ruptured) and hence were fractionated by
centrifugation at relatively low centrifugal force (1500 r.p.m.
for 10 min). In contrast, repeated cycles of freeze and thaw
resulted in complete disruption of the cell membrane and
cells appeared completely fragmented, and hence a relatively
higher speed (10 000 r.p.m. for 10 min) was needed to
separate the particulate from the soluble fraction. After frac-
tionation, the soluble fraction was added to DCs directly in
96-well tissue culture plates, while the particulate fraction
was resuspended in fresh CM-10 before adding it to DCs.

 

Effect of injured K562 cells on DC differentiation from 
monocytes

 

PBMCs were cultured at a concentration of 1 

 

¥

 

 10

 

6

 

/ml in 24-
well tissue culture plates (Greiner) and allowed to adhere for
2 h. The non-adherent cells were removed and adherent
monocytes were resuspended in supplemented RPMI-1640
medium. Non-injured or heat-killed K562 cells were added
to monocytes at a 1 : 1 ratio every day from day 0 to day 5 in
different wells of monocyte culture. Monocytes were allowed
to interact with K562 cells for 48 h before harvesting the cul-
ture supernatant to measure IL-12p40. IL-4 (25 ng/ml) and
GM-CSF (50 ng/ml) were added on days 0, 2 and 4 of the dif-
ferentiation culture.

 

Enzymatic digestion of dead cells by DNase or trypsin

 

Particulate fraction of dead cells (killed by heat-injury or
freeze/thaw cycles) were treated with DNase (Sigma Aldrich,
Dorset, UK) at a concentration of 200 

 

m

 

g/ml or with trypsin
at a concentration of 0·5 mg/ml for 1 h at 37

 

∞

 

C to allow for
the digestion of the particulate fraction of dead cells. In
experiments where trypsin was used, the particulate fraction
was prepared in serum-free condition. After 1 h, trypsin
activity was stopped by addition of serum. Trypsin- and
DNase-digested dead cells were then cultured with DCs in
96-well tissue culture plates (Greiner). After 48 h of co-
culture, supernatants were collected for IL-12 measurement
by ELISA (see below).

 

Blocking of Toll-like receptor-4 (TLR4) on DCs

 

In these experiments, DCs were preincubated in 96-well tis-
sue culture plates with functional grade antihuman TLR4
blocking antibody (clone HTA125) or its isotype-matched
control (IgG2a) (both from eBioscience, San Diego, CA,
USA) at a final concentration of 20 

 

m

 

g/ml. After 45 min, the
particulate fractions of heat-killed or freeze/thaw-killed cells
were added to DCs at a final concentration of 3 

 

¥

 

 10

 

5

 

/ml.
DCs were also cultured with the particulate fraction of these
cells in the absence of the blocking antibody and in the pres-
ence of the isotype-matched control. After 48-h incubation,
supernatants were collected for IL-12 measurement by
ELISA.

 

Immunofluorescence

 

Cells were harvested 48 h after appropriate incubation,
washed  and  stained  on  ice  for  20 min  for  the  expression
of co-stimulatory molecules. The antibodies were R-
phycoerythrin (PE)-conjugated mouse monoclonal anti-
CD86 antibodies (FUN-1), fluorescein isothiocyanate
(FITC)-conjugated mouse monoclonal anti-CD80 (BB1)
and anti-CD86 (FUN-1). Isotype-matched monoclonal anti-
body control was mouse IgG1 (DAK-G01). All antibodies
were purchased from Becton Dickinson, Oxford, UK.

 

Determination of IL-12, IL-10 and IFN-gggg

 

 production

 

Cytokine production from the stimulated and the unstimu-
lated cells was measured in culture supernatants collected
after 48 h by ELISA. Briefly, NUNC-maxisorb 96-well plates
(

 

Gibco

 

 Life Technologies, Paisley, UK) were coated with puri-
fied antihuman IL-12p40 (clone C8·3) or purified antihuman
IL-12p70 (clone 20C2) or rat antihuman IL-10 monoclonal
antibody (clone JES3–9D7) and incubated overnight at 4

 

∞

 

C.
For measurement of IFN, plates were coated with mouse
antihuman IFN-

 

g

 

 monoclonal antibody (clone NIB42).
Cytokine binding was then detected with biotinylated-mouse
monoclonal antihuman IL-12 (p40/p70) detection antibody
(clone C8·6) or rat antihuman IL-10 clone JES3–12G8) or
mouse antihuman IFN-

 

g

 

 (clone 4S.B3), followed by horse-
radish peroxidase-conjugated avidin (Vector Laboratories,
Peterborough, UK) and a substrate solution containing
150 mg 2,2-azino-bis (3-ethylbenzthiazoline-6-sulphonic
acid, pH 4·5, mixed with H

 

2

 

O

 

2

 

 at a final concentration of
0·03%). Cytokine standards and antibodies were purchased
from Pharmingen, San Diego, CA, USA.

 

T cell proliferation and IFN-gggg

 

 production in the 
allogeneic mixed leukocyte reaction (MLR)

 

Necrotic or injured K562 cells were added to day 7 immature
DCs. After 48 h of co-culture, the DCs were assayed for their
T cell-stimulatory capacity in the MLR. DCs previously
exposed to necrotic or non-injured K562 cells were titrated
into round-bottomed 96-well plates containing the non-
adherent population of allogeneic PBMCs (5 

 

¥

 

 10

 

5

 

/ml), and
the cultures were incubated for 6 days. Cultures were then
pulsed with [

 

3

 

H]-thymidine (Amersham International,
Amersham, UK) for the final 18 h. Cells were harvested and
T cell proliferation was measured by scintillation counting.
In a parallel set of wells, the culture supernatants were col-
lected and assayed for IFN-

 

g

 

 production by ELISA (see
above). Assays were performed in triplicate.

 

Statistical analysis

 

Each experiment was repeated at least five times on different
donors unless stated otherwise. Two repeats of experiments
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showing DC activation in response to cell death from the
same donor showed similar results. For all experiments, sta-
tistical analysis for experimental repeats was performed
using the non-parametric Wilcoxon paired-sample test to
compare DCs response before and after stimulation. Differ-
ences were considered significant if 

 

P

 

 

 

<

 

 0·05.

 

Results

 

A series of 

 

in vitro

 

 experiments were performed to study the
effect of injury to the HLA-negative tumour cell lines (K562
and JAr) on the ability of DCs to secrete IL-12. Human blood
monocyte-derived DCs were co-cultured with these tumour
cell lines after induction of tumour cell necrosis by heat
injury or repeated cycles of freezing and thawing.

 

Cell death of tumour cell lines stimulated DCs to secrete 
IL-12p40 and up-regulate co-stimulatory molecules

 

DCs were derived from monocytes by culture with GM-CSF
and IL-4, as described in Materials and methods. After 7
days, heat-killed K562 cells were added. Controls were DCs
co-cultured with non-injured K562 cells, a mixture of TNF-

 

a

 

 and IL-1

 

b

 

, or medium only. DC maturation was assessed
48 h after co-culture by measuring the secretion of IL-12 in
the culture supernatants and the up-regulation of the co-
stimulatory molecules (CD80 and CD86) (as per Materials
and methods). Heat-killed K562 cells stimulated DCs to
secrete IL-12p40 in a dose-dependent manner (Fig. 1 a),
whereas non-injured K562 cells did not, at any point in time
over 48 h of co-culture (Fig, 1a,f). The highest level of DCs
stimulation was observed when the ratio of K562 cells to DCs
was 1 : 1 (Fig. 1a). Furthermore, heat-killed but not non-
injured K562 cells induced DCs to up-regulate the surface
expression of the co-stimulatory molecules CD80 and CD86
(data not shown). Such maturation was equivalent to that
induced when DCs were cultured in the presence of TNF-

 

a

 

and IL-1

 

b

 

.
This observation was confirmed by repeating the same

type of experiment using the other tumour cell line, namely
the choriocarcinoma cell line JAr (see Materials and meth-
ods). Heat-killed but not intact JAr cells stimulated DCs to
secrete IL-12p40 in the culture supernatants (Fig. 1b), and
up-regulated their co-stimulatory molecules CD80 and
CD86 (data not shown).

Induction of cellular necrosis by repeated cycles of freez-
ing and thawing of the K562 cells (Fig. 1c) and JAr cells
(Fig. 1d) also had similar stimulatory effects on DCs. DCs
cultured with K562 cells killed by freezing and thawing were
stimulated to secrete IL-12p40, as were cells cultured with
TNF-

 

a

 

 and IL-1

 

b

 

. The levels of IL-12p40 produced were
negligible when DCs were co-cultured with non-injured
cells. Similarly, non-injured K562 cells did not stimulate DCs
to up-regulate the surface expression of CD80 and CD86
molecules, whereas DCs cultured with K562 or JAr cells

killed by freezing and thawing up-regulated the expression of
the co-stimulatory molecules CD80 and CD86 (data not
shown). Injured K562 and JAr cells did not stimulate undif-
ferentiated monocytes to secrete IL-12. However, injured
K562 and JAr cells stimulated IL-12p40 secretion by mono-
cytes as early as day 2 of their differentiation into DCs. The
amount of IL-12p40 secretion increased gradually as mono-
cytes differentiated to immature DCs (Fig. 1e). Taken
together these results indicate that, regardless of the form of
cell injury and the type of tumour cell, necrotic cells stimu-
late DCs to secrete IL-12p40.

 

Necrotic cells did not stimulate DCs to secrete the 
biologically active IL-12 p70 heterodimer

 

Having established that cell death stimulated the secretion of
IL-12 p40 subunit from dendritic cells, it was necessary to
test whether the secretion of the biologically active form of
this cytokine, IL-12p70, was also induced by necrotic cell
death. Monocyte-derived DCs were cultured alone, in the
presence of TNF-

 

a

 

 and IL-1

 

b

 

, non-injured, heat-killed or
freeze/thaw-killed tumour cell lines (K562, Fig. 2a and JAr,
Fig. 2b). From 18 independent experiments performed with
DCs from different donors, the level of IL-12p70 ranged
from undetectable to 603 pg/ml (mean 

 

=

 

 96 pg/ml, s.d. 

 

=

 

137) when DCs were cultured alone, and ranged from unde-
tectable to 5765 pg/ml (mean 

 

=

 

 400 pg/ml, s.d. 

 

=

 

 70) when
DCs were stimulated with TNF-

 

a

 

 and IL-1

 

b

 

. However, there
was no statistically significant difference between the two
experimental conditions (

 

P

 

 

 

=

 

 0·333). DCs did not secrete IL-
12p70 when cultured with non-injured K562 cells, whereas a
small amount of IL-12p70 was detected with injury, not
exceeding 185 pg/ml (mean 

 

=

 

 20 pg/ml, s.d. 

 

=

 

 53) for heat
injury, and not exceeding 90 pg/ml (mean = 4 pg/ml,
s.d. 

 

=

 

 10) for freeze/thaw injury. This small amount of IL-
12p70 was observed in some but not all the experiments
(four of 13 for heat-injury and two of five for freeze/thaw
injury). Figure 2a shows one representative experiment.
Similar results were obtained with the other tumour cell line,
JAr (Fig. 2b).

We concluded that, unlike IL-12p40, DC secretion of IL-
12p70 was not significantly induced in response to stimula-
tion by necrotic cell death. Furthermore, IL-10, a potent
inhibitor of the expression of many proinflammatory cytok-
ines including IL-12 [18,19], was measured in supernatants
of DC-injured cell co-cultures. Results showed that DCs
exposed to injured cells did not induce the secretion of IL-10
compared with DCs cultured alone or with non-injured cells
(K562, Fig. 2c and JAr, Fig. 2d).

 

Necrotic cell death augmented IL-12p70 production 
from DCs in response to CD40 cross-linking

 

To investigate the possibility that cell death might synergize
with CD40 ligation for the induction of high level of bioac-
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Fig. 1.

 

Necrotic, but not intact, tumour cells K562 and JAr stimulate DCs to secrete IL-12p40. Monocyte-derived DCs (3 

 

¥

 

 10

 

5

 

/ml) were co-cultured 

with heat-killed (a and b), freeze/thaw-killed (c and d) or non-injured K562 or JAr cells (3 

 

¥

 

 10

 

5

 

/ml except in (a) when K562 cells were added to DCs 

at varying ratios as shown), and IL-12p40 concentration in the culture supernatants was measured (Materials and methods). Heat-killed K562 cells 

were added to monocytes at different stages of differentiation into DCs (e). Non-injured K562 cells do not stimulate secretion of IL-12p40 by dendritic 

cells over 48 h (f). Compared with non-injured cells, killed K562 cells stimulated significantly more IL-12p40 secretion, both when (a) heat (at a 1 : 1 

ratio, 

 

P

 

 

 

=

 

 0·008) and (c) freezing/thawing (P = 0·043 in three donors) were used to induce necrosis. Similarly, compared with non-injured cells, killed 

JAr cells stimulated significantly more IL-12p40 secretion, both when (b) heat (P = 0·005) and (d) freezing/thawing (P = 0·011) were used to induce 

necrosis.
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tive IL-12p70 heterodimer we focused on one tumour cell
line, K562. Monocyte-derived DCs were cultured with
CD40L-transfected cells at a ratio of 2 : 1 with or without
killed cells. Supernatants were collected after 48 h of culture
for measurement of IL-12 p40 and p70. Unlike with the p40
subunit, IL-12p70 was not secreted in response to killed cells,
but high levels of IL-12p70 were detected when DCs were
stimulated with CD40L-transfected cell lines. Furthermore,
IL-12p70 secretion by DCs was significantly increased when
both killed cells and CD40 ligation were used (Fig. 3). These
results show that cell death and CD40L signals synergize to
induce the secretion of high levels of IL-12p70 by DCs.

Necrotic cell death enhanced the ability of DCs to 
stimulate IFN-gggg secretion and proliferation by allogeneic 
T cells

We investigated the ability of DCs exposed to injured cells to
induce the secretion of IFN-g by allogeneic T cells. DCs co-
cultured with injured K562 cells induced IFN-g secretion by
T cells. Maximum IFN-g production was seen when DCs
were co-cultured with T cells at a ratio of 1 : 20 (Fig. 4a). Sim-
ilarly, T cell proliferation was induced by DCs previously
exposed to injured cells but not to non-injured cells (Fig. 4b).
These experiments are consistent with the notion that cell
death-mediated induction of IL-12 plays an important role in
the ability of DCs to stimulate T cells to secrete IFN-g.

Secretion of IL-12p40 by DCs in response to necrotic 
K562 cells was mediated by their particulate fraction

For both forms of necrotic cell death (heat-killing and
repeated cycles of freezing and thawing), the particulate frac-
tion of dead cells activated DCs and stimulated them to

Fig. 2. Necrotic K562 and JAr cells consistently induce DCs to secrete 

IL-12p40, but do not induce IL-12p70 (a and b) or IL-10 (c and d) 

secretion. Monocyte-derived DCs (3 ¥ 105/ml) were cultured with TNF-

a/IL-1b, heat-killed, freeze/thaw-killed or non-injured K562 (a and c) 

or JAr cells (b and d). Both K562 and JAr cells were cultured at a density 

of 3 ¥ 105 cells/ml.
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secrete IL-12p40. Less IL-12p40 was secreted in response to
the soluble fraction of dead cells (Fig. 5). These experiments
indicate that the majority of immunostimulatory compo-
nents which activated DCs are in the particulate (non-
soluble) fraction of necrotic K562 cells.

Both protein and DNA of necrotic cells contributed to 
IL-12p40 secretion by DCs

To identify the factors responsible for IL-12p40 secretion by
DCs, these particulate fractions of necrotic cells were digested
with either trypsin or DNase for 1 h, then added to DC cul-
ture for 48 h. DCs cultured in the presence of TNF-a and IL-

1b were treated similarly with trypsin (inactivated by the
addition of serum to the medium) or DNase and used as a
control for the ability of DCs to respond to activating stimuli
in the presence of these enzymes. IL-12p40 secretion by DCs
in response to the particulate fraction of killed K562 cells was
reduced by 80% with trypsin but not with DNase digestion
(Fig. 6a,b). These results suggested that proteins rather than
DNA played an important role in IL-12 secretion by DCs in
response to necrotic cell death induced by thermal injury. On
the other hand, when cells were killed by repeated cycles of
freezing and thawing, both DNA and cellular proteins con-
tribute to IL-12 secretion by DCs in response to necrotic cells.
Digestion of the particulate fraction of freeze/thaw-killed
K562 cells with trypsin reduced its ability to stimulate the
secretion of IL-12p40 from DCs by 20% (Fig. 6a). This effect
was not as profound as in the case of heat injury-induced
death. A more pronounced reduction (reaching 75%) in the
secretion of IL-12p40 by DCs was observed when freeze/
thaw-killed K562 cells were pretreated with DNase before
adding them to DCs (Fig. 6b). Diminished IL-12p40 secre-
tion by DCs in response to digested dead cells was not due to
a direct effect of these enzymes on DCs. The level of IL-12p40
secreted by DCs in response to TNF-a and IL-1b was not
affected by the presence of trypsin or DNase. These results
suggest that different methods of necrosis might stimulate
IL-12 secretion by DCs through different sets of macromol-
ecules. While heat-induced cellular death seemed to stimu-
late IL-12 mainly through proteins, freeze/thaw-induced cell
killing might involve DNA-dependent IL-12 secretion.

Role of TLR4 on DCs in IL-12p40 secretion in response 
to necrotic K562 cells

The aim of this set of experiments was to investigate whether
TLR4 might contribute to the activation of DCs by necrotic

Fig. 4. Necrotic K562 cells enhanced the ability of DCs to stimulate the 

secretion of IFN-g (P = 0·01, ratio 1 : 50 for both forms of injury) and 

the proliferation (P = 0·001, ratio 1 : 50 for both forms of injury) of 

allogeneic T cells. Killed K562 cells (3 ¥ 105/ml) were co-cultured with 

DCs (3 ¥ 105/ml) at a 1 : 1 ratio. After 48 h, DCs were titrated into tissue 

culture plates containing allogeneic PBMCs (5 ¥ 105/ml) and the cul-

tures were incubated for 6 days. Supernatants were harvested and IFN-

g was measured by ELISA (a). Cultures were pulsed with [3H]thymidine 

for the final 18 h (b). T cells alone gave counts <200 c.p.m. Results are 

representative of two experiments. Values shown represent the mean of 

triplicate wells.
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K562 cell death. TLR4 has been suggested as a receptor for
endogenous signals which could be derived from necrotic
cells [20]. In this study, this receptor was blocked by incu-
bating monocyte-derived DCs with anti-TLR4 antibody or
its isotype-matched control (IMC) for 1 h before adding the
particulate fraction of killed K562 cells (Materials and meth-
ods). Blocking of TLR4 resulted in a significant reduction of
IL-12p40 secretion by DCs stimulated with the particulate
fraction of heat-killed K562 cells. In contrast, blocking TLR4
on DCs did not result in the reduction of IL-12p40 secretion
by DCs stimulated by particulate fraction of freeze/thaw-
killed K562 cells (Fig. 7). The addition of IMC antibody did
not affect the secretion of IL-12p40 from DCs in response to
heat-killed or freeze/thaw-killed K562 cells. The experiment
was repeated on five different donors to confirm these find-
ings. IL-12p40 secretion was reduced significantly when
TLR4 was blocked on DCs stimulated with heat-killed
(P = 0·043), but not with freeze/thaw-killed K562 cells
(P = 0·893).

Discussion

These results demonstrate that necrotic cell death of tumour
cells stimulate DCs to secrete IL-12 p40 subunit but not the
biologically active heterodimer IL-12p70. However, DCs
primed with necrotic cells secrete more IL-12p70 upon
CD40 ligation. In many cell lines, the expression of IL-12p40
transcripts correlates with the ability of these cells to produce
the heterodimeric IL-12p70, whereas mRNA transcript of
the other subunit, IL-12p35, was shown to be expressed con-
stitutively [21,22]. Other reports demonstrate that a low
level of p35 mRNA is expressed constitutively in freshly pre-
pared human peripheral blood monocytes [23]. These find-
ings lead to the assumption that production of IL-12p40 is
representative of the biologically active IL-12p70. However,
free monomeric IL-12p40 (measured in this study) has no
biological activity [24,25]. Indeed, bioactive heterodimeric
IL-12p70 production by human lipopolysaccharide (LPS)-
activated monocytes is determined by the expression of IL-
12p35 [26]. Furthermore, our results show that IL-10 is not
secreted by DCs in response to injured cells. IL-10 is a potent
inhibitor of IL-12, probably by blocking transcription of
both p35 and p40 encoding genes [18,19]. Therefore, it is
unlikely that IL-10 has a role in regulating IL-12 secretion by
DCs under our experimental conditions.

The secretion of IL-12p70 by murine DCs in vivo can be
mediated by CD40 ligation only in the presence of innate sig-
nals initiated by microbial stimuli [6]. In the present study,
we have shown that products of necrotic cell death prime
DCs for the secretion of high concentration of IL-12 p70 in
response to CD40 ligation. Unlike murine DCs, human DCs
secrete some IL-12p70 upon CD40 ligation. However, IL-
12p70 production was significantly enhanced when the signal
from CD40 ligation was combined with the presence of
necrotic cells. This shows that necrosis is not sufficient to

Fig. 6. Trypsin or DNase digestion of necrotic K562 cells reduced secre-

tion of IL-12p40 by DCs. Monocyte-derived DCs were cultured with 

killed K562 cells, trypsin-digested (a) or DNase-digested (b) killed cells. 

Error bars represent duplicates of culture. In five experiments with 

different donors, trypsin-digestion of particulate fractions of injured 

cells significantly reduced IL-12p40 secretion (for heat-killed K562 cells 

P = 0·028, for freeze/thaw-killed K562 cells P = 0·043). DNase-digestion 

significantly reduced IL-12p40 secretion only with freeze/thaw-killed 

K562 cells (P = 0·04) but not with heat-killed cells (P = 0·06).
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induce IL-12p70, but may promote Th1 responses by aug-
menting its secretion via the CD40/CD40L pathway. These
results may imply that the expression of IL-12p35 subunit in
DCs, which can be constitutively expressed in other cell types
[21,22], may well be more tightly controlled than the expres-
sion of IL-12p40. This observation is supported by a recent
study on the ability of Leishmania to prime CD40L-induced
IL-12p70 [27]. In this work, reverse transcription-
polymerase chain reaction (RT-PCR) analysis confirmed that
the production of IL-12p70 from Leishmania-primed DCs in
response to CD40 ligation was limited by the expression of
IL-12p35 mRNA. These findings and ours suggest that the
production of high levels of bioactive IL-12 by DCs is depen-
dent on two signals: an innate stimulus (microbes or necro-
sis) that primarily induces IL-12 p40, and a signal through
CD40, which is essential for the induction of the IL-12 p35.

In addition to IL-12p40 release, the ability of necrosis to
augment the production of IL-12p70 by DCs in response to
CD40 engagement could result from direct interaction with
other intracellular factors which may control the IL-12 p35
gene. Another possibility is that this enhancement is medi-
ated indirectly through the release of proinflammatory
cytokines from cell death-activated DCs, or the injured
tumour cells themselves. For example, IL-1b secreted by
monocyte-derived DCs in response to inflammatory stimuli
would synergize with CD40L for IL-12p70 release from DCs
[28].

In this study, we confirmed that necrotic cell death stim-
ulated the up-regulation of co-stimulatory molecules (CD80
and CD86), as published previously [3]. Our findings are
consistent with the danger model [29] and the injury
hypothesis [30]. These models postulate that the crucial
decision to respond or not to respond within the immune
system is based (at least partly) on the presence or absence of
injury to ‘self ’. The latter provides signals for DCs to mature,
up-regulate co-stimulatory molecules and initiate an
immune response.

The nature of the molecules derived from necrotic cells
which stimulate IL-12p40 secretion by DCs is not yet eluci-
dated fully. In this study, we demonstrate that digestion of
necrotic cells with trypsin decreased the stimulatory effect of
necrotic K562 cells killed by either heat or freezing and thaw-
ing. The reduction was more pronounced with heat-induced
necrosis compared with freezing and thawing, suggesting
that a non-proteinacious factor may contribute to DC acti-
vation by the release of intracellular components when cells
are exposed to repeated cycles of freezing and thawing. In
contrast to heat-induced necrosis, treatment of products of
freeze/thaw-induced necrotic K562 cells with DNase
decreased the secretion of IL-12 from DCs. These data are
consistent with the possibility that proteins and DNA might
play a role in DC activation by necrotic cells, perhaps
depending on the original mechanism of inducing cell death.

Stress proteins have already been proposed by a number of
studies as endogenous factors released from necrotic cells

which can stimulate immune responses. Human heat-shock
protein 60 (hsp60) can stimulate a monocyte cell line to
secrete TNF-a and synthesize mRNA for IL-12 [31]. In mice,
hsp60 might activate monocytes via TLR4 [20]. Similarly,
hsp70 can induce monocyte secretion of IL-1b, IL-6 and
TNF-a [32]. Another stress protein, namely gp96, can bind
to DCs via the CD91 receptor [33], which appears to be a
common receptor for a number of heat shock proteins [34].
The availability of such receptors for heat shock proteins on
antigen-presenting cells makes stress proteins attractive can-
didates for signals derived from dead cells. Our finding that
TLR4 played a role in DC activation by necrotic cell death
induced by heat (but not freeze/thaw) is consistent with a
role for hsp60. TLR2 is another receptor that can sense hsp60
[35]. This may explain reduction of IL-12p40 secretion by
heat-killed K562 cells when TLR4 only was blocked.

Another candidate protein derived from necrotic cells
which may contribute to IL-12p40 secretion is high mobility
group box 1 chromosomal protein (HMGB1). It is com-
posed of 215 amino acids, binds to DNA, stabilizes nucleo-
somes and allows DNA bending which facilitates gene
transcription. Recent studies identified this protein as a crit-
ical factor connecting necrotic cell death to inflammation
[36,37]. Apoptotic cells failed to release this protein, even
after undergoing secondary necrosis. Li and coworkers
showed recently that necrotic cells released a nuclear factor
(identical to HMGB1) that interacted with macrophages via
Toll-like receptor 2 (TLR2) and induced genes involved in
inflammation [38]. In addition, other proteins, such as
inflammatory cytokines, may be released de novo following
necrosis and contribute to DC stimulation.

Cellular DNA might be released undigested by rapid non-
physiological cell death, and may contribute to IL-12p40
secretion by DCs. In an in vitro study, murine fibroblasts
osmotically or mechanically injured were able to induce
maturation of bone marrow-derived DCs. This effect was
reduced in the presence of both DNase and proteinase K
enzymes, suggesting a role for both cellular protein and DNA
in DC maturation [39]. This is similar to our findings that
both proteins and DNA from necrotic cells may induce IL-12
depending on the method of injury. Eukaryotic genomes are
not rich in the immunostimulatory CpG motifs compared
with prokaryotic DNA [40]. Furthermore, eukaryotic CpG
DNA is predominantly present in non-immunostimulatory
methylated form, which serves as a mechanism for repres-
sion of gene transcription [41]. It is tempting to speculate
that eukaryotic DNA, at least in tumour cells, may contain
immunostimulatory motifs similar to prokaryotic CpG
DNA. Furthermore, patterns of CpG methylation may be
different in tumour cell lines [42]. Monocyte-derived DCs
do not express TLR9, the known receptor for CpG motifs,
but eukaryotic DNA recognition could well be mediated by
other TLRs. Alternatively, multimeric forms of different
TLRs might contribute to the process of eukaryotic DNA
recognition. In a murine system, intact double-stranded
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DNA released from necrotic cells activated DCs, but CpG
methylation did not inhibit this activation [39]. Modifica-
tion of DNA by antineoplastic agents simulated DCs [43].
Furthermore, the method of cell death is a crucial determi-
nant of the nature of DNA damage and hence the mecha-
nism of DC activation. However, unlike with alkylating
agents, DCs exposed to freeze/thaw-killed tumour cells did
not stimulate T cell proliferation [43]. This is in contrast to
our study, where both heat- and freeze/thaw-killed cells
primed DCs to stimulate T cell proliferation and secretion of
IFN-g compared with untreated tumour cells. This differ-
ence might be due to differences in the method of induction
of cellular freeze/thaw injury and the type of cell used. Sauter
et al. reported that extensive necrosis (exposing cells to not
less than four cycles of freeze and thaw) was required to
release DC maturation factors and to stimulate the secretion
of IFN-g from T cells [3].

The observation that non-physiological cell death stimu-
lated DCs to secrete IL-12 supports the notion that the
immune system can distinguish between injured and intact
self. That cell death primes DCs to release high levels of IL-
12p70 optimally in response to CD40 ligation ensures that
this crucial proinflammatory cytokine is secreted only at the
DC–T cell interface. This tight regulation would protect the
host from harmful autoreactive or allergic immune
responses. In addition, these data are relevant for DC-based
vaccinations used for the induction of antitumour immunity.
Several studies have shown that vaccination with DCs pulsed
with tumour cell lysates could induce significant antitumour
CTL responses and antitumour immunity [44,45]. However,
our results indicate variable degrees of success. Analysis of
effects of products of these killed tumour cells, particularly
with different methods of injury, on the functional state of
DCs and their ability to induce IL-12 by DCs is a crucial step
for the rational optimization of immunotherapy. Further-
more, our data may be useful for the rational development of
novel strategies for vaccinations against tumours through
controlling methods of inducing cell death.
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