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Abstract Dendritic cells (DCs) have the ability to gen-

erate peptide epitopes for MHC class I molecules derived

from apoptotic tumour cells for direct recognition by

cytotoxic T cells. This function has lead to DCs being used

in vaccine strategies. In this study, we investigate the effect

of inducing apoptosis in tumour cell lines using IFN-c and

poly(I:C), the subsequent maturation of the endocytosing

DC and its ability to direct the resulting T cell response.

We show that uptake of poly(I:C)-induced apoptotic

tumour cells leads to DC maturation and activation with a

Th1 cell polarising capacity. In contrast, these effects are

not seen by DCs loaded with c-irradiated apoptotic tumour

cells. We propose that the manner in which tumour cells

are induced to die can have a profound effect on the en-

docytosing DC and the resulting T cell response.
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Abbreviations

IFN-c Interferon-gamma

dsRNA Double stranded RNA

IFN-c/poly(I:C) tumour cell IFN-c pre-treated and

poly(I:C) pulsed or loaded

tumour cell

Introduction

Apoptosis is a genetically programmed form of cell death

driven by an intracellular signal transduction pathway

leading to disposal of the cell without causing damage to

neighbouring cells [1]. During apoptosis, a cell undergoes a

series of defined events that results in the condensation of

the nucleus and the breakdown of the cellular components

into discrete apoptotic bodies. Apoptotic bodies can be

efficiently endocytosed by a number of cell types without

the release of inflammatory cytokines [2], or indeed with the

active production of anti-inflammatory cytokines, such as

IL-10 [3], TGF-b [4] and PGE2 [5]. Virally infected cells,

however, can also die by apoptosis in response to viral

dsRNA generated as a by-product of the replication cycle of

many DNA and RNA viruses [6]. A number of intracellular

pathways have been described, which detect these viral

intermediates including Toll-like receptor (TLR) 3, dsRNA-

activated protein kinase (PKR), melanoma differentiation-

associated gene 5 (MDA5) and retinoic acid-induced gene 1

(RIG-1). Some studies have demonstrated cytokine pro-

duction in DCs in response to poly(I:C) [7, 8], and dsRNA

activation of PKR has been associated with the induction of

TNF-a and IL-1b in human lung epithelial cells [9]. Such

proinflammatory cytokines have been shown to be capable

of maturing DCs [10].

Immature monocyte-derived DCs (iDCs) are character-

ised by high endocytic and macropinocytic activity [11,

12]. These cells have been shown to efficiently phagocy-

tose apoptotic cells aided by an array of receptors such as

the scavenger receptor CD36, avb3 and avb5 integrins [13,

14], CD68, Fcc receptors and complement receptors (CR)

[15]. Once apoptotic material has been endocytosed, DCs

can generate peptide epitopes for MHC class I molecules

[16], a process referred to as cross-presentation.
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After encountering antigen, and in conjunction with

additional signals, iDCs upregulate surface expression of

MHC molecules and co-stimulatory molecules (CD80,

CD86 and CD40), a process called ‘DC maturation’ [17].

Mature DCs migrate to the tumour-draining lymph nodes

within 4–48 h [18] where they interact with T cells,

influencing their differentiation and consequently the type

of immune response generated. The signals received during

the DC maturation stage may profoundly influence the

resulting T cell response. It has been reported that DCs can

generate Th1 or Th2 responses and also regulatory cells if

the signals so dictate [19–21].

The use of DCs in cancer immunotherapy aims to

stimulate the immune system to target and destroy

tumour cells. Observations made during human DC-

based vaccine trials have shown that ex vivo-derived

antigen-pulsed immature DCs can induce regulatory

cells, while in their mature form they are immunogenic,

inducing antigen-specific Th1 responses [22, 23].

Therefore, optimal maturation of DCs is considered

essential for DCs in clinical applications [24]. An

effective maturation cocktail, consisting of pro-inflam-

matory cytokines and prostaglandin, has been described

by Jonuleit et al. [10] and has been used as the ‘gold

standard’ DC maturation cocktail by many groups.

Treatment of immature DCs with cytokine combinations,

however, has been shown to induce only partial (without

the release of IL-12) and reversible DC maturation [25–

27]. More recently, full maturation of DCs capable of

inducing pro-inflammatory cytokine production has been

associated with microbial products (the evolutionarily

conserved pathogen-associated molecular patterns,

PAMPs) recognised by pattern recognition receptors

(PRRs) such as Toll-like receptors (TLRs) [28]. Viral

dsRNA, which can be mimicked by its synthetic ana-

logue poly (I:C), has been shown to induce the stable

maturation and antigen-specific cytotoxic T cells (CTL)

activating capacity of DCs [25, 29]. Cell death that

stimulates the endocytosing DC towards the activation of

an inflammatory response has been referred to as

inflammatory apoptosis [30] or immunogenic cell death

[31]. The development of an inflammatory apoptosis

could depend on the initiating factor, the cell type or the

presence of particular inflammatory mediators such as

type I IFNs [30], PAMPs [32] or the recently described

damage-associated molecular patterns (DAMPs) such as

Calreticulin (CRT), heat shock proteins (Hsp) and high-

mobility group box-1 (HMGB-1) [31, 33].

Since the identification of tumour-associated antigens

(TAAs), numerous immunisation strategies have been

developed aimed at inducing TAA effector cells capable

of killing transformed cells [34]. Clinical studies have

shown that favourable responses to DC vaccination

correlate with immunological responses to more than one

antigen [35]. The use of whole tumour cells in the

loading of DCs offers a wide variety of TAA to the DC

for presentation, unlike peptide or gene transfection

methods where knowledge of the antigen is essential.

Tumour cells are commonly prepared for DC loading by

freeze/thaw lysis [36–38], resulting in necrotic cells, or

by irradiation that induces cell death via apoptosis [39,

40]. Using whole tumour cells, however, could poten-

tially induce either tolerance [41] or immunity [42, 43].

It is of key importance therefore to induce an immuno-

genic tumour cell death that has the potential to activate

DCs and at the same time facilitate presentation and

cross-presentation of TAAs to efficiently stimulate anti-

gen-specific T cells.

We have investigated the effect of poly(I:C) on IFN-c
pre-treated tumour cells (IFN-c/poly(I:C) tumour cells) in

terms of cell death and its impact on the maturation and

activation of the endocytosing DCs. We compared this to

c-irradiation, the conventional way of inducing cell death

in tumour cells used in clinical dendritic cell vaccines

[40]. We found that IFN-c pre-treatment followed by

poly(I:C)-induced apoptosis in a number of tumour cell

lines. Ingestion of IFN-c/poly(I:C) tumour cells by DC-

induced higher expression of the maturation markers

MHC class II, CD80 and CD86 than ingestion of irra-

diated tumour cells. Furthermore, only those DCs that

had endocytosed IFN-c/poly(I:C) tumour cells were

capable of stimulating IFN-c producing T cells. Our data

suggest that under the appropriate apoptosis inducing

conditions tumour material can effectively provide mat-

uration signals to DCs leading to a Th1 polarised

adaptive immune response.

Materials and methods

Tumour cell culture

The MJT3, MJT1, MJT5 and KM melanoma cell lines

were previously established from biopsies and charac-

terised at St George’s Hospital [44] (and unpublished

data). Melanoma cells were grown in RPMI (Sigma)

supplemented with 10% foetal calf serum (FCS) (Invit-

rogen), 1% Glutamine (G) and 1% Penicillin/Strepto-

mycin (P/S) (Sigma) [RPMI complete medium (c.m)] at

37�C in a 5% CO2 humidified incubator. Hep2 and A549

epithelial cell lines were grown in (Dulbecco’s Modified

Eagle Medium) DMEM (Sigma) supplemented with 10%

FCS, 1% G and 1% P/S. Tumour cells were cultured in

T75 tissue culture flasks (Nunc) and split 1:5 twice a

week using 19 trypsin–EDTA (Invitrogen) to detach

cells from the flasks.
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Induction of cell death in melanoma cells

Cell death was induced in tumour cells by c-irradiation

(150 Gy) or poly(I:C) (Amersham). MJT3 cells were

plastic adhered at 2.5 9 105/ml RPMI c.m for 24 h and

100 lg/ml poly(I:C) (as pre-determined by titration) was

added to the culture supernatant and cells were incubated

for 4, 24, 48 and 72 h. Alternatively, apoptosis was induced

in MJT3 cells by c-irradiation (150 Gy) after 24 h of

plastic adherence. Interferon-gamma (IFN-c) (PeproTech)

pre-treatment of tumour cells was performed by the addi-

tion of 1,000 U/ml IFN-c 24 h prior to irradiation or

poly(I:C) pulsing. Untreated MJT3 tumour cells were

incubated for the above time points and used as negative

controls. In some tumour cell lines, cell death was induced

by the forced loading (transfection) of poly(I:C) using the

cationic liposome-based reagent, TransFast (Promega) as

directed by the manufacturer’s instructions. Tumour cell

lysates were prepared with 4 freeze/thaw cycles and

checked for cell death using trypan blue (Sigma) exclusion.

Detection of apoptosis

Apoptosis of tumour cells was detected using DIOC6 (di-

hexyloxacarbocyanine iodide) (Sigma–Aldrich) that accu-

mulates in the mitochondria of viable cells and is lost with

the change in membrane permeability associated with

apoptosis. Tumour cells were detached from the plastic

culture vessels using trypsin, and 1 9 105 cells were

incubated with 35 nM DIOC6 for 15 min at 37�C. Cells

were washed and stained with 5 ll Propidium Iodide (PI)

(BD) in 100 ll Dulbecco’s phosphate-buffered saline

(PBS) (Sigma) for 15 min at room temperature (RT) in the

dark. Flow cytometric analysis was performed using a

FACSCalibur (BD Pharmingen) within 1 h of staining.

Cells negative for DIOC6 and PI were considered apopto-

tic. Cells that became necrotic (primary necrosis) or pro-

ceeded from apoptosis to necrosis (late apoptosis or

secondary necrosis) stained positive for PI.

Detection of Calreticulin on the cell surface of dying

tumour cells

In order to determine whether IFN-c/poly(I:C) or c-irradi-

ation induce the expression of the immunogenicity marker

Calreticulin (CRT) in the tumour cells, 1 9 105 tumour

cells were stained with 4 lg/ml non-conjugated mouse anti-

human Calreticulin (CRT) antibodies (Abcam) and incu-

bated at 4�C for 30 min. Alternatively, cells were stained

with 4 lg/ml mouse IgG1 negative control antibodies (Se-

rotec). Cells were washed with 2 ml FACS buffer [19 PBS

(made from tablet by Sigma), 10 mg/ml Bovine serum

albumin (Sigma), 5% Sodium azide (Sigma)] and

centrifuged at 500g at 4�C for 5 min. Cells were resus-

pended in 50 ll FACS buffer, and 1 lg/ml FITC conju-

gated rabbit anti-mouse IgG (Serotec) was added to each

tube. Cells were incubated for 30 min at 4�C in the dark,

washed as before and resuspended in 200 ll CellFix (BD).

Calreticulin expression was quantified by flow cytometry.

Determination of gene expression by apoptotic

tumour cells

Total RNA was isolated using RNeasy minikit (Qiagen)

following manufacturer’s instructions. RNA was quantified

using a Nanodrop 1000A spectrophotometer (ThermoSci-

entific) and an Agilent 2100 Bioanalyser (Agilent Technol-

ogies) used to determine the quality of the sample. RNA was

amplified using the Illumina total prep kit following manu-

facturer’s instructions. Samples were hybridised to human

HT12 arrays (Illumina) and data analysed using Genespring

software (Agilent Technologies). Differential expression

was defined as twofold increase or decrease in irradiated or

IFN-c/poly(I:C)-treated cells over non-treated samples.

Generation of human monocyte-derived dendritic cells

Immature dendritic cells (iDCs) were generated from

peripheral blood mononuclear cells (PBMCs) isolated by

Ficoll density centrifugation from buffy coats of healthy

donors (National Blood Service) following standard proto-

cols [26, 45]. Briefly, blood was diluted 1:1 with HBSS and

layered onto 15 ml of Ficoll-Hypaque (Invitrogen) in a

50 ml tube and centrifuged at 800g, for 25 min at 20�C

without deceleration. Peripheral blood mononuclear cells

were removed from the interface and washed twice in HBSS.

Cells were pelleted by centrifugation at 300g for 10 min to

ensure a loose pellet. PBMCs were re-suspended in c.m at

3 9 106/ml for 2 h to allow the monocytes to adhere to the

plastic. Non-adherent cells were removed and cryopreserved

at 7.5 9 106 cells/ml by slow freezing in cryogenic vials in

freezing medium [44% RPMI ? 44% FCS ? 12% dimethyl

sulfoxide (DMSO) (Sigma)] and stored in liquid nitrogen for

later use as autologous responder T cells. Adherent mono-

cytes were gently washed twice with 10 ml of warm HBSS.

Monocytes were cultured in c.m. for 7 days and differenti-

ated into DC by the addition of 100 ng/ml GM-CSF (Pep-

roTech) and 50 ng/ml IL-4 (PeproTech) on days 0, 2 and 5. In

this experimental system, DCs were grown in the presence of

10% FCS as it has been shown that DCs grown in the pres-

ence of human serum lack the CD1a DC marker and show a

relative resistance to maturation [46] (and unpublished

results). Dendritic cells were harvested on day 7. DC purity

was determined by flow cytometry by the percentage of

CD11c positive cells using APC-labelled anti-human CD11c

monoclonal antibody (BD).
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Phagocytosis assays

To investigate whether immature DCs can endocytose

apoptotic tumour cells, two approaches were taken. Firstly,

carboxyfluorescein succinimidyl ester (CFSE) (Sigma)

stained DCs and CellTrace
TM

Far Red DDAO (Invitrogen)

stained tumour cells were co-cultured for 24 h. Tumour

cells at 1 9 106/ml cell concentration were stained after

apoptosis induction with 10 lM DDAO red fluorescent dye

following manufacturer’s protocol. Immature DCs were

stained with 1 lM CFSE green dye. Stained DCs and

tumour cells were co-cultured at 1:1 ratio for 24 h at 37 or

4�C. Double positive staining indicated DCs that had in-

ternalised tumour cells as detected by flow cytometry.

Secondly, uptake of apoptotic tumour cells was confirmed

by confocal microscopy. MJT3 tumour cells were labelled

with PKH67 (Sigma) according to the manufacturer’s

protocol and cultured with or without IFNc for 24 h. Cells

were treated with 100 lg/ml poly(I:C) or c-irradiated and

cultured for a further 24 h. PKH67 stained tumour cells

were co-cultured with DCs at a tumour cell: DC ratio of 1:1

for 24 h. DCs that had been co-cultured with tumour cells

were then transferred to wells containing the poly-L-lysine

(Sigma)-coated coverslips and allowed to adhere for a

minimum of 4 h at 37�C. Adherent DCs were fixed in 4%

w/v paraformaldehyde/3% w/v sucrose in PBS warmed to

37�C for 20 min. Following 3 further washes in PBS, DCs

were stained with CD11c conjugated to alexa-647 (AbD

Serotec) for 30 min. After a final 3 washes, coverslips were

attached to microscope slides using Vectashield (Vectorl-

abs) with DAPI (40,6-Diamidino-2-phenylindole) (Sigma)

and stored at 4�C. Cells were examined using a LSM

confocal microscope using a 409 oil objective. Fluorescent

images were obtained using LSM image browser.

Determination of DC maturation by tumour cells

Immature DCs were co-cultured with viable (untreated) or

apoptotic allogeneic tumour cells (irradiated or IFN-c/

poly(I:C) tumour cells) at a 1:1 ratio for 24 h. To negate

any effect of residual extracellular IFN-c or poly(I:C)

activating DCs, tumour cells were washed 3 times after

induction of apoptosis and re-suspended in fresh culture

medium before co-culture. Maturation of DCs in response

to apoptotic tumour cells was determined by flow cyto-

metric analysis. HLA class I, HLA class II, CD1a, CD11c,

CD14, CD80 and CD86 surface markers were detected

using anti-human monoclonal CD1a-FITC, CD11c-APC,

CD14-PE, HLA class I-FITC, HLA class II-PE, CD80-PE,

CD86-PE, CD83-PE and CD40-PE antibodies (all from

BD). Isotype-matched mouse anti-human IgG antibodies

were used as negative controls (IgG1-PE, IgG1-FITC,

IgG1-APC, IgG2a-PE (all from BD). Cells (1 9 105) were

stained with appropriate amount of the above antibodies in

100 ll volume of FACS buffer. Cells were incubated at

4�C for 30 min, washed once in 2 ml FACS buffer and

fixed with 300 ll CellFIX (BD). Flow cytometry was

performed using a FACSCalibur System. Routinely,

1 9 104 events were collected using a gate on the forward

scatter/side scatter (FSC/SSC) profile to exclude debris.

Tumour cells were excluded from the analysis by gating on

the CD11c positive DC population. The flow cytometric

data are presented as the median of fluorescence intensity

(MFI) of DCs, representing a semi-quantitative measure of

expression level. Analysis was carried out using FCS

Express Version 3 software. Some DCs were matured with

the ‘gold standard’ maturation cocktail containing 10 ng/

ml IL-1b, 10 ng/ml TNF-a, 1,000 U/ml IL-6 and 1 lg/ml

PGE-2 (all from PeproTech) [10] for 24 h and then im-

munophenotyped. In some experiments, DCs were loaded

with tumour cell lysates for 24 h and matured with the

‘gold standard’ maturation cocktail for a further 24 h. To

exclude the possibility of DC maturation occurring as a

result of poly(I:C) adhering to the surface of dying tumour

cells, maturation of DCs was also determined in the pres-

ence of Benzonase nuclease (BN) (Novagen). DCs were

co-cultured with untreated, c-irradiated or IFN-c/poly(I:C)

MJT3 melanoma cells in the presence or absence of 50 U/

ml BN. DCs treated with 100 lg/ml poly(I:C) in the

presence of BN was used as positive control for poly(I:C)

digestion by BN.

Detection of cytokines

Cytokines including TNF-a, IL-6, IL-8, IL-10, IL-12p70

and IL-1b was quantified in tumour cell culture superna-

tants by Bio-Plex Cytokine Assay, while IFN-b was

detected by ELISA (PBL). CD40 ligand (CD40L) trans-

fected J558 mouse fibroblast cell line (a kind gift from Dr P

Lane) [47] was used to mimic the in vivo DC–T cell

interaction via the CD40-CD40L pathway. Non-loaded or

tumour cell loaded DCs were co-cultured with CD40L

transfected J558 cells at 1:1 DC to J558 cell ratio for 24 h.

IL-12p70 and IL-10 were quantified in co-culture super-

natants using the Bio-Plex Cytokine Assay (BioRad) fol-

lowing manufacturers’ instructions.

Co-culture of tumour cell loaded DCs with non-

adherent PBMCs

Tumour cell loaded DCs were co-cultured with the non-

adherent fraction of autologous PBMCs at 1:5 ratio in 2 ml

RPMI c.m. To reduce the amount of apoptotic or dead

tumour cell material in the loaded DC preparation, DCs at

5 9 105 cells/ml RPMI c.m were layered over a ficoll

gradient and centrifuged at 800g for 25 min at 20�C with
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no deceleration. The percentage of DCs was determined by

FACS staining using CD11c-APC (BD) to ensure that equal

amounts of DCs and PBMCs were co-cultured. PBMCs

were super-stimulated at day 4 or day 7 with 1 lg/ml PMA

(Sigma) and 10 ng/ml Ionomycin (Sigma) in the presence

of 10 lg/ml Brefeldin A (Sigma). PBMCs were harvested

and immunophenotyped for CD3, CD8 and CD4 markers

using specific PerCP-, FITC- and APC-labelled monoclonal

antibodies (BD), respectively. T cells were gated on FSC/

SSC and double gated on FL3 to exclude CD3-ve cells from

the analysis. The percentages of IFN-c, IL-2 and IL-10-

producing CD4 and CD8 were determined by intracellular

cytokine staining by PE-labelled antibodies (BD) using the

Cytofix/Cytoperm kit (BD) according to manufacturer’s

instructions. PE-labelled mouse IgG1 was used as isotype-

matched control of anti-human IFN-c and IL-2 monoclonal

antibodies, and rat IgG1 was used as isotype-matched

control of anti-human IL-10 monoclonal antibody. In some

experiments, naı̈ve CD3? T cells were isolated by negative

magnetic bead selection using the T cell negative isolation

kit (Dynal) as directed by the manufacturer’s instructions.

This kit depletes B cells, NK cells, monocytes, platelets,

DCs, granulocytes, erythrocytes and activated (HLA class II

positive) T cells. The amount of IFN-c, IL-2, TNF-a and IL-

10 was detected in supernatants of DC/non-adherent PBMC

co-cultures by Bio-Plex Cytokine Assay (BioRad) follow-

ing manufacturers’ instructions.

Induction of antigen-specific response by apoptotic

tumour cell loaded DCs

Immature DCs were loaded with 10 lg/ml influenza matrix

(M1) peptide (GILGFVFTL) (ProImmune). Two hours

later, c-irradiated or IFN-c/poly(I:C)-treated MJT3s were

added to the DCs and cultured for 24 h. DCs were har-

vested and co-cultured with autologous CD3? T cells

isolated from the non-adherent fraction of PBMCs using

the Dynabeads Untouched Human T Cells negative isola-

tion kit (Invitrogen) at 1:5 ratio. T cells were re-stimulated

with the respective M1 loaded DCs on day 7 and supplied

with 40 U/ml IL-2 (PeproTech) 4 days after stimulation or

re-stimulation. T cells were harvested on day 14 and

stained with matched APC-labelled M1 Pentamer (ProIm-

mune) as instructed by the manufacturer and co-stained

with CD3-PerCP (BD) and CD8-PE (BD). M1-specific T

cells expanded by M1 loaded cocktail-matured DCs as

described above was used as a control.

Statistical evaluation

Statistically significant differences were determined using

Student’s paired t test. Data that were not normally dis-

tributed were subjected to Wilcoxon’s test using the

GraphPad Prism 5 software. All P values were obtained by

two-tailed tests, and differences were considered statisti-

cally significant when P B 0.05.

Results

Poly(I:C) induces apoptotic cell death in tumour

cell lines

MJT3 melanoma cells were treated with poly(I:C), and cell

death was determined by dihexyloxacarbocyanine iodide

(DIOC6)/Propidium iodide (PI) co-staining. Figure 1a

shows the mean percentage of apoptotic (DIOC6 -ve/PI

-ve) MJT3 tumour cells induced with c-irradiation or

poly(I:C) in 3 independent experiments. Both c-irradiation

(average = 35%) and poly(I:C) (average = 23%) induced

apoptosis in MJT3 cell line, however, poly(I:C)-induced

apoptosis was significantly increased by IFN-c pre-treat-

ment (average = 63%) (Student’s t test P = 0.02). This

effect was determined in a number of additional cell lines

including the MJT1, MJT5 and KM melanoma cell lines,

the Hep2 epithelial cell line and the A549 lung carcinoma

cell line (data not shown). In general, tumour cell lines fell

into two groups, one group being susceptible to cell death

induced in this manner (MJT3, MJT1, MJT5, Hep2) and

one group not (KM, A549). All cell lines, however, can be

induced to undergo apoptosis if poly(I:C) is introduced into

the cell using a transfection reagent.

Calreticulin expression on IFN-c/poly(I:C)-treated

MJT3 tumour cells

Profiling of ‘immunogenic apoptosis’ is thought to have

key importance in improving anticancer therapeutics in

order to reduce cancer-related mortalities in the future [48].

Cell surface expression of CRT, a damage-associated

molecular pattern, has been suggested to be a marker of

immunogenic cancer cell death [31, 49]. Gamma irradia-

tion of MJT3 tumour cells induced CRT expression in only

a small percentage of cells (20% on average), while there

was a marked increase in the percentage of MJT3s with

CRT expression when MJT3s were treated with IFN-c/

poly(I:C) (55%) (Fig. 1b, c).

Gene profile of apoptotic tumour cells

In order to investigate other mechanisms that may influ-

ence the immunogenicity of apoptotic tumour cells, chan-

ges in gene expression of apoptotic tumour cells against

non-treated tumour cells were determined by microarray

analysis. Relevant changes in gene expression were defined

as twofold increase or decrease. The data indicate that the
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changes in gene expression in tumour cells undergoing

apoptosis as a result of IFN-c/poly(I:C) is markedly dif-

ferent to that seen in irradiated tumour cells (Table 1). Of

particular interest is the difference in the two groups of

chemokines and cytokines, and the marked increase in

expression of these in the IFN-c/poly(I:C)-treated cells.

Conversely, the expression of heat shock proteins is

decreased in IFN-c/poly(I:C)-treated cells but increased in

irradiated cells. These data suggest that profoundly dif-

ferent immune responses might be initiated by these two

apoptosis inducing modalities. Genes upregulated by either

IFN-c or poly(I:C) alone are shown in bold. Only a small

fraction of the genes upregulated by the combination of

IFN-c/poly(I:C) was expressed when the treatments were

used alone. In addition, the fact that apoptosis is only

induced by the combination of IFN-c and poly(I:C)

emphasises the necessity of using the two reagents

together.

Immature monocyte-derived DCs can endocytose

both irradiated and IFN-c/poly(I:C) tumour cells

In order to investigate tumour cell uptake by DCs, DDAO

(red) stained untreated, irradiated or IFN-c/poly(I:C)-trea-

ted MJT3s were co-cultured with CFSE (green)-stained

DCs. Phagocytosis of tumour cells by DCs was defined by

the percentage of double positive cells. Interferon-c/

poly(I:C) and irradiated tumour material were internalised

by DCs (Fig. 2). Apoptotic tumour cell uptake was abro-

gated by incubation of DCs in the presence of IFN-c/

poly(I:C)-treated tumour cells at 4�C indicating that the

uptake occurred by an active mechanism (data not shown).

To confirm ingestion of tumour material by DCs, PKH67-

stained tumour cells were co-cultured with DCs, which

were then stained with CD11c-alexa 647 and analysed by

confocal microscopy. Results demonstrate the ingestion of

apoptotic tumour material supporting the flow cytometric
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Fig. 1 Apoptotic cell death and expression of CRT immunogenicity

marker can be induced by the combination of IFN-c and poly(I:C) in

tumour cells. a Apoptotic cell death of MJT3 melanoma cells as

determined by DiOC6/PI staining. Tumour cells were untreated (Un)

or subjected to 150 Gy c-irradiation (irr), 100 lg/ml poly(I:C)

treatment (pIC) or 24 h IFN-c pre-treatment followed by 100 lg/ml

poly(I:C) treatment (IFN/pIC). The figure shows the mean percentage

of apoptotic (DiOC6 negative/PI negative) tumour cells from 3

separate experiments at 48 h. Statistically significant differences are

shown (*P \ 0.05; **P \ 0.01; ***P \ 0.001) as determined by

Student’s t test using GraphPad Prism 5 data analysis software.

b Representative FACS plots of CRT staining. The percentage of

CRT expressing tumour cells was detected by flow cytometry using

FACSCalibur. Non-specific antibody binding was excluded by gating

on cells stained with appropriate isotype control. c CRT expression by

apoptotic MJT3s. The graph shows the mean and SD of 3 independent

experiments. Statistical analysis was carried out as in a
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results (Supplementary Fig. 1). The morphology of DCs

that had ingested irradiated tumour cells was somewhat

different from those that ingested IFN-c/poly(I:C) tumour

cells. DCs loaded with irradiated tumour cells appeared

more adherent (Supplementary Fig. 1a) than those loaded

with IFN-c/poly(I:C) tumour cells (Supplementary

Fig. 1b), which could be due to loss of adhesive structures

that accompanies DC maturation [17] or dedifferentiation

of DCs into macrophages as a result of ingestion of

c-irradiated tumour cells.

Table 1 Gene expression by tumour cells in response to apoptosis induction

Irradiation IFNc/Poly(I:C) IFNc Poly(I:C)

Upregulated

Cytokines VEGF, IL-16, IL-6 GM-CSF, CSF, VEGF, IL-1b, IL-8, IL-24, IL-18A/B,

IL-6, TNFa, IL-29, IL-32, IFNx
IL-8, IL-6

Chemokines CCL3//MIP-1a, CXCL3/MIP-2, CCL20/MIP-3a

CXCL9/MIG, CCL3L1, CXCL16, CCL5/RANTES

CCL3//MIP-1a

Receptors IL-7RA IL-6R, IL-10R, IL-22RA, IL-7R, IL-15RA

Death assoc. TFAR15, TRAIL2, FAS,

AIF, AMID, HRK

TRAF-1, CASP-3, FASL, BRIC2

Other SOCS, IRF7, HSPA1B,

DNAJ

TLR3, EIF2AK2, ICAM-1, NFjBIB, RIPK2,

CARD1/NOD1, CFLAR, IKBjF, MyD88, IRF3,

TAPBD, 2-5OASL, STAT-1

ICAM-1, IRF3,

2-5OASL

Downregulated

Heat shock proteins HSPE1/HSP10, HSPD2/HSP60, HSPA1B/HSP70,

HSPA8/HSP71, HSPCA/HSP86/HSP90A

Other IL-28B BAX, ICAM-3

MJT3 cells were treated with IFN-c/poly(I:C) or subjected to c-irradiation and the expression of genes determined. Induced expression was defined as a

twofold increase over non-apoptotic cells and reduced expression defined as a decrease in greater than half. In bold are those genes found to be elevated in

the IFN-c and poly(I:C) controls and therefore not likely to be due to the combination of these elements
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Fig. 2 Monocyte-derived

immature DCs are capable of

endocytosing both irradiated

and IFN-c/poly(I:C)-treated

tumour cells. CFSE-stained DCs

are shown where CFSE/DDAO

double positive DCs represent

the percentage of DCs that had

endocytosed DDAO-stained

MJT3 tumour cells. DDAO

positive CFSE negative cells

were gated out to exclude any

unendocytosed tumour cells

from the values. Representative

figures of 4 individual

experiments
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IFN-c/poly(I:C)-treated tumour cells induce

DC maturation

Expression of antigen presentation and co-stimulatory

molecules by DCs is essential for their interaction with T

cells. Expression of DC maturation markers was deter-

mined by the median fluorescence intensity (MFI) of

CD11c positive cells after 24 h of culture with or without

treated tumour cells. Immature monocyte-derived DCs

(Mo-DCs) showed characteristic expression of CD11c,

CD1a and MHC class II and lack of CD14 expression

(Supplementary Fig. 2a). Figure 3a shows the MFI of DCs

cultured alone, with non-treated, irradiated MJT3 or IFN-c/

poly(I:C)-treated MJT3 cells. DCs loaded with either

irradiated or IFN-c/poly(I:C)-treated MJT3s showed higher

expression of MHC class II, CD80, CD86 than non-loaded

DCs indicating DC maturation. The increase in the levels

of MHC class I, MHC class II, CD83, CD80, CD86 and

CD40 expression of DCs loaded with IFN-c/poly(I:C)-

pulsed MJT3s were significant when compared to DCs

loaded with c-irradiated MJT3s (P \ 0.0001, P = 0.0005,

P = 0.0005, P = 0.0005, P = 0.0005 and P = 0.0052,

respectively). Statistical significance was obtained between

DC loaded with untreated MJT3 and DC loaded with IFN-

c/poly(I:C)-treated MJT3 for MHC class I, MHC class II,

CD80, CD86 and CD40, which is not shown for clarity of

graphs but indicated as fold increase in Supplementary

Fig. 2b. The difference between DC loaded with untreated

MJT3 and DC loaded with irradiated MJT3 was only sig-

nificant for CD40. The relative expression levels of mat-

uration markers between different donors varied, which

explains the magnitude of error bars generated for the 15

individuals investigated, as has been observed by others

[50]. Data expressed as fold increase relative to non-loaded

DCs also showed significant differences between DCs

loaded with IFN-c/poly(I:C) tumour cells compared to DCs

loaded with c-irradiated tumour cells (P = 0.0006,

P = 0.0005, P = 0.0005, P = 0.0005, P = 0.0005,

P = 0.0042) (Supplementary Fig. 2b).

Although statistically significant differences were

obtained, there was only a small increase in CD83 and

CD40 expression by DCs loaded with IFN-c/poly(I:C)

tumour cells. This observation was surprising since these

molecules are recognised as markers of maturation in DCs.

Therefore, we compared CD83, CD80, CD86 and CD40

upregulation seen with IFN-c/poly(I:C)-treated tumour

cells to those seen with the ‘gold standard’ maturation

cocktail (Fig. 3b). As expected, the standard maturation

cocktail upregulated CD83, CD80, CD86 and CD40 on

DCs validating the detection method and the quality of

DCs generated in our laboratory (P = 0.0191, P = 0.0087,

P = 0.0217, P = 0.0019). The expression level of CD83

was several folds lower than CD86 on cocktail-matured

DCs; however, this has been observed by others [50].

Although CD83 and CD40 expression of cocktail-matured

DCs were higher than those co-cultured with MJT3 IFN-c/

poly(I:C), it should be noted that CD86 upregulation, the

costimulatory molecule which is thought to have major role

in initial T cell priming, was similar in both cases [51].

Furthermore, expression of CD80 and CD86 by cocktail-

matured DCs was further enhanced when they were pre-

loaded with IFN-c/poly(I:C) tumour cells (Fig. 3b), which

was not seen when DCs were pre-loaded with lysates (data

not shown). This indicates that tumour cell death induced

by IFN-c/poly(I:C) has no inhibitory properties on DC

maturation. Furthermore, this approach has the potential to

deliver additional DC maturation signals compared with

tumour lysates, a commonly used whole tumour cell

loading strategy for DC-based vaccination [52, 53].

Co-culture of DCs with IFN-c/poly(I:C) MJT3s in the

presence of Benzonase Nuclease (BN) confirmed that DC

maturation was not caused by residual poly(I:C) (Supple-

mentary Fig. 2c). To investigate whether tumour cells

transfected with poly(I:C) had similar properties, we im-

munophenotyped DCs that had internalised IFN-c pre-

treated and poly(I:C)-transfected KMs and found DC

maturation (Supplementary Fig. 2d). KMs that were unre-

sponsive to IFN-c/poly(I:C) pulsing did not cause DC

maturation indicating that DC maturation was not caused

by IFN-c or poly(I:C) carry over via the tumour cells.

Untreated or irradiated KMs did not mature DCs. Fur-

thermore, IFN-c treatment of MJT3 cells alone did not

induce DC maturation to such extent as IFN-c/poly(I:C)

treatment (Supplementary Fig. 2e). In conclusion, tumour

cell lines when induced to die by effective loading of

poly(I:C), either by IFN-c/poly(I:C) pulsing or transfection,

exhibit a greater ability to drive DC maturation then their

c-irradiated counterparts.

Endocytosis of IFN-c/poly(I:C) tumour cells drives

DCs towards a Th1-biased phenotype

Apart from antigen presentation (‘signal 1’) and costimu-

latory interaction (‘signal 2’), efficient polarisation of T

cells requires a third signal delivered by other means, such

as inflammatory cytokines, environmental factors, and

interaction between CD40 on the DC and the rapidly

induced CD40L on the activated antigen-specific Th cells

[54–56]. Mature DCs capable of directing a Th1 response

are capable of releasing both IL-12p70 and IL-10 but are

biased towards the production of IL-12p70 [57]. In order to

achieve a Th1 response, it is believed that DCs need to be

able to release IL-12p70 especially at the phase of DC/T

cell interaction [58]. Therefore, we investigated IL-12p70

release relative to IL-10 from DCs loaded with apoptotic

tumour cells after interaction with CD40 ligand transfected
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cells, used to mimic DC/T cell interaction. We show that

uptake of IFN-c/poly(I:C)-treated tumour cells induce DCs

to release significantly higher levels of IL-12p70 relative to

IL-10 after CD40 ligation when compared to non-loaded

DCs, unlike DCs loaded with c-irradiated tumour cells

(Fig. 3c).

Induction of apoptosis by IFN-c/poly(I:C) tumour cells

primes DCs to direct type 1 T cell differentiation

In order to compare T cell activation by the DCs loaded

with irradiated or IFN-c/poly(I:C) tumour cells, loaded

DCs were co-cultured with autologous non-adherent
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Fig. 3 Phenotype of dendritic cells. a Changes in surface phenotype

of DCs loaded with apoptotic tumour cells. Immature DCs were

cultured for 24 h alone, with untreated, irradiated or IFN-c/poly(I:C)-

treated MJT3s at 1:1 DC to TC ratio. The MFI of markers expressed

on CD11c positive gated DCs was analysed in FCS Express. The data

show the MFI obtained from 15 individuals. The error bars indicate

standard deviation (SD). Statistically significant differences are

shown (*P \ 0.05; **P \ 0.01; ***P \ 0.001) as determined by

paired t test using GraphPad Prism 5 data analysis software. Data

failing normality test was subjected to Wilcoxon signed-rank test.

Statistical data are shown between non-loaded and tumour cell loaded

DCs and between DCs loaded with c-irradiated MJT3s and DCs

loaded with IFN-c/poly(I:C)-treated MJT3s. b Comparison of surface

phenotype of DCs loaded with IFN-c/poly(I:C) tumour cells and DCs

matured with the ‘gold standard’ maturation cocktail. Results show

the MFI of 5 independent experiments. Statistical analysis was carried

out as in a. c Dendritic cells loaded with IFN-c/poly(I:C)-treated

tumour cells exhibit a Th1-biased phenotype. IL-12p70 and IL-10

release were detected in culture supernatants of non-loaded or tumour

cell loaded DCs after CD40 ligation. The data show the ratio of

IL12p70 to IL-10 of 3 independent experiments using PBMCs of

different individuals. The error bars indicate standard deviation (SD).

Statistically significant differences are shown (*P \ 0.05) as deter-

mined by paired t test using GraphPad Prism 5 data analysis software
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PBMCs. To make the readout clinically relevant, in these

experiments, the IFN-c/poly(I:C) tumour cells were also

irradiated prior to DC loading. This did not affect apoptosis

of the tumour cells and maturation by the phagocytosing

DC (data not shown). We compared the cytokine response

of autologous T cells to DCs loaded with apoptotic tumour

cells and to tumour lysate-loaded DCs matured with a

standard cytokine cocktail. Cytokine quantification showed

that the levels of IFN-c and IL-2 increased in the culture

supernatants of PBMCs that were co-cultured with either

DCs loaded with the irradiated or the IFN-c/poly(I:C)-

treated MJT3s at day 4 (Fig. 4). However, only the PBMCs

cultured with DCs that had been loaded with IFN-c/

poly(I:C)-treated MJT3s continued to release IFN-c, which

lead to a significant increase in IFN-c release at day 7,

when compared to non-loaded DCs or DCs loaded with

c-irradiated MJT3s. This release of IFN-c was not detected

when MJT3s were co-cultured with DCs or PBMCs indi-

cating that it was due to the interaction of tumour cell

loaded DCs with PBMCs (data not shown). Importantly,

very low levels of IL-10 were detected (\40 pg/ml) in all

DC/PBMC co-culture supernatants and IL-4 levels were

under the detection level of the bioplex assay (data not

shown). Similar results were observed when loaded DCs

were co-cultured with CD3? naı̈ve T cells (Supplementary

Fig. 3a) indicating that the increased IFN-c release was due

to T cells activated by the tumour cell loaded DCs.

Although the extent of DC maturation was greater in

lysate-loaded cocktail-matured DCs, DCs that were loaded

with the IFN-c/poly(I:C)-treated tumour cells, irrespective

of the lower expression of maturation markers, enhanced

the production of IFN-c from PBMC to a much greater

extent (Supplementary Fig. 3b). In addition, the ability of

such apoptotic tumour cell preparation to induce Th1-

biasing cytokine release can be further enhanced with the

standard maturation cocktail.

In order to investigate whether the IFN-c release

measured in the co-culture supernatants was due to type 1

biased CD4? T helper cells, the percentage of IFN-c
producing CD4? T cells were identified by intracellular

cytokine staining. Paired t test analysis showed that the

percentage of both IFN-c and IL-2 producing CD4? T

cells was significantly higher when PBMCs were co-cul-

tured with DCs loaded with IFN-c/poly(I:C)-treated

tumour cells compared to those loaded with c-irradiated

tumour cells at both day 4 (P = 0.0070 and P = 0.0107,

respectively) and day 7 time points (P = 0.0180 and

P = 0.0140, respectively) (Fig. 5a). At the same time, the

percentage of IL-10 producing CD4? T cells was low.

This induction of Th1 cell polarisation was not seen by

the DCs that had ingested c-irradiated tumour cells.

Indeed, a reduction in IFN-c producing CD4? T cells was

observed when PBMCs were co-cultured with irradiated

MJT3 loaded DCs compared to non-loaded DC-stimulated

PBMCs (data not shown). Similar cytokine profiles were

seen by the CD8? T cell population suggesting enhanced

cross-presenting ability of those DCs that had ingested

IFN-c/poly(I:C) MJT3s (Fig. 5b). Tumour cell lines that

were rendered apoptotic by poly(I:C) transfection also had

the ability to skew DCs to direct a type 1 T cell response

as opposed to their irradiated counterparts. Three inde-

pendent experiments showed induction of IFN-c produc-

ing CD4? and CD8? T cell responses when PBMCs were

stimulated with DCs that had ingested IFN-c/poly(I:C)

KMs, while irradiated KMs did not stimulate such

responses (Fig. 5c).

Dendritic cells matured with IFN-c/poly(I:C)-treated

tumour cells have an enhanced ability to induce

antigen-specific CD8? T cells

In order to investigate whether DCs loaded with IFN-c/

poly(I:C)-treated MJT3s had elevated potential to expand

antigen-specific T cells compared to DCs loaded with c-

irradiated MJT3s, we pre-loaded DCs with M1 peptide and

determined their ability to generate M1 specific CD8? T

cells. In the three donors investigated, M1 loaded DCs

matured with IFN-c/poly(I:C)-treated MJT3s consistently

induced a greater number of M1 specific CD8? T cells
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Fig. 4 DCs loaded with IFN-c/poly(I:C)-treated MJT3s induce

higher levels of IFN-c release from PBMCs than DCs loaded with

c-irradiated MJT3s. The graphs show the mean and SD of the data

obtained in 8 individual experiments using PBMCs of different

individuals. The data were analysed by Wilcoxon signed-rank test in

GraphPad Prism5. IL-10 and IL-2 concentrations were below the

detection limit of the Luminex assay (\30 pg/ml) by day 7; therefore,

they were excluded from statistical analysis. Statistically significant

data are indicated (*P \ 0.05; **P \ 0.01)
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when compared to irradiated MJT3s or DCs matured with

the standard maturation cocktail (Fig. 6a, b).

Discussion

Loading of DCs with TAAs is a crucial component of

vaccine production to ensure that specific cytotoxicity

against tumour cells is induced. Loading of DCs with

apoptotic tumour cells could provide DCs with multiple

tumour antigens for cross-presentation. In this paper, we

demonstrate that tumour cells undergo apoptosis following

culture with IFN-c and poly(I:C). Virally infected cells can

be triggered to die by apoptosis in response to viral dsRNA

generated during the replication cycle of many DNA and

RNA viruses [6]. Synthetic dsRNA (poly I:C), presumably

mimicking viral dsRNA, has been shown to induce cell

death in various cell types such as Cama/1 breast cancer

[59] and Me260 melanoma cells [60], while interferons

(IFNs) have been suggested as sensitisers to cell death [60–

62]. Our data demonstrate that IFN-c can augment cell

death induced by poly(I:C) possibly due to the upregulation

of the receptor for dsRNA, TLR3, that has been reported by

others [63]. Tumour cells that do not respond to poly(I:C)

can be induced to die via apoptosis when they are loaded

with the poly(I:C) using a cationic lipid-based transfection

reagent. The need for internalisation of poly(I:C) in order

to induce apoptosis has recently been demonstrated by

others [64]. This suggests that not all tumour cells are

capable of internalising poly(I:C), but once inside,

poly(I:C) is capable of inducing cell death in all tumour

cells tested. The enhanced Th1 polarising ability of DCs

loaded with poly(I:C) electroporated leukaemia cells has

been demonstrated compared to their pulsed counterparts

[65]. Our study, however, clearly indicates that tumour cell

lines susceptible to the apoptotic effect of poly(I:C) when

pre-sensitised with IFN-c does not require transfection.

A clinical trial has demonstrated significant survival benefit

associated with using IFN-c-treated autologous tumour cell

loaded DCs in patients with advanced melanoma [66].

Therefore, in our system, IFN-c may not only act as sen-

sitiser to the apoptotic effect of poly(I:C) but may also

induce more potent DCs. Furthermore, our study compares

this treatment with c-irradiation, which is important since

irradiation is the conventional way of inducing apoptosis in

tumour cells used for DC loading [50]. It has been docu-

mented that apoptotic tumour cell death induced by irra-

diation only partially matures DCs, rendering them

insufficient for CTL priming without additional signals [4].

We also show here that c-irradiation induces tumour cell

apoptosis to a lesser extent in all cell lines tested during the

time course investigated than IFN-c/poly(I:C).

A         CD4+ T cell (Day 4)

IL
-2 γ

IF
N-

IL
-1

0
0

20

40

60
*

*

%
C

yt
ok

in
e 

+
ve

 C
D

4+
 c

el
ls

     CD4+ T cell (Day 7)

IL
-2 γ

IF
N-

IL
-1

0
0

10

20

30

40

50

DC + MJT3 irr DC + MJT3 IFN/pIC

*

*

%
 C

yt
ok

in
e 

+
ve

 C
D

4+
 c

el
ls

 B CD8+ T cell (Day 4)

IL
-2 γ

IF
N-

IL
-1

0
0

10

20

30

40

50

*

%
 C

yt
ok

in
e 

+
ve

 C
D

8+
 c

el
ls

CD8+ T cell (Day 7)

IL
-2 γ

IF
N-

IL
-1

0
0

10

20

30

40

DC + MJT3 irr DC + MJT3 IFN/pIC

*

**

%
 C

yt
ok

in
e 

+
ve

 C
D

8+
 c

el
ls

C CD4 IFN- γ

0

5

10

15

20

%
 IF

N
-γ

 p
ro

du
ci

ng
 C

D
4+

 T
 c

el
ls

CD8 IFN- γ

0

10

20

30

40

DC DC + KM irr DC + KM IFN/pIC

%
 IF

N
-γ

 p
ro

du
ci

ng
 C

D
8+

 T
 c

el
ls

Fig. 5 Dendritic cells loaded with IFN-c/poly(I:C) tumour cells can

direct the development of a Th1 type of immune response. a DCs

loaded with IFN-c pre-treated poly(I:C)-pulsed tumour cells have a

greater ability to induce IFN-c and IL-2 positive CD4? T cells than

DCs loaded with c-irradiated tumour cells. DCs loaded with

c-irradiated (filled triangle) or IFN-c/poly(I:C) (filled circle) MJT3

cells were co-cultured with autologous PBMCs for 4 or 7 days. Cells

positive for both CD3 and CD4 were analysed for cytokine production

in FCS express. Paired t test analysis was carried out throughout using

GraphPad Prism 5 software. Statistically significant increase or

decrease in the percentage of cytokine producing CD4? T cells is

shown (*P \ 0.05, **P \ 0.01) obtained from 8 individual experi-

ments. b DCs loaded with IFN-c/poly(I:C) MJT3s are more potent

inducers of IFN-c and IL-2 producing CD8? T cells than DCs loaded

with c-irradiated MJT3s. c DCs loaded with IFN-c pre-treated and

poly(I:C)-transfected tumour cells are also more potent at inducing

both CD4? and CD8? type 1-biased T cells than those loaded with

the irradiated counterparts. The comparison of non-loaded DCs (DC)

(open square), DCs loaded with irradiated KMs (KM irr) (filled
triangle) and DCs loaded with IFN-c/poly(I:C) KMs (KM IFN/pIC)

(filled circle) are shown at day 7 time point
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Gene array analysis of apoptotic tumour cells induced

by IFN-c/poly(I:C) treatment showed marked differences

in gene expression compared to those subjected to irradi-

ation. The major finding of these studies is that IFN-c/

poly(I:C) treatment increased the expression of immuno-

modulatory chemokines and cytokines. These include IL-6,

IL-8 and TNF-a, confirmed by our protein bead array

studies (data not shown) but also chemokines such as

CCL3, CCL5 and CCL20. These three chemokines have

recently been implicated in the ability of exosomes isolated

from heat stressed tumour cells to activate dendritic cells

and T cells [67]. An unexpected finding of this part of the

study was that a range of heat shock protein families were

decreased in IFN-c/poly(I:C) tumour cells, and a member

of the HSP70 family is increased in irradiated cells. This

finding appears to be counter-intuitive in the light of

evidence that HSP can increase the immunogenicity of

tumour cells [68]. Our study suggests that chemokine/

cytokine signals might override HSP signals. Indeed, one

reported function of HSP is to induce cytokine secretion

[69]. One additional finding is the upregulation of mRNA

in the IFN-c/poly(I:C) tumour cells for IL-28, IL-29 and

IFNx. IL-28 and 29 are both identified as members of the

newly termed IFNk family that shares antiviral activity

with type 1 interferons and can be stimulated by TLR3

activation [70].

In the context of cancer therapy, to achieve a potent DC

vaccine, DCs need to be able to drive the differentiation of

a type 1-biased immune response that is capable of rec-

ognising and eliminating the targeted tumour cells. Den-

dritic cells are the most potent antigen-presenting cells

unique in their ability to cross-present exogenous antigens
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Fig. 6 Dendritic cells loaded

with IFN-c/poly(I:C)-treated

MJT3 have the ability to induce

antigen-specific CD8? T cells.

a Representative figures

showing M1? CD8? T cell

induction by differentially

matured M1 loaded DCs. M1

peptide loaded DCs (DC/M1)

were cultured alone, with c-

irradiated or IFN-c/poly(I:C)

pulsed MJT3s or in the presence

of ‘gold standard’ maturation

cocktail (mat.co) for 24 h.

Autologous T cells were

stimulated with the DCs and re-

stimulated on day 7. T cells

were stained with APC-

conjugated M1 Pentamers on

day 14. b Induction of M1?

CD8? T cells by M1 loaded

DCs matured with apoptotic

tumour cells as in three

independent experiments

carried out from PBMCs of

three individuals
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acquired from apoptotic cells in the context of MHC class I

molecules for direct activation of CD8? T cells [16, 42].

Dendritic cells have a central role in both innate and

adaptive immune responses, and therefore, they have been

extensively used in therapeutic cancer vaccines. The rapid

engulfment of apoptotic cells in vivo is considered an

immunologically silent event [5]. We show here that this is

not the case for apoptotic tumour cells obtained by IFN-c/

poly(I:C) pulsing or transfection, because DCs that had

endocytosed such apoptotic tumour cells were able to

generate a Th1-biased T cell response. Uptake of IFN-c/

poly(I:C) tumour material may provide poly(I:C) to the

endocytosing DC ligating TLR3 which, in turn, can lead to

maturation. The delivery of antigen and TLR ligand has

previously been shown to result in the optimal maturation

of DCs where the efficiency of presenting antigens from

phagocytosed cargo is dependent on the presence of TLR

ligands within the cargo [71]. Immunisation of mice with

virus-infected cells or cells containing synthetic dsRNA

has been shown to result in CTL cross-priming against cell-

associated antigens via TLR3 triggering [72].

Phenotypic maturation of DCs involving the upregula-

tion of co-stimulatory molecules is essential to achieve

induction of immunity. It has been shown by others that

apoptotic tumour cells in the absence of danger signals can

induce only partial maturation of DCs [73] and is also

dependent on the phase of apoptosis of neoplastic cells [4].

Consistent with these observations, our data shows that

IFN-c/poly(I:C) tumour cells are capable of driving DCs

towards a mature phenotype more effectively than c-irra-

diated tumour cells, despite ingestion of both by DCs.

These data suggest that tumour cells induced to die by

IFN-c and poly(I:C) can deliver maturation signals to the

endocytosing DC. The extent of maturation is often used as

a measure of T cell activating capacity of DCs; however,

DCs with various maturation states have been shown to

activate or suppress immune responses [74, 75]. In this

study, the accepted surface phenotypic maturation of DCs

does not seem to directly correlate with their ability to

prime T cells.

According to current views, DCs capable of driving a

type 1-biased immune response release pro-inflammatory

cytokines such as TNF-a, IL-6, IL-1b and in particular

IL-12p70, while secreting lower amounts of immunosup-

pressive cytokines, such as IL-10 [76]. We observed TNF-a
and IL-6 release (detected by Luminex) when DCs were

co-cultured with IFN-c/poly(I:C)-induced apoptotic tumour

cells although this was partially due to the production of

cytokines by the tumour cells as they continued to release

these cytokines even after extensive washing after apop-

tosis induction (data not shown). We saw no IL-12p70 or

IL-10 secretion, from these DCs or from the tumour cells.

Similar levels of TNF-a and IL-6 were observed by Smits

et al. [65] in supernatants collected after 24 h co-culture of

DCs with leukaemia cells with no or very low levels of

IL-12p70. A recent publication by Longhi et al. [77] sug-

gested the importance of IFN-b in the skewing of DCs

towards a Th1-biasing phenotype when poly(I:C) is used as

adjuvant. IFN-c/poly(I:C) treatment of MJT3 cell line leads

to IFN-b release peaking at 8 h (1,055 pg/ml), which is

reduced by 24 h (185 pg/ml) (data not shown). However,

by 48 h, there is no detectable IFN-b production; therefore,

factors other than cytokines, such as apoptotic bodies

containing poly(I:C) or exosomes, may be important con-

tributors to DC differentiation in our system. Dendritic

cells loaded with IFN-c/poly(I:C)-treated apoptotic MJT3s

were able to produce IL-12p70 after CD40 ligation and

showed a stronger bias towards IL-12p70 rather than IL-10

when compared to DCs loaded with c-irradiated MJT3s.

This agrees with the observation that little or no biologi-

cally active IL-12 is released from TLR-stimulated DCs

unless they are cultured with activated T cells or their

products [78] in contrast to that reported by others [79]. As

long as mature DCs retain the ability to produce sufficient

IL-12p70 at the time of interaction with T cells, they

are thought to be able to induce the differentiation of a

Th1 phenotype [74, 80].

Dendritic cells can induce antigen-specific CTL

responses via Th1 activation and via cross-presentation of

apoptotic cell-derived antigenic peptides to CD8? cyto-

toxic lymphocytes. To achieve an anti-tumour immune

response, the induction of a Th1 immune response is

required, which can support CTLs to kill targeted tumour

cells. Our data demonstrates that uptake of IFN-c/poly(I:C)

tumour cells prime DCs to induce the development of a

type 1 polarised T cell response and indicate cross-pre-

sentation of tumour-derived antigens by the loaded DCs to

CD8? T cells. The increase in the percentage of IFN-c
producing CD4? T cells while maintaining low numbers

of IL-10 producing CD4? T cells suggests that these DCs

are capable of driving Th1 activation. Regardless of whe-

ther tumour cell apoptosis was induced by pulsing or

loading with the poly(I:C), DC maturation and activation

were achieved with Th1 priming ability. In addition, DCs

loaded with IFN-c/poly(I:C)-treated tumour cells have an

enhanced ability to expand antigen-specific CD8? T cells

when compared to DC loaded with c-irradiated tumour

cells as well as DCs matured with the ‘gold standard’

maturation cocktail.

Gamma irradiation has been shown to induce immuno-

genic cell death in CT26 colon carcinoma cells [49]. We

demonstrate that DCs co-cultured with c-irradiated MJT3,

KM or A549 tumour cells are unable to drive a Th1-biased

response. Immunogenicity of tumour cell death has been

suggested to be dictated by the exposure of Calreticulin

(CRT) [31]. We saw an increase in CRT expression by
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IFN-c/poly(I:C) MJT3 when compared to untreated or

c-irradiated MJT3s correlating with their ability to prime

DCs towards the induction of a Th1-biased response. A

similar expression of CRT was not observed in the KM cell

line although a Th1-biased T cell response was suggesting

that signals other than CRT may play a role in this effect.

New maturation cocktails have been designed recently and

those containing poly(I:C) seem to be most efficient at

driving Th1-biased responses [50, 81]. Unlike freeze/thaw

lysed tumour cells that have been indicated to disrupt the

responsiveness of DCs to TLR stimulation [82], IFN-c/

poly(I:C)-induced apoptotic tumour cells do not inhibit DC

activation and show immunogenic potential enhancing T

cell activating capacity of cocktail-matured DC. In agree-

ment with Pietra et al. [4], our data indicate that irradiated

tumour cells only induce partial DC maturation not capable

of driving Th1 differentiation, while IFN-c/poly(I:C)-trea-

ted tumour cells induce DC maturation with the ability to

drive Th1 as well as antigen-specific CD8? T cells

responses.

In conclusion, we found that tumour cell lines can

respond to poly(I:C) by undergoing apoptosis, which is

enhanced by IFN-c pre-treatment. All cell lines tested were

susceptible to apoptosis if poly(I:C) was introduced by

forced loading. Unlike c-irradiated tumour cells, IFN-c/

poly(I:C) tumour cells had the ability to induce DC acti-

vation that can drive the development of a type 1 immune

response. These data suggest that whole cell vaccine

preparations may benefit from using dying cells for DC

loading that have been modified to contain ‘danger sig-

nals’, such as the synthetic analogue of dsRNA, to enhance

their immunogenic potential.
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