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Abstract The cellular products obtained following elec-
trofusion (EF) of dendritic cells (DC) and tumour cells
have shown promise as cancer vaccines. The immuno-
genicity of these preparations has been attributed to the
presence of small numbers of DC-tumour hybrids and
the contribution of the non-hybrid tumour cells present
has received little attention. In this report, we investi-
gated the effect of the EF process on the immunogenicity
of allogeneic human cells, in particular the colorectal cell
line, SW620. EF conditions were optimised to yield the
maximum number of DC-SW620 hybrids co-expressing
tumour associated antigen (TAA) and DC associated
antigens. Exposure of SW620 to EF induced significant
increases (P<0.05) in apoptosis and necrosis. Pre-ex-
posure of SW620 to the EF buffer alone [0.3 M glucose,
0.1 mM Ca(CH3COO)2 and 0.5 mM Mg(CH3COO)2]
resulted in significant increases in TAA uptake by DC
during co-culture (P<0.05). DC phenotype was, how-
ever, not altered by exposure to EF treated tumour cells.
In co-cultures of PBMC responders with SW620, the
levels of IFNc release and cytotoxic activity were sig-
nificantly increased (P<0.05) by pre-exposure of the
SW620 to EF. Pre-exposure of allogeneic non-T cells,
the colorectal cell line Lovo and a breast cancer cell line
(MCF7) to EF also significantly (P<0.05) increased the
levels of IFNc release by responding PBMC. These re-
sults demonstrate that the EF process itself can increase
the immunogenicity of at least some human cell types
independently of hybrid formation. These findings

suggest that EF protocols should be evaluated with re-
gard to the possibility that DC-tumour hybrids may not
contribute all, or even most, of the immunostimulatory
capacity present in preparations of EF treated cells.
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Introduction

Dendritic cells (DC) are potent inducers of anti-tumour
responses and are being used as vehicles for the delivery
of tumour associated antigen (TAA) in immunotherapy
protocols. Although numerous approaches have been
employed for the loading of DC with TAA, attention
has focussed on the use DC–tumour cell hybrids, which
in theory co-express all TAAs in concert with the func-
tional attributes of DC [1–3]. Studies in a diverse range
of animal tumour models have shown that vaccination
with hybrid preparations not only stimulates protective
immune responses [3–11], but is also one of the few
immunotherapeutic approaches, which is effective in
eliminating established metastatic disease [3–5, 10, 12–
17]. Promising results have also been obtained with
human DC–tumour hybrid preparations in both in vitro
studies [18–26] and clinical trials [27–31] although it is
clear that further optimisation of this approach is
needed.

Chemical fusion using polyethlene glycol (PEG) is the
traditional method of cell fusion, but is plagued by
variable efficiency with different cell types, toxicity and
poor reproducibility [2]. Electrofusion (EF), which in-
volves the suspension of cells in a buffer of high-sugar
concentration and subsequent electropulsing, is
increasingly being used as a more effective method [1, 4,
7, 9, 16–18, 23, 24, 27, 29]. It is clear that purified DC-
tumour hybrids can induce immune responses [11, 13,
25] and the immunogenicity of EF preparations has been
commonly attributed to the presence of these hybrids.
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However, DC-tumour hybrids make up only a small
percentage of the EF preparations used in the vast
majority of studies. In addition, the majority of EF
studies have used simple mixtures of DC and tumour
cells as a comparative control. Although these controls
allow the immunogenicity of the entire EF preparation
to be evaluated, they do not allow any conclusions
regarding the relative contributions of the hybrid and
non-hybrid components to be made. Exposure to high-
sugar concentration is known to cause a number of
changes in cell structure and function [32, 33] and elec-
tropulsing is additionally associated with a marked loss
in cell viability [1]. Although these events may poten-
tially alter the immunogenicity of the non-hybrid tu-
mour cells, which make up a considerable proportion of
EF preparations this issue has not been addressed in the
majority of EF studies. Results from two in vivo studies
do, however, suggest that EF treated tumour cells have
increased immunogenicity [4, 9]. It is therefore possible
that the effectiveness of EF preparations arises, at least
in part, from changes the EF process induces in non-
hybrid tumour cells and the effect these changes have on
the nature and/or magnitude of subsequent immune
responses to the tumour cells.

Understanding the contributions that the different
components of EF products make towards the induction
of anti-tumour responses is critical for the further opti-
misation of EF protocols for use in immunotherapy. In
this study, we have therefore investigated the potential
role that the non-hybrid tumour cell component of EF
preparations may have in modulating both DC and
immune effector cell responses. The EF process involves
both exposure to fusion buffer and electropulsing and
the relative contribution of these components to ob-
served effects was also analysed.

Materials and methods

Cell preparation

The adherent human colon cancer cell lines, SW620 and
Lovo together with the breast cancer cell line MCF7,
were obtained from the ATCC (Rockville, MD, USA)
and grown in media [RPMI 1640 (Gibco BRL, Auck-
land, NZ) supplemented with 10% heat inactivated
foetal calf serum [(FCS), Life technologies, Auckland,
NZ], 100 U/ml penicillin and 50 lg/ml streptomycin
(Sigma, Castle Hill, NSW, Australia). Cells were re-
moved from the flask by brief incubation with 0.05%
trypsin/0.02% EDTA solution (Sigma). In a number of
experiments, the cell lines were pre-treated to inhibit
proliferation by culture (37�C, 30 min) in culture media
supplemented with mitomycin C (5 lg/ml).

Blood was obtained from volunteer donors with
appropriate informed consent, according to Ethical
Committee guidelines. Peripheral blood mononuclear
cells (PBMC) were isolated over a Ficoll-Hypaque

density-gradient (Ficoll-Hypaque, Amersham Pharma-
cia Biotech, Uppsala, Sweden) and resuspended in
media. The non-T cells were prepared from PBMC by
immunomagnetic depletion of CD3+ T cells. Briefly,
PBMC were labelled with CD3 mAb (OKT3), then
following incubation with goat anti-mouse Ig Dynabe-
ads (Dynal ASA, Oslo, Norway) labelled cells were
removed by placement on a magnet. Adherent and non-
adherent PBMC fractions were prepared by incubation
(37�C, 5%CO2) of PBMC (4·106/ml in 10% FCS
media) for 1 h in plastic tissue culture flasks (Nunc,
Rosklide, Denmark). The non-adherent PBMC (na-
PBMC) were then harvested and after washing of the
flasks with PBS, Monocyte derived DC (MoDC) were
generated from the adherent fraction of PBMC by day
5–6 culture in recombinant GM-CSF (Roche, Auck-
land, NZ) and IL-4 (R&D Systems, Minneapolis, USA)
as described previously [34]. In a number of experi-
ments, DC were matured by the addition of LPS (1 lg/
ml, Sigma) on days 5 or 6 and cells were harvested the
following day.

Necrotic tumour cells were generated by suspending
cells in PBS and then exposing them to four rapid cycles
of freezing (�80�C) and thawing (37�C) as described
previously [35].

Cell labelling, antibodies and flow cytometry

To quantitate the DC/SW620 fusion hybrids, the com-
mercial fluorescent cell tracker dyes DiO and DiI (Vy-
brant, Molecular Probes, Eugene, Oregon, USA) were
used to label the cell membranes of DC and tumour
cells. Cells were stained according to the manufacturer’s
instruction. Briefly, cells were resuspended in HBSS
(Gibco BRL), dye was added to a final concentration of
5 lM and the cells incubated (10 min, 37�C, in the
dark). After washing (·2), the efficiency of staining was
analysed on a FACS Vantage flow cytometer using
Cellquest software (Becton Dickinson, San Jose, CA,
USA).

To quantitate hybrid formation in homogeneous cell
populations, the populations were divided in two and
separately labelled with different dyes as above.

To evaluate the phenotype of the DC/SW620 fusion
hybrids, cells were incubated with a panel of antibodies
post-fusion and analysed by FACS. W6/32 (class I),
L243 (HLA-DR) and G28/5 (CD40) were produced
from hybridomas obtained from ATCC. CD80, CD83
and CD86 mAb were purchased from Coulter Immu-
notech (Marseilles, France). Phycoerythrin (PE)- and
fluorescein isothiocyante (FITC)- conjugated sheep anti-
mouse Ig (PE-SAM and FITC-SAM, respectively) were
purchased from Silenus (Boronia, Victoria, Australia).
FITC-conjugated HLA-DR was obtained from Becton
Dickinson. Isotype-matched monoclonal antibodies
were used as negative controls. Labelling was carried out
on ice as described previously [34].
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Electrofusion

Cells were electrofused using a modification of a previ-
ously described method [1]. Briefly, immediately prior to
EF cells were washed (·2) in fusion buffer (0.3 M glu-
cose, 0.1 mM calcium acetate and 0.5 mM magnesium
acetate), then mixed at a 1:1 ratio and resuspended in
fusion buffer (1·107 cells/ml). Electrofusion was per-
formed in 0.4 cm EF cuvettes (Biorad, Richmond, CA,
USA). One aspect of the cuvette had been coated with
paraffin wax, which served to polarise the fusion
chamber. Cells (0.8 ml) were first di-electrophoretically
aligned by application of a direct current of 25 V sup-
plied for 10 s. In a second step, a single pulse of 500 V/
cm at 25 ufd was applied to fuse the aligned cells using a
Gene Pulsar (Biorad). The cuvette was left to stand for
10 min before cells were removed, washed in PBS (·2)
and resuspended in phenol red free DMEM (Gibco
BRL) supplemented with 10% FCS. Cells were left to
rest for a further 2 h to complete the fusion before total
viable cell yield was established by trypan blue staining.
Cells were then analysed for dual positive hybrids by
two-colour flow cytometry. EF controls included cells
that had been washed in fusion buffer but not electro-
pulsed (‘‘mock-fused’’ cells) and cells that had been
washed and incubated in media for equivalent periods of
time (‘‘untreated’’ cells).

Histochemical staining

Cytospin cell preparations were fixed and stained with
May Grunwald Giemsa stain and analysed by micros-
copy.

Detection of apoptosis and necrosis

Apoptosis and/or necrosis was determined by Annexin-
V-FITC and propidium iodide (PI) staining using a
commercial kit (Nexins Research, distributed by
DAKO, CA, USA) according to the manufacture’s
protocol. Briefly, 1·106 cells were pelleted and annexin-
FITC was added for 5 min on ice. Subsequently, 2 ll of
PI (1 mg/ml) was added and samples were analysed by
Flow Cytometry. Apoptosis is defined as Ann+/PI�,
necrosis as Ann+/PI+ and live cells as Ann�/PI�.

Tumour antigen uptake assay

SW620 cells were mitomycin C treated and DiI labelled
as described above. The tumour cells were then either
untreated; mock fused or fused as described above and
co-cultured in media plus 10%FCS with immature DC
(day 5 or 6) at a 1:1 ratio. After 18 h, cells were labelled
with the panel of mAbs described above and analysed by
two-colour flow cytometry. Internalisation of tumour
associated fluorescence by immature DC was defined as
the percentage of live DC that were also DiI positive.

The mean fluorescent intensity (MFI) was used in the
analysis to determine the amount of tumour material
taken up by the DC.

IFNc release assay

The ability of allogeneic non-T stimulator populations
(either untreated, mock fused or EF) to induce IFNc
release by PBMC responders was determined in a co-
culture assay. Equivalent numbers (100 ll at 1·106/ml in
culture media) of stimulators and PBMC were co-cul-
tured in 96-well round bottom plates for 72 h prior to
the removal of the supernatants for analysis of IFNc
levels by ELISA.

The ability of SW620, Lovo or MCF-7 stimulator
populations to induce IFNc release by non-adherent
PBMC (na-PBMC) responders was determined using a
modification of a previously described method [18].
Untreated, mock fused and EF preparations of mito-
mycin C treated stimulators were pre-cultured (37�C,
5% CO2) for 6 h in IL-12 (R&D systems, 10 ng/ml)
before washing and their addition (100 ll at 1·106/ml)
to responders in a 96-well round bottom plate. The
responders used were na-PBMC, prepared as described
above that had been pre-treated by culture (16 h, 37�C,
5% CO2) at 2·106/ml in culture media supplemented
with IL-15 (R&D systems, 10 ng/ml). After washing to
remove residual IL-15, responder cells were added
(100 ll at 2·106/ml) to the stimulator populations to
give a final responder: stimulator ratio of 2:1. Co-cul-
tures were incubated 16 h prior to the removal of
supernatant for the analysis of IFNc levels by ELISA

IFNc ELISA

Flat bottom 96-well microtitre plates (Maxisorp, Nunc,
Rosklide, Denmark) were coated (1 h, 37�C) with 2 lg/
ml anti-human IFNc monoclonal antibody (R&D Sys-
tems) and washed four times with PBS/0.05% Tween 20.
After blocking (5% sucrose, 1% BSA) and incubation
with sample (2 h, 37�C), wells were sequentially incu-
bated (1 h, 37�C) with biotinylated goat anti-human
IFNc (200 ng/ml in 0.1% g BSA, 0.05% Tween 20 in
PBS), and streptavidin-HRP (1 in 10,000 in 1% BSA,
(DAKO)). Plates were washed and developed by adding
TMB+Substrate-Chromogen (DAKO) for 20 min. The
absorbance of each well was measured at 450 nm on a
multiplate reader. Standard curves were generated using
serial dilutions of IFNc (Boehringer Ingelheim).

Cytotoxicity assay

The ability of untreated, mock fused and EF SW620
populations to induce a cytotoxic response in na-PBMC
responders was determined using a modification of a
previously described method [18]. Responders used were
na-PBMC that had been pre-treated by culture (16 h,
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37�C, 5% CO2) in media supplemented with IL-15
(10 ng/ml). Untreated, mock fused and EF preparations
of mitomycin C treated SW620 (8·105/ml) were pre-
cultured (37�C, 5% CO2) for 6 h in IL-12 (10 ng/ml)
washed and co-cultured (37�C, 5% CO2) with respond-
ers (8·106/ml) at a responder: stimulator ratio of 10:1 in
24-well plates. After 3 days of co-culture IL-2 (Roche)
was added to a final concentration of 10 U/ml and co-
culture continued for a further 3 days. The cells were
then harvested and used as effectors in a calcein-AM
release assay [36]. Doubling dilutions of the effectors
(100 ll/well) were added to a 96-well round bottom
plate prior to addition of targets. SW620 target cells
(1·106/ml) were pre-labelled with fluorescent dye by
incubation (30 min, 37�C) in medium supplemented
with 15 lg/ml calcein-AM (Molecular Probes). Labelled
targets were washed, suspended at 5·104/ml in media
and 100 ll added per well. After incubation (4 h, 37�C,
5% CO2) supernatant was recovered and transferred to
96-well black walled plates. Samples were then measured
using a spectrofluorometer (excitation filter: 485 nm,
band pass filter: 530 nm) and fluorescence intensity ex-
pressed as arbitrary fluorescence units. Spontaneous cell
death represents fluorescence release from targets cul-
tured in media alone and maximum release is the fluo-
rescence release from targets lysed in 2% NP-40. Specific
lysis was calculated according to the formula [test re-
lease-spontaneous release]/[maximum release�sponta-
neous release]·100.

Statistical analysis

Data were expressed as means±SEM. Statistical sig-
nificance was determined by the Student’s t-test for
paired samples. Unless otherwise stated the statistical

significance of normalised data was evaluated using
confidence intervals. Differences were considered sig-
nificant when P <0.05.

Results

Efficiency of EF

An EF protocol based on previously described methods
was developed using the colorectal cell line SW620 as a
human tumour model. The efficiency of EF was assessed
by FACS analysis. Cells were loaded with either green
(DiO) or red (DiI) fluorescent membrane dyes, sus-
pended in glucose buffer and electropulsed using a range
of electrical conditions. Following fusion, the number of
dual colour hybrid cells were determined by FACS
(Fig. 1a). As the mixing of cells and/or their suspension
in fusion buffer may influence hybrid formation, inde-
pendently of the effects due to electropulsing, ‘‘un-
treated’’ cells and ‘‘mock-fused’’ cells were also
analysed. In all experiments untreated controls did not
contain hybrid cells, whereas mock-fused controls con-
tained between 2% and 4% hybrids (Fig. 1a). Hybrid
formation was therefore scored as the percentage of
hybrids in electrofused mixtures minus the percentage
observed in the corresponding mock-fused control. A
distinct hybrid population was clearly observed in all EF
preparations. In accordance with previous reports, the
unfused DC population in these preparations also
showed a small increase in tumour cell associated fluo-
rescence possibly due to an association/uptake of tu-
mour cell fragments. To remove the possibility that the
observed fusion products were the result of physical
clumping, as opposed to fusion, the fusion products

Fig. 1 Analysis of EF
efficiency. SW620 tumour cells
and DC were labelled with DiO
and DiI fluorescent membrane
dyes, respectively. Following
staining cells were either mixed
only, mock fused or fused prior
to either FACS analysis or
cytoplasmic/MGG staining. a
Data are shown as dot plots and
the percent of hybrids present in
the upper right quadrant
indicated. b MGG staining of
cytospin preparations. Data are
from a representative
experiment of fourteen
performed
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were treated with 1 lg/ml Dnase and 5 mM EDTA and
repeatedly forced through a 29-gauge syringe. Fusion
products were not dissociated following this procedure,
nor did culturing samples overnight at 37�C alter the
number of hybrids detected (data not shown). To further
confirm DC/SW620 fusion, MGG staining was carried
out on mock-fused and fused cells (Fig. 1b). Although
preparations of mock-fused cells were mononuclear the
preparation of EF cells contained many bi or multi-
nucleated cells indicating the presence of true hybrids.
Because of the presence of both homogeneous and het-
erogeneous fusion products, the number of fused cells
observed following MGG staining was three fold more
than that observed following FACS analysis.

As there was an inverse correlation between cell via-
bility and percent hybrid yield, EF conditions were op-
timised (using PBMCs and the tumour cell line), to give
the maximum yield of viable hybrid cells (data not
shown). In all experiments, untreated and mock-fused
controls had high levels of viable cells (>95%).
Increasing the DC: tumour ratio to 3:1 did not increase
the percentage of fused cells (data not shown).

Electrofusion using different combinations of cells as
fusion partners demonstrated considerable differences in
both the viability and hybrid yield (Table 1). Following
homogeneous EF SW620 cells had significantly lower
viability (P=0.024) than PBMC, although the overall
hybrid yields were not significantly different. Heteroge-

neous EF of SW620 and PBMC resulted in similar
hybrid yields to those obtained following homogeneous
EF of SW620. EF of DC and SW620 also consistently
resulted in the formation of hybrids (6–23%) and hybrid
yields were similar to those obtained following PBMC:
SW620 EF.

Polyethylene glycol was also trialled as a means of
fusing cells. Although fusion of PBMC using PEG
consistently resulted in hybrid yields of 30%, little or no
hybrid formation was observed following PEG fusion’s
using SW620 (n=4, data not shown).

Phenotypic analysis of DC-tumour hybrid cells

To determine whether the DC-tumour hybrids retained
expression of molecules important in the induction of
immune responses, immunolabelling of fusion products
was performed. The fluorescent DiO marker was used to
label the tumour cells prior to EF and DC-associated
antigens were detected post-fusion with PE-conjugated
antibodies. Samples were analysed for dual fluorescence
by flow cytometry. As demonstrated in Fig. 2, DC/tu-
mour hybrids could be clearly distinguished as a popu-
lation of cells that co-expressed both tumour associated
fluorescence and class II, CD40, CD80 and CD86 anti-
gens. Similar levels of hybrid formation were observed
using all four antigens for detection. The hybrids were

Table 1 Efficiency of EF

Cell:cell % Viable cellsa % Hybridsb % Hybrid yieldc

PBMC:PBMC (n=16) 71.9±3.8 (41–95) 16.4±1.3 (7.4–28) 11.3±1.0 (5.6–18.7)
SW620:SW620 (n=6) 56.5±4.4 (49–69) 16.2±1.1 (13–20) 9.0±0.5 (6.9–10.1)
SW620:PBMC (n=6) 58.2±4.5 (44–69) 12.3±1.4 (7.4–16) 7.2±1.0 (4.4–10.6)
SW620:DC (n=14) 51.1±2.8 (30–68) 12.8±1.4 (6–23) 5.6±0.5 (4.2–9.0)

Data shown are mean±SEM, with range shown in brackets
aViability was determined by trypan blue exclusion
bPercent hybrids were determined by flow cytometric analysis of
cell preparations that contained 1:1 mixtures of populations (either

identical or different cell types) that had been separately labelled
with either DiI or DiO dyes
cPercent hybrid yield was defined as the number of viable hybrid
cells (%viable·% hybrids/100)

Fig. 2 Phenotypic analysis of
DC-tumour hybrids. Dye
labelled SW620 tumour cells
(DiO) and unlabelled DC were
mixed and either untreated,
mock fused or fused prior to
antibody labelling and analysis
by FACS. a Untreated, mock
fused and fused preparations
labelled with HLA-DR. b EF
preparations labelled with
CD40, CD80 and CD86. Data
are shown as dot plots and the
percent of hybrids present in the
upper right quadrant indicated.
Data are from a representative
experiment of six performed
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also positive for MHC class I, which is expressed by
both DC and SW620 tumour cells (data not shown).
Estimations of hybrid formation obtained using mono-
clonal antibody labelling post-fusion were similar to
those obtained using cells labelled pre-fusion with dyes.

Effect of tumour EF on apoptosis and necrosis

Trypan blue staining of EF SW620 preparations dem-
onstrated that EF induced a significant loss of cell via-
bility. The relative levels of apoptotic and necrotic
SW620 cells was, therefore, determined by staining with
Annexin-V-FITC (Ann) and Propidium Iodide (PI) in
combination with flow cytometry (Fig. 3). Although
untreated and mock-fused tumour cells contained only
small numbers of Ann+/PI+ (necrotic) and Ann+/
PI� (apoptotic) cells, EF induced a significant increase
in both populations (n=5, P=0.0079). In contrast, al-
though freeze/thawing induced a significant increase in
the Ann+/PI+ population (P=0.0079), only a small
non-significant increase in Ann+/PI� numbers was
observed. Culture of treated tumour cells overnight did
not alter the relative ratios of Ann+/PI+, Ann�/PI�
or Ann+/PI� (data not shown). Electrofusion of an-
other colon cancer cell line, Lovo, induced similar levels
of apoptosis and necrosis as demonstrated by Annexin-
V-FITC/PI staining (n=4, data not shown).

Effect of tumour cell EF on internalisation by DC

To determine whether exposure of tumour cells to EF
altered the subsequent uptake of tumour material by
immature DC, uptake experiments were performed.
Tumour cells were labelled with DiI and following
exposure to different treatments, were co-cultured with
DC at a 1:1 ratio. After an overnight incubation, the
cells were labelled with HLA-DR and the level of tu-
mour cell uptake by DC was determined by enumeration
of dual DiI+/DR+ staining by FACS analysis. Within
18 h of co-culture, tumour cell associated fluorescence
could be detected in at least 70% of the DC present,
irrespective of whether the tumour cells had been un-
treated, mock fused, fused or freeze/thawed (data not
shown). Although the number of DC which were posi-

Fig. 3 Effect of EF on apoptosis/necrosis. SW620 tumour cells
were either untreated, mock fused, fused or freeze thawed prior to
staining with Annexin-V-FITC versus PI and analysed by FACS. a
Dot plots of Annexin-V-FITC versus PI staining following each
treatment. Figures indicate the percentage of cells present in the
upper right (Ann+/PI+) and lower right (Ann+/PI�) quadrants.
Data are from a representative experiment of five performed. b Bar
graph of the percentages of Ann+/PI� and Ann+/PI+ cells
present following each treatment. Data are from five separate

Fig. 4 Uptake of tumour cells by DC. Dye labelled SW620 tumour
cells (DiI) were either untreated, mock fused, fused or freeze/
thawed prior to co-culture (18 h) with DC. Following co-culture,
DC were labelled with HLA-DR and the MFI of the DC associated
DiI fluorescence was determined by FACS analysis. Results are
expressed as the change normalised relative to DC co-cultured with
untreated tumour cells (1.0). Data are from five separate
experiments and are shown as mean±SEM. * indicates P<0.05
following comparison with untreated cells
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tive for tumour associated fluorescence was not affected
by any treatment, the different treatments did affect the
amount of tumour material taken up by the DC, as
measured by the MFI of the tumour associated fluo-
rescence (DiI) (Fig. 4). Both MF and EF significantly
increased (P<0.05) the level of uptake by DC above
that observed in mixed only preparations. In contrast
only small, non-significant changes in the level of DiI
uptake were observed following co-culture of DC with
freeze/thawed tumour cells (0.85–1.32 MFI fold in-
crease).

The uptake experiments used in this study measure
total levels of tumour cell uptake and do not discrimi-
nate between material absorbed to the surface of the DC
and material which the DC have fully internalised.

Effect of tumour EF on DC phenotype

To examine whether changes occurred in the phenotype
of immature DC following co-culture with treated tu-
mour cells, DC expression of maturation-associated
antigens (CD40, CD80 and CD86) was analysed. DC
expression of CD40 was high following culture in media
alone and co-culture with either untreated or treated
tumour cells did not further increase CD40 levels.
However, in all experiments, co-culture of DC with both
untreated and treated tumour cells resulted in signifi-
cantly increased (P<0.05) expression of CD80 and
CD86 antigens relative to levels on DC cultured in
media alone. These changes in cell surface antigens were
similar to those observed when DC were matured by
culture with LPS (data not shown).

Effect of EF on PBMC responses

The effect that EF of stimulator populations had on the
subsequent functional responses of PBMC populations
was analysed. Allogeneic non-T cells were used as a

Fig. 5 Effect of EF on IFNc release. IFNc release was determined
following co-culture of allogeneic PBMC responders with either
untreated, mock fused or fused preparations of a Non-T cells b
SW620 c MCF7 or d Lovo. Results are expressed as the percent
change normalised relative to the levels in responders+untreated
stimulators (100%). IFNc levels in cultures containing untreated
stimulators were in the range 0.2–4.6 ng/ml using non-T cells, 0.41–
1.2 ng/ml using Lovo, 0.21–0.84 ng/ml using MCF-7 and 0.01–0.37
using SW620. Data from separate experiments using non-T cell
(n=6), SW620 (n=10), Lovo (n=5) and MCF-7 (n=3) stimulators
are shown as mean±SEM. * indicates P<0.05 following
comparison with untreated cells

Fig. 6 Effect of EF on cytotoxicity. Effectors were generated by
6 day culture of Na-PBMC with either untreated or EF SW620 and
then tested for cytotoxicity against SW620 targets. a Data from a
representative experiment of four performed are presented as mean
cytotoxicity±SEM at a range of effector:target ratios b Pooled
data from the four separate experiments are presented as the
relative cytotoxicity of the two effector populations. Relative
cytotoxicities are expressed as a percentage normalised relative to
the cytotoxicity of the Na-PBMC+untreated SW620 effectors
(defined as 100%). The level of specific cytotoxicity in Na-
PBMC+untreated SW620 effectors ranged between 41–81% at a
Effector:Target ratio (E:T)=25:1 and 14–25% at a E:T=1.5:1.
Data are shown as mean±SEM. Data was analysed by paired t-
test:* P<0.05
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model of strongly immunogenic stimulator cells and
their ability to stimulate IFNc release was analysed
(Fig. 5a). The levels of IFNc release in the presence of
‘untreated’ non-T stimulator cells ranged from 0.2–
4.6 ng/ml (mean=2.24 ng/ml). Significantly increased
(P<0.05) levels of IFNc release were observed in cul-
tures containing non-T cells pre-treated by exposure to
either mock fusion (relative release, mean=185%, 95%
CI=102–268%) or EF (relative release, mean=237%,
95% CI=119–354%).

In experiments using SW620 as the stimulator,
neither mock fusion nor EF induced significant in-
creases in IFNc release by PBMC (n=3, data not
shown). Previous studies have reported that pre-
treatment of responders with IL-15 and pre-treatment
of stimulators with IL-12 enhances responses to EF
preparations. Responses to SW620 were therefore
evaluated in co-cultures using cells pre-treated with
these cytokines (Fig. 5b). In this system EF treatment
of SW620 resulted in significantly higher levels of
IFNc release than those observed using untreated
SW620 (relative release, mean=486%, 95% CI=173–
800%). In contrast, mock fusion of SW620 did not
significantly increase IFNc release (relative release,
mean=175%, 95% CI=46–304%). Similar results
were obtained in experiments using the colorectal cell
line Lovo (n=5, Fig. 5c) and the breast cancer cell
line MCF7 (n=3, Fig. 5d) as the stimulator popula-
tions. EF treatment resulted in significantly higher
(P<0.05) levels of IFNc release in response to both
LOVO (relative release, mean=476%, 95% CI=228–
724%) and MCF-7 (relative release, mean=325%,
95% CI=102–548%). Mock fusion of these cell lines
did not significantly increase IFNc release. However,
considerable variation in the effect of mock fusion on
the cell line Lovo was observed and in 2/5 experiments
mock fusion and EF induced similar increases.

The effect that EF treatment of SW620 had on the
development of subsequent cytotoxic responses by
PBMC was evaluated in killing assays (Fig. 6). Relative
to untreated SW620, the EF treated cells induced in-
creased cytotoxic activity in the PBMC cultures from all
four normal donors analysed. The level of increased
killing observed was between 110% and 330% over the
range of E:T ratios analysed and was significant at a
number of these ratios.

Discussion

The cellular products obtained following EF of DC and
tumour cells have shown promise as cancer vaccines.
The immunogenicity of these preparations has been
attributed to the presence of DC-tumour hybrids but the
possibility that the EF conditions may alter tumour
immunogenicity independently of hybrid formation has
received little attention. We therefore investigated the
effect of the EF process on the immunogenicity of a

human colorectal cell line. We report that exposure of
the cell line to the EF process resulted in increased up-
take of TAA by responding DC and stimulated in-
creased immune responses by allogeneic PBMC
responders as measured by IFNc release and cytotoxic
activity.

In common with other reports we found that EF, but
not PEG-fusion, provided an effective means of gener-
ating DC/tumour cell hybrids that co-express both TAA
and DC associated antigens. Although concerns have
been raised regarding the use of FACS analysis in the
determination of hybrid yields, we found a good corre-
lation between the yields estimated by FACS analysis
and those estimated following morphology-based enu-
meration of multi-nucleated cell formation. The yields of
hybrids obtained were similar to those reported in
studies of other tumour cell types and emphasises the
broad applicability of this approach [1, 4, 7, 9, 16–18, 23,
24, 27, 29]. Although apoptotic and/or necrotic tumour
cells are reported to have enhanced immunogenicity [35,
37, 38], the relative level of these populations in EF
preparations has not been previously reported. In the
current study, we demonstrate that EF preparations
contain significant populations of both apoptotic and
late apoptotic/necrotic cells. Therefore, although our EF
preparations were, in agreement with previous reports
[1], 28–63% viable by trypan blue exclusion, only 6–21%
were viable as defined by an absence of annexin V
staining. The presence of large numbers of apoptotic and
necrotic tumour cells may increase the immunogenicity
of EF preparations. Conversely, the low number of
viable DC present may reduce the effectiveness of EF
preparations as vaccines as it has been reported that
apoptotic or necrotic DC vaccines do not induce im-
mune responses in vivo [39].

The development of anti-tumour responses requires
that DC interact with tumour cells in a manner that
enables the DC to not only uptake TAA, but also pro-
vides the inflammatory signals required to induce DC
maturation. It has been reported that DC can actively
acquire antigen from both viable and non-viable cells
[10, 35, 38, 40]. The results of the current study confirm
that the majority of DC actively acquire TAA from tu-
mour cells during co-culture and that the pre-exposure
of tumour cells to the EF process significantly increases
the level of TAA uptake. The observation that both
mock fusion and EF resulted in similar levels of TAA
uptake demonstrates that it is exposure to the EF buffer
rather than electrical pulses that induce this effect.
Interestingly, similar levels of DC maturation, as mea-
sured phenotypically, were induced by both LPS and
tumour cells irrespective of tumour cell pre-treatment.

Numerous in vivo and in vitro studies have analysed
the immunostimulatory capability of the cellular prod-
uct obtained following EF of tumour and DC. However,
the majority of these studies have used tumour cells
alone and tumour cells mixed with DC as their control
preparations and so do not allow the relative immuno-
genicity of the hybrid and non-hybrid components to be
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determined. It is well established that exposure of tu-
mour cells to stress and/or induction of tumour apop-
tosis/necrosis can significantly increase tumour cell
immunogenicity [35, 37, 38]. The EF process involves
considerable cellular stress in the form of high-sugar
concentrations and electrical pulses and also results in
considerable apoptosis and necrosis. Therefore, there is
a strong rationale for investigating whether EF can in-
crease tumour cell immunogenicity. The results of the
current study clearly demonstrate that exposure of a
colorectal cell line to the EF process significantly in-
creases subsequent IFNc release and cytotoxic activity
by responding mononuclear cells. The observation that
EF of allogeneic non-T stimulators, an additional
colorectal cell line and a breast cancer cell line also in-
duces increased IFNc release demonstrates that the EF
effect is not restricted to a single cell type. Two recent in
vivo studies using murine tumour models have used EF
treated tumour cells as control immunogens and simi-
larly found that they stimulate increased immune re-
sponses relative to naive tumour cells [4, 9]. The exact
nature of the EF induced cellular changes that result in
increased cell immunogenicity is presently unknown but
may include the induction of stress related proteins such
as heat shock proteins. The results obtained in the cur-
rent study suggest that exposure to EF buffer alone in-
duces some changes in cellular immunogenicity and that
subsequent exposure to electrical pulses results in further
increases. The use in this study of allogeneic stimulators
precludes the determination of whether these changes
directly increase responses to both tumour specific
antigen and alloantigen. Further experiments using
autologous assays will be required to address this issue.
Many of the current EF based immunotherapy proto-
cols use allogeneic DC or tumour cells as part of the EF
preparation as allogeneic responses are thought to pro-
vide help for the induction of tumour specific responses
[26, 31, 41]. Therefore, even if the direct effects of the EF
process on immunogenicity observed in this study are
restricted to alloantigen these effects may still indirectly
increase the magnitude of tumour specific responses and
are therefore still of relevance to EF protocols.

The detection in this study of increased IFNc release
in response to EF treated tumour cells required that the
assay used EF treated tumours cells that were pre-
incubated with IL-12 and PBMC responders that were
pre-incubated with IL-15. Although the relative impor-
tance of these cytokine treatments was not determined
this observation provides strong evidence that either one
or both of these cytokines can significantly enhance the
immunogenicity of EF treated tumour cells. The
importance of these cytokines in enhancing anti-tumour
responses is well established and previous studies have
also reported that these cytokines can enhance the im-
munogenecity of DC-tumour hybrids [14, 17, 18]. It is
possible that the EF process may increase tumour cell
responses to IL-12 and/or that IL-15 exposure increases
APC and/or effector cell responses to EF treated tu-
mours. Further studies are therefore required to opti-

mise the use of these cytokines in EF based
immunotherapy protocols.

It is unclear, which effector populations are stimu-
lated either directly or indirectly by exposure to EF
treated cells. The stimulation of increased activity by the
responder DC population is one potential mechanism by
which EF treated cells may increase adaptive and innate
immune response. Another possibility is that EF treated
cells may directly stimulate increased activity by cells of
the innate immune system such as NK cells. Immuno-
therapy studies have generally focussed on the ability of
vaccines to induce TAA specific CD8+ CTL responses,
but increasing evidence suggests that cells of the innate
system play a critical role in tumour rejection and that
NK activation is involved in the development of T cell
responses [42, 43]. Although the ability of EF prepara-
tions to stimulate CD8 responses is well established,
their ability to stimulate cells of the innate system has
received little study. However, in a neuroblastoma
model, the depletion of both CD8 and NK populations
abrogated the in vivo anti-tumour responses induced by
an EF preparation [7].

It is now well accepted that DC loaded with TAA can
induce powerful anti-tumour responses, but the optimal
method of DC loading has not been established. Simple
co-culture of DC and tumour cells has been reported to
result in an immunogen that can induce strong anti-tu-
mour responses [9, 10]. Many current protocols pre-treat
tumour cells prior to co-culture with DC as apoptotic,
necrotic or heat shocked tumour cells have all been re-
ported to have increased immunogenicity [37, 38]. The
formation of DC-tumour hybrids provides a potentially
powerful alternative means of combining DC with TAA
and consequently PEG mediated DC-tumour fusion has
been widely used in immunotherapy protocols. The
functional activity of these preparations has been
attributed to the presence of hybrids. However, the
majority of PEG fusion protocols subsequently culture
the fused preparations in vitro before use, and few of
these studies have directly analysed what advantage, if
any, fusion offers over the simple co-culture of DC and
tumour cells. Interestingly, two of the few studies, which
directly compared ‘‘PEG fused’’ with ‘‘co-cultured only’’
preparations of DC and tumour cells, reported that both
methods generated equally effective tumour vaccines in
vivo [9, 10]. Similarly, with respect to EF protocols, it
has not yet been established that the EF of DC and
tumour provides a more effective vaccine than that
which would be obtained by co-culturing DC with EF
treated tumour cells. The results of our current study
demonstrate that the EF process can increase the
immunogenicity of at least some cell types and therefore
co-culture of EF treated tumour with DC may result in
an effective vaccine. One significant advantage that co-
culture may provide over direct DC-tumour EF is that
the DC present would be predominantly viable, which
would increase their effectiveness in stimulating in vivo
responses [39]. In addition, there is some evidence that
hybrid cells can rapidly suppress or lose expression of
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TAA following their formation [12, 44] and therefore,
DC loaded with TAA by co-culture may provide a more
effective and longer lived TAA source.

Although the presence of DC within the vaccine
preparation is considered critical to the effectiveness of
EF based immunotherapy, the relative importance of
vaccine derived versus recipient DC in inducing anti-
tumour responses has not yet been established. The
possibility that the immunogenicity of EF treated tu-
mour cells is mediated primarily by their interaction
with recipient DC cannot be presently excluded and
raises the possibility that the presence/viability of vac-
cine derived DC may not be a major factor in deter-
mining EF vaccine effectiveness. The majority of EF
products are irradiated prior to in vivo administration
and the possibility that irradiation and other processing
steps may modulate the immunogenicity of EF products
requires further study.

The data presented in this study demonstrate that the
EF process can increase the immunogenicity of at least
some human cell types, independently of hybrid for-
mation. This has considerable implications with respect
to the optimisation of EF protocols as to date studies
have concentrated predominantly on maximising hybrid
yields. Understanding the relative contributions that
hybrid and non-hybrid cells make to the effectiveness of
EF preparations is critical for the development of more
effective immunotherapy protocols. Further studies are
therefore required to determine whether current EF
protocols provide the most effective means of utilising
the EF process in the generation of cancer vaccines.
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