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Abstract Background: Ovarian cancer commonly re-
lapses after remission and new strategies to target
microscopic residual diseases are required. One ap-
proach is to activate tumor-specific cytotoxic T cells with
dendritic cells loaded with tumor cells. In order to en-
hance their immunogenicity, ovarian tumor cells (SK-
OV-3, which express two well-characterized antigens
HER-2/neu and MUC-1) were killed by oxidation with
hypochlorous acid (HOCl). Results: Treatment for 1 h
with 60 lM HOCl was found to induce necrosis in all
SK-OV-3 cells. Oxidized, but not live, SK-OV-3 was
rapidly taken up by monocyte-derived dendritic cells,
and induced partial dendritic cell maturation. Dendritic
cells cultured from HLA-A2 healthy volunteers were
loaded with oxidized SK-OV-3 (HLA-A2!) and co-cul-
tured with autologous T cells. Responding T cells were
tested for specificity after a further round of antigen
stimulation. In ELISPOT assays, T cells produced
interferon-gamma (IFN-c) in response to the immuniz-
ing cellular antigen, and also to peptides coding for
MUC-1 and HER-2/neu HLA-A2 restricted epitopes,
demonstrating e!cient cross-presentation of cell-asso-
ciated antigens. In contrast, no responses were seen after
priming with heat-killed or HCl-killed SK-OV-3, indi-
cating that HOCl oxidation and not cell death/necrosis
per se enhanced the immunogenicity of SK-OV-3. Fi-
nally, T cells stimulated with oxidized SK-OV-3 showed
no cross-reaction to oxidized melanoma cells, nor vice
versa, demonstrating that the response was tumor-type
specific. Conclusions: Immunization with oxidized ovar-

ian tumor cell lines may represent an improved thera-
peutic strategy to stimulate a polyclonal anti-tumor
cellular immune response and hence extend remission in
ovarian cancer.
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Introduction

Advanced ovarian carcinoma commonly relapses after
remission due to the growth of residual microscopic
tumors. New therapeutic strategies are urgently needed
to target this disease. Compelling evidence from animal
studies [2, 11, 25, 31] and clinical trials [8, 13, 14] have
underlined the importance of the immune system in
controlling ovarian malignancies. In particular, the
presence of tumor-infiltrating lymphocytes (TILs)
expressing anti-tumor interferon-gamma (IFN-c)
within advanced ovarian tumors was correlated with a
significant prolongation of survival [32]. The identifica-
tion of overexpressed ovarian tumor-associated anti-
gens—HER-2/neu and MUC-1—and several of their
MHC class-I restricted epitopes has given further
impetus to the development of tumor immunotherapy
for this disease.

Immunotherapy using dendritic cells (DCs) to acti-
vate tumor-specific T cells is a potentially powerful ap-
proach. DCs are the key antigen-presenting cells of the
immune system that initiate, regulate, and activate both
helper (Th) and cytotoxic T cell (CTL) responses against
tumors. Several studies have shown that vaccinating
ovarian cancer patients with autologous DCs pulsed
with immunodominant HER-2/neu or MUC-1 peptides
elicited peptide-specific CD8+ T cell immunity [5, 9, 20].
Immunization with multiple antigens, however, or even
with whole ovarian tumor cells may drive a much
stronger overall CD4 as well as CD8 immune response,
and will diminish the chance of driving the emergence of
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escape mutations in the tumor cells. Live ovarian tu-
mour cells are poorly immunogenic, and cannot be used
as immunogens in vivo. A strategy to kill ovarian tu-
mour cells and at the same time enhance their immu-
nogenicity is therefore required.

Hypochlorous acid (HOCl) is a potent oxidant
formed from hydrogen peroxide (H2O2) and chloride
ion (Cl!) in a reaction catalyzed by the neutrophil
enzyme myeloperoxidase (MPO) during acute inflam-
mation. As well as showing strong microbicidal
activity, HOCl has been shown to enhance the
immunogenicity of protein antigens by several folds
via oxidation in vivo and ex vivo [1, 17, 18]. Proteins
oxidized by HOCl were more readily taken up and
processed by antigen-presenting cell (APC) and led to
enhanced activation of antigen-specific T cells in vitro.
Myeloperoxidase activity therefore acts as a link be-
tween the innate immune response and the induction
of adaptive immunity [16]. This study is the first to
explore the link between oxidation and immunity in
the context of a tumor model.

The study tests the hypothesis that allogeneic ovar-
ian tumor cells, SK-OV-3, oxidized by HOCl become
potent immunogens that are e!ciently taken up and
cross-presented by DCs to stimulate autologous tumor-
specific T cell responses. An in vitro human priming
model was used to demonstrate that HOCl-oxidized
SK-OV-3 tumor cells were readily phagocytosed by
DCs and induced the expansion and di"erentiation of
T cells that recognized not only the oxidized tumor
cells but also the ovarian-associated tumor antigens
HER-2/neu and MUC-1. These T cells recognize anti-
gens in the context of the HLA of the stimulating DC
and could therefore be of therapeutic value in the
ovarian cancer setting.

Materials and methods

Antibodies

The following Abs were used: (a) CD1a (supernatant
mouse MoAb NA1/34, IgG2a) was a gift from Professor
A. McMichael (John Radcli"e Hospital, Oxford, UK);
(b) CD2 (mouse MoAb MAS 593, IgG2b; Harlan Sera-
Lab, Loughbourough, UK); (c) CD3 (supernatant
mouse MoAb UCH T1, IgG1); (d) CD14 (supernatant
mouse MoAb HB246, IgG2b); (e) HLA-DR (superna-
tant mouse MoAb L243, IgG2a) were gifts from Pro-
fessor P.C.L. Beverley (The Edward Jenner Institute for
Vaccine Research, Berkshire, UK); (f) CD19 (superna-
tant mouse MoAb BU12, IgG1); (g) CD86 (supernatant
mouse MoAb BU63, IgG1) were gifts from D. Hardie
(Birmingham Medical School, Birmingham, UK); (h)
CD40 (mouse MoAb 5C3, IgG1; eBioscience, San Die-
go, CA); (i) CD83 (mouse MoAb HB15e, IgG1; eBio-
science, San Diego, CA); (j) HLA-ABC (mouse MoAb
W6/32 IgG2a; SeroTec, Kidlington, Oxford, UK); and
(k) IgG2a isotype control (Dako A/S). The secondary

antibody for flow cytometry was rabbit anti-mouse
FITC-conjugated (Dako Cytomation, Denmark) at a
1:20 dilution of a 0.3 mg/ml stock to give a final con-
centration of 15 lg antibody/106 cells.

Synthetic peptides and HER-2/neu pentamers

The HLA-A*0201-restricted peptides derived from
HER-2/neu (E75:KIFGSLAFL, GP2:IISAVVGIL)
[10, 23], MUC-1 (M1.1: STAPPVHNV, M1.2:
LLLLTVLTV) [4], and melanoma (MART-1: ELA-
GIGILTV) were purchased from Alpha Diagnostic
International (San Antonio, Texas, USA). Purity was
>79% as indicated by reverse-phase high-performance
liquid chromatography (HPLC) and mass spectrometry.
The lyophilized peptides were dissolved in at least 50%
dimethyl sulphoxide (DMSO) plus hanks balanced salt
solution (HBSS) to a concentration of 1 mM, filter-
sterilized with 0.2 lm filter and stored at !80"C. The
HLA-A*0201-resticted HER-2/neu (specific for KI-
FGSLAFL) PE-conjugated pentamer was purchased
from ProImmune (Oxford, UK).

Tumor cell lines

The carcinoma ovarian SK-OV-3 (HLA-A3+, A2!,
HER-2/neu+, MUC1+) and breast SK-BR-3 (HER-2/
neu+, MUC1+) and MDA-231 (HLA-A2+, HER-2/
neu+, MUC1+) cell lines were kind gifts from Dr M.
O’Hare (Ludwig Institute of Cancer Research, London,
UK). The above cell lines were cultured in DMEM
medium (Invitrogen, Paisley, UK) supplemented with
10% heat-inactivated fetal calf serum (FCS), 2 mM L-
glutamine, 100 units/ml penicillin, and 100 lg/ml
streptomycin (complete DMEM) (all from Cancer Re-
search, London, UK). Melanoma tumor cell lines MEL-
11 (HLA-A2!, MART-1+) and MEL-12 (HLA-A2+,
MART-1+) [21] were gifts from Dr L. Lopes (Depart-
ment of Immunology and Molecular Pathology, UCL,
London, UK) and maintained in complete DMEM. All
cell lines were tested regularly for mycoplasma and
found to be negative.

Western blot

SK-OV-3 ovarian tumor cells were washed twice with
HBSS and lysed in sample bu"er (0.5 M Tris pH 6.8,
1% SDS, 10% glycerol, and 5% b-mercaptoethanol).
The cell lysates were boiled for 3 min at 100"C. A total
of 1·106 tumor cells per sample was resolved on 7.5%
SDS-PAGE electrophoresis and transferred to Hybond-
ECL nitrocellulose membranes (Amersham Biosciences,
UK). The presence of cellular HER-2/neu and MUC1
glycoproteins were detected by using anti-HER-2/neu
(Santa Cruz Biotechnology) and HMFG2 anti-MUC-1
monoclonal antibodies (reactive with Asp-Thr-Arg, gift
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from Dr Joyce Taylor-Papadimitriou, Cancer-Research
UK, GKT School of Medicine, London), respectively,
and the Amersham Biosciences enhanced chemilumi-
nescence protocol. For positive control, SK-BR-3 breast
tumor cell line that highly expressed HER-2/neu and
MUC-1 was used. MEL-11 melanoma cell line, that
expressed neither of the proteins, was used as negative
control.

DC preparation from peripheral blood

Immature monocyte-derived DCs were prepared from
120 ml of fresh whole blood collected from HLA-A2+

and non-HLA-A2+ healthy volunteers after informed
consent (project approved by UCL Hospitals Ethics
Committee project 03/0241). PBMCs were isolated by
Ficoll/Paque (Nycomed Pharma, Oslo, Norway;
400·g, 30 min, brake o") density gradient centrifuga-
tion. At least 1·107 PBMCs were cryopreserved in
90% FCS plus 10% DMSO as APCs for T cells res-
timulation and ELISPOT, while the rest were resus-
pended in RPMI 1640 with 10% FCS to allow
adhesion to tissue flask. After 2 h of incubation at
37"C/5%CO2, non-adherent cells were gently removed
and frozen for future use as a source of T cells. The
adherent cells were subsequently cultured in AIM-V
(Invitrogen, Paisley, UK) (supplemented with 2 mM
L-glutamine, 100 units/ml penicillin, and 100 lg/ml
streptomycin; complete AIM-V) with 100 ng/ml
recombinant human granulocyte macrophage colony-
stimulating factor (GM-CSF) and 50 ng/ml Interleu-
kin-4 (IL-4) (gifts from Schering-Plough Research
Institute, Kenilworth, NJ). After 5 days, B cells, T
cells, and natural killer cells were removed by using
mouse anti-human CD19, CD3, and CD2, respec-
tively. The DCs were >90% pure after 7 days of
culture and expressed moderate levels of HLA-DR,
HLA-ABC, and CD40, and low levels of CD86,
CD83, CD14, and CD19.

Induction and detection of oxidation-dependent
necrotic tumor cell death

Di"erent concentrations of HOCl solutions (5–60 lM)
were prepared by diluting the stock NaOCl reagent
(Sigma-Aldrich) with HBSS (Invitrogen, Paisley, UK)
and added immediately to the tumor cells to give a final
cell density of 8·105 per ml. The tumor cell suspensions
were then incubated for 1 h at 37"C/5%CO2 with gentle
agitation for every 30 min to induce oxidation-depen-
dent tumor cell death. At the end of the treatment, tu-
mor cells were harvested and washed twice with HBSS
for further use. Propidium iodide (PI) was added to the
cells directly to detect and quantify the percentage of
dead cells [24].

PI staining on permeabilized cells was also used to
di"erentiate between apoptosis and necrosis [24]. An

equal volume of 70% ice-cold ethanol was added
dropwise to the cells (to a final concentration of 35%
ethanol) and left on ice for 10 min to allow permeabi-
lization. The cells were then washed twice with HBSS,
followed by treatment with RNase and PI as above, and
analyzed by flow cytometry. Apoptosis can be detected
by the appearance of a sub-G0 peak, representing par-
tially degraded DNA. This method that measures DNA
cell content directly has previously been validated by
comparison to annexin V/PI staining. It was chosen in
preference because oxidation may damage the annexin V
binding epitope on the cell surface and hence lead to
false negatives.

Phenotypic analysis of DCs exposed to HOCl-oxidized
tumor cells

To investigate the e"ects of HOCl-oxidized tumor cells
on DC maturation, tumor cells were treated as described
previously and co-cultured with DCs at 1:1 ratio for
24 h at 37"C/5%CO2. After incubation, DCs were har-
vested and double stained with PE-conjugated anti-
HLA-DR and one of the MoAbs for DC maturation
markers (CD83, CD86, or CD40). Briefly, DCs from co-
cultures were resuspended in cold staining bu"er (HBSS,
10% rabbit serum, 0.1% sodium azide) for 15 min
incubation on ice. Relevant MoAbs were added and left
on ice for further 30 min, followed by two washes with
staining bu"er and incubation with the FITC-conju-
gated rabbit anti-mouse IgG (30 min on ice). Then the
cells were washed twice with staining bu"er and incu-
bated with 1% normal mouse serum in HBSS (10 min
on ice). PE-conjugated mouse anti-HLA-DR (clone
LN3; eBioscience, San Diego, CA) was added and left
on ice for another 30 min. After that, the cells were
washed three times, fixed in 3.8% formaldehyde, and
collected the following day on a FACScan flow cytom-
eter (Becton Dickinson) and the data analyzed using the
CellQuest software.

DC uptake of oxidized tumor cells

To determine tumor uptake by DCs, tumor cells were
labeled with 3¢ tetra-methyl-indocarbocyanine per
chlorate (DiI, Sigma-Aldrich; final concentration
5 lM) in complete RPMI 1640 medium for 30 min at
37"C/5%CO2 before HOCl-oxidation (DiI staining of
tumor cells was less e!cient after HOCl treatment).
After labeling and oxidation, tumor cells were col-
lected and washed twice with HBSS before adding to
the DCs at 1:1 ratio. To detect double positive DCs
that had phagocytosed tumor cells, the co-cultures
were incubated at 37"C/5%CO2 for 4 or 24 h and
stained for HLA-DR. Parallel co-cultures were set up
at 4"C for 24 h to determine the level of non-specific
DiI transfer to DCs. Flow cytometry analysis was then
performed.
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Induction of necrotic tumor cell death with hydrochloric
acid (HCl) and heat

To induce tumor cell necrosis, 1 M HCl solution was
prepared by diluting the 10 M stock HCl (Sigma-Al-

drich) in isotonic sodium chloride and added to SK-OV-
3 cells to give a final cell density of 8·105 per ml. The cell
suspension was incubated for 1 min at room tempera-
ture and immediately neutralized with 1 M sodium
hydroxide (NaOH, Sigma-Aldrich). For heat-induce
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Fig. 1 Expression of HER-2/neu and MUC-1 tumor antigens and
dose dependent necrosis of SK-OV-3 cells. a, b 1·106 SK-OV-3,
SK-BR-3, and MEL-11 cells were lysed in sample bu"er, resolved
on 7.5% SDS-PAGE electrophoresis, and transferred to nitrocel-
lulose membranes. The expressions of HER-2/neu and MUC-1
were detected by anti-HER-2/neu and anti-MUC-1 monoclonal
antibodies. Note that HER-2/neu appeared as a single band in both
SK-OV-3 and SK-BR-3, while MUC-1 glycoproteins were detected
as multiple glycosylated variants of approximately 250 KDa in

both epithelial lines. Data shown are representative of three
independent experiments. c, d SK-OV-3 tumor cells were incubated
with di"erent concentrations of HOCl as shown for 1 h at 37"C.
Cells were washed and stained with PI as described in Materials
and methods either without (non-perm, c left column) or after
permeabilization with 70% ethanol (perm, c right column). The
percentage of highly PI positive cells (M1 gate) corresponded to
percentage of dead cells was plotted against HOCl concentration in
d. Data are representative of five independent experiments
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tumor cell death, SK-OV-3 cells were resuspended in
AIM-V medium (final cell density of 8·105 per ml) and
heated at 56"C for 30 min. At the end of the treatment,
tumor cells were harvested and washed twice with HBSS
before adding to the DCs.

In vitro priming of T responder cells

A total of 2·106 autologous DCs were pulsed with 2·106
60 lM HOCl-oxidized SK-OV-3 cells overnight to allow
uptake. In some experiments, 2·106 60 lM HOCl-oxi-
dized MEL-11 tumor cells were used. About 60 lM
HOCl was chosen for tumor oxidation because it con-
sistently induced >99% of necrotic SK-OV-3 tumor cell
death (as determined by PI staining) and most e!ciently
upregulated CD40, CD83, and CD86 maturation
markers on DCs. In some experiments, DCs were pulsed
with either HCl-killed or heat-killed SK-OV-3, or the
DCs were pulsed with HER-2/neu (E75) or MUC1
(M1.2) peptides (final concentration of 1 lM). After
24 h of incubation at 37"C/5%CO2, 2·107 autologous T
cells (purified by immunomagnetic bead depletion with
antibodies to HLA-DR, CD19, CD14 from non-adher-
ent PBMCs) were added to the DC-antigen co-culture
and cultured in complete AIM-V medium. After 7 days,
viable T cells were purified of necrotic debris by sepa-
ration on Ficoll Lymphoprep and restimulated with X-
ray irradiated autologous PBMCs (20 Grays) pulsed
with relevant oxidized, or killed tumor cells, or peptides
in AIM-V medium. Then T cells were re-purified by
Ficoll Lymphoprep 4 days after restimulation and cul-
tured in fresh medium without antigen for further
3 days. After that, viable T cells were harvested for IFN-
c ELISPOT.

IFN-c ELISPOT

IFN-c ELISPOT was performed according to the
manufacturer’s recommendations. Briefly, Multi-
ScreenTM-ImmobilonTM-P Filtration Plate (Millipore,
Bedford, USA) were coated with anti-human IFN-c
capture antibody (1-D1K clone; Mabtech) at 2 lg/ml
in HBSS (100 ll/well) overnight at 4"C. Under aseptic
conditions, the plates were washed three times with
HBSS and blocked with AIM-V medium containing
10% human AB serum for 1 h at 37"C/5%CO2. Then
two washes were done and the T responder cells were
seeded in the wells at 1·105 cells/well. Cryopreserved
autologous PBMCs were rapidly thawed, washed,
irradiated, and co-cultured with the T responder cells
in the presence of antigens (i.e., HOCl oxidized 1·105
SK-OV-3 or MEL-11 per well or 1 lM peptide per
well) at 5·104 cells/well. To check for specificity, T
responder cells in certain wells were incubated with
PBMCs without antigen or in AIM-V medium only to
determine the background secretion of IFN-c. The
ELISPOT plate was incubated for 40 h at 37"C/

5%CO2. After incubation, the cells were removed by
washing with MilliQ water and PBS. The presence of
IFN-c produced by antigen-specific T cells was detected
by the sequential addition of biotinylated mouse anti-
human IFN-c (2 h at room temperature), four washes
with PBS (Clare Hall Laboratories, Cancer Research
UK, London, UK), alkaline phosphatase-conjugated
streptavidin (1 h at room temperature), four further
washes with PBS, and substrates for streptavidin. The
number of spots corresponding to the IFN-c producing
cells was counted with an automatic plate reader
(Autoimmune Diagnostica GmbH, Strassberg, Ger-
many). The results were expressed as IFN-c spots per
105 T cells.

HER-2/neu pentamer staining

T cells were stimulated with DCs preloaded with
60 lM HOCl-oxidized SK-OV-3 tumor cells (one tu-
mor cell to one DC) or HER-2/neu (E75) or MUC1
(M1.2) peptides as described earlier. Viable T cells were
harvested after 2 weeks and restimulated for a third
week with HER-2/neu or MUC1 peptides and IL-2
(5 ng/ml). At the end of third week, viable T cells were
obtained by Ficoll Lymphoprep. A total of 5·105 T
cells per group were washed once with staining bu"er
(PBS with 1% FCS and 0.1% sodium azide) and
stained with PE-conjugated HER-2/neu pentamer spe-
cific for HER-2/neu E75 for 20 min at 37"C. Cells were
then counterstained with CD8-FITC (clone LT8; Pro-
immune, Oxford, UK) for 30 min on ice. After washing
twice with PBS containing 0.1% sodium azide, the cells
were fixed with 3.8% formaldehyde and analyzed by
flow cytometry by appropriately gating on CD8+ cells
and excluding CD4+ cells. T cells that were double

Table 1 HOCl-treated tumor cells induce partial DC activation

HOCl (lM) Percentage of mean fluorescence
intensity (MFI) of untreated DCs

CD86 CD83 CD40

0 103.4±15.2 133.1±29.5 100.6±14.9
30 120.4±20 136.1±15.5 111.6±11.6
40 165.5±36 152.3±13.8 121.2±22.6*
50 181.9±21.4* 160.6±14.9 131.5±25.3**
60 162.3±20.5 162.3±21.2 129.6±11.6*
LPS matured DCs 394.0±60.2** 355.4±25.8** 222.6±32.2**

SK-OV-3 tumor cells were incubated with HBSS (0 lM) or 30–
60 lM HOCl for 1 h at 37"C/5%CO2 and co-cultured with
immature DCs at 1:1 ratio for 24 h. Cells were harvested and
double-stained for HLA-DR and one of the markers of DC mat-
uration CD86, CD83, or CD40. The MFI for each marker was
obtained. Because the absolute MFI values showed individual
variation, all values were normalized to mean MFI values of DC
cultured in the absence of tumor cells. Table 1 shows the
mean ± standard error of the mean for three independent exper-
iments. Asterisk indicate a significant di"erence from DC alone,
calculated using one-way ANOVA with Dunnett’s modification on
the original unnormalized MFI values for each marker

1388



positive for CD8 and HER-2/neu pentamer were ex-
pressed as a percentage of the total number of CD8+ T
cells gated.

Statistics

Means for di"erent experimental groups were analyzed
from a minimum of three independent experiments
(i.e., PBMCs from di"erent individuals). The analysis
of significance was carried out using one-way ANO-
VA, with Dunnett’s post hoc modification when
appropriate.

Results

SK-OV-3 ovarian tumor cells express HER-2/neu
and MUC-1 antigens

The SK-OV-3 line has been widely studied by both
molecular and immunological techniques [21–23] and
was therefore chosen as a model source of antigen for
these studies. The expression of the two epithelial tumor-
associated antigens MUC-1 and HER-2/neu was con-
firmed by immunoblotting (Fig. 1a, b). HER-2/neu
(molecular weight approximately 185 KDa) was de-
tected as a single band in both SK-OV-3 and the breast
cancer derived line SK-BR-3. MUC-1 glycoproteins
were detected as multiple glycosylated variants of
approximately 250 KDa in both epithelial lines. Both
antigens were absent from the melanoma tumor line
MEL-11 and from the myeloid tumor line KG1 (not
shown). SK-OV-3 has previously been shown to express
HLA-A3; the absence of HLA-A2 was confirmed by
flow cytometry (not shown).

HOCl induces cell death of SK-OV-3 cells via necrosis

The sensitivity of SK-OV-3 cells to HOCl oxidation is
shown in Fig. 1c and d. Cell survival and cellular DNA
content were measured by PI staining of intact and
permeabilized cells as described [24]. Treatment of SK-
OV-3 cells with increasing concentrations of HOCl re-
sulted in a dose dependent increase in the % unper-
meabilized cells which took up PI (gate M1, Fig. 1c left
column, quantified in Fig. 1d). Since viable cells are
impermeable to PI, the % PI positive cells gives a
measure of dead cells. 99% cell death or above was
consistently observed at 60 lM HOCl or above, and this
concentration was used in all further experiments.
Extensive cell fragmentation was observed with 65 lM
HOCl or higher (data not shown).

Annexin V/PI staining did not show the presence of
apoptotic cells in the HOCl-treated population (not
shown). Lack of annexin V staining could have resulted
from oxidative damage to the annexin V binding epi-
tope, however. The DNA content of the cells was

therefore measured directly [24] (Fig. 1c, right column).
PI staining clearly showed the presence of the G1 and G2

peaks, but no sub-G0 staining corresponding to frag-
mented DNA from cells undergoing apoptosis (cf e"ects
of DNA cross-linking agents on tumor cells, which in-
duce apoptosis and the appearance of a clear sub-G0

peak [24]).

Activation of DC on exposure to oxidized SK-OV-3 cells

Previous studies from our own [24] and other labora-
tories [7, 27, 30] have suggested that necrotic cells may
activate DC. DCs were therefore co-cultured with
HOCl-oxidized tumor cells (or LPS as a known DC
activator) and the levels of cell surface CD86, CD83,
and CD40 measured by flow cytometry (Table 1). Un-
treated cells had low levels of CD86, no CD83 expres-
sion, and intermediate levels of CD40. Increasing HOCl
concentration significantly increased mean fluorescent
intensity (MFI) for CD86 and CD40 (P<0.05, one-way
ANOVA). There was also a small but not statistically
significant (P>0.05) increase in the expression of CD83.
However, the MFI at all concentrations of HOCl was
significantly less than that induced in response to LPS
(P<0.01, ANOVA with Dunnett’s modification).

HOCl treatment enhances uptake of SK-OV-3 cells
by DC

Uptake of tumor cells is a critical step in the pathway
leading to both class I and class II MHC cross-priming.
The ability of DC to phagocytose tumor cells was
evaluated by flow cytometry, using a method developed
previously [24] (Fig. 2). Tumor cells were identified by
staining with the membrane dye DiI (FL2, vertical axis)
while DCs were identified by the expression of HLA-DR
(FL1, horizontal axis). There was little or no uptake of
live untreated SK-OV-3 cells even over a 24 h co-culture.
In contrast, there was rapid uptake of HOCl-treated
cells, with maximum uptake observed at 60 lM HOCl
(Fig. 2a, b). Uptake was inhibited at 4"C confirming
that SK-OV-3 cells were being taken up by an active
process (Fig. 2b). Oxidized tumor cells, while still intact,
became rather fragile, and fragmented upon prolonged
incubation (note the absence of labeled cells from the
upper left quadrant in the 4"C panels).

DCs pulsed with HOCl-oxidized SK-OV-3 cells
stimulate T cell responses to tumor cell and to specific
tumor antigen epitopes HER-2/neu and MUC-1

DCs prepared from PBMCs of HLA-A2+ healthy vol-
unteers were co-cultured with 60 lM HOCl-oxidized
SK-OV-3 cells (HLA-A2!, ratio of one DC to one tu-
mor cell) overnight. DCs were then co-cultured with
purified autologous T cells (ten T cells to one DC).
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Viable T cells were harvested after 1 week and resti-
mulated with PBMCs pulsed with oxidized tumor cells
for a further 4 days, and then cultured in the absence of
antigen stimulation for 3 days as described in Materials
and methods. The surviving T cells were tested by IFN-c
ELISPOT assay to assess tumor-specific T cell
responses. As shown in Fig. 3a, T cells primed with
HOCl-oxidized SK-OV-3 cells showed a significant
(P<0.05) antigen specific recall response to the original
immunogen (oxidized SK-OV-3 cells). A response
was seen in all seven individuals tested, with a range of
130–220 spots/105 T cells.

T cells primed with oxidized SK-OV-3 gave signifi-
cant IFNc responses to live SK-OV-3 cells in the pres-
ence of exogenous PBMC (Fig. 3a, second bar). This
result indicates that the T cells stimulated by the oxi-
dized SK-OV-3 cells also recognize non-modified anti-
gens, an essential requirement if the cells are to have
useful anti-tumor activity in vivo. In contrast, the T cells
stimulated by the oxidized SK-OV-3 cells failed to
respond to oxidized melanoma cells, indicating that the
response showed cell type specificity.

The T cells stimulated with the oxidized SK-OV-3
cells also responded to peptides encoding known
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Fig. 2 HOCl-oxidized SK-OV-
3 cells are e!ciently
phagocytosed by DCs. DiI-
labeled SK-OV-3 tumor cells
were treated with HBSS, 25 lM
HOCl, or 60 lM HOCl for 1 h,
washed and co-cultured with
DCs at 1:1 ratio for 0, 4, or 24 h
at 37 or 4"C. Co-cultures were
harvested, stained for HLA-
DR, and analyzed by flow
cytometry. a Representative
flow cytometry profile (one of
three experiments). Free
residual tumor cells are shown
in the top left quadrant, while
DCs are found in the right hand
quadrants (HLA-DR+). DCs
which have taken up SK-OV-3
cells are positive for both HLA-
DR and DiI and appeared in
the upper right quadrant. b The
percentage of DC (DR positive
cells) which have taken up DiI
under di"erent experimental
conditions was plotted against
HOCl concentrations,
mean ± standard error of the
mean for three experiments.
The asterisk shows significant
di"erence from 0 HOCl within
each group, Student’s paired t
test, P<0.05
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HLA-A2 epitopes of HER-2/neu and MUC 1. Since SK-
OV-3 cells are HLA-A2!, this response demonstrates
that the oxidized SK-OV-3 cells had been taken up and
cross-presented by the stimulating DC. The response to
E75 HER-2/neu peptide was consistently better than the
response to GP2 HER-2/neu peptide (three of three
individuals, although the di"erence in the means did not
reach significance; P=0.06), suggesting that a predeter-
mined epitope hierarchy exists within the HER-2/neu
antigen. The T cells did not respond significantly to an
HLA-A2 melanoma peptide, confirming antigen speci-
ficity of the observed response.

T cells primed with DC in the absence of tumor cells
failed to show significant recall responses to any of the
antigens tested (Fig. 3b). Furthermore, T cells primed
with live SK-OV-3 cells (X-ray irradiated in order to
prevent proliferation) gave only very weak responses (less
than 60 spots/105 cells; data not shown). It was important,

however, to determine whether the enhanced immune
response seen was due specifically to oxidation by HOCl,
or was simply a result of cell necrosis. SK-OV-3 necrosis
was therefore induced by two other means, heat treatment
(56"C, 30 min) or brief exposure to acid (1 M HCl, 60 s).
Under these conditions, SK-OV-3 cells retained cellular
integrity but were >99% dead by necrosis (confirmed
by trypan blue and PI staining, data not shown).
T cells primed using DC loaded with either heat-killed
(Fig. 3c) or acid killed (Fig. 3d) SK-OV-3 failed to prime
a significant immune response to any antigen tested.

Direct versus indirect presentation of oxidized
SK-OV-3 cells

The presence of HLA-A2 restricted HER-2/neu specific
cells, suggesting cross-presentation of HLA-A2!
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Fig. 3 DCs loaded with HOCl-oxidized SK-OV-3 cells, but not
heat-killed or HCl-killed SK-OV-3, stimulate T cell responses to
tumor cells and to specific tumor antigen epitopes HER-2/neu and
MUC-1. T cells from HLA-A2+ individuals were stimulated with
autologous DCs pulsed with: a 60 lM HOCl-treated SK-OV-3, b
complete AIM-V media without antigen, c Heat-killed SK-OV-3
cells, or d HCl-killed SK-OV-3 cells as described in Materials and
methods. Viable T cells were harvested after 1 week and restimu-

lated with PBMCs pulsed with the same antigen for another 4 days,
and cultured in fresh medium without antigen for three more days.
IFN-c production was measured by ELISPOT. The results are the
means ± standard error of the mean for at least three independent
experiments (i.e., PBMCs from di"erent individuals). The asterisk
indicates those columns di"ering significantly (P<0.05) from the
medium only control (one-way ANOVA with Dunnett’s modifica-
tion for multiple comparisons)
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SK-OV-3 cells by HLA-A2+ DC, was confirmed by
HLA-A2 pentamer staining. T cells were stimulated with
autologous DCs pulsed with either 60 lM HOCl-oxi-
dized SK-OV-3, HLA-A2 restricted HER-2/neu E75
peptide, or MUC1 M1.2 peptide, and expanded as de-
scribed in Materials and methods. Viable T cells were
harvested and double stained with anti-CD8 antibody

and HER-2/neu pentamer specific for HER2/neu E75
peptide bound to HLA-A2. T cells primed with oxidized
SK-OV-3 cells, as well as HER-2/neu E75 peptide con-
tained a population of pentamer binding CD8 positive T
cells (Fig. 4a, top two panels) while cells primed with
MUC1 peptide showed background staining (Fig. 4a,
bottom panel). Three individuals were tested in this way,
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Fig. 4 Cross-priming is necessary for presentation of HOCl-
oxidized SK-OV-3 cells. a T cells were co-cultured with autologous
DCs (ten T cells to one DC) preloaded with HOCl-oxidized SK-
OV-3 cells, HER-2/neu E75 peptide or MUC1 M1.2 peptide as
shown. After two further rounds of antigen stimulation (see details
in Materials and methods) viable T cells were harvested and
double-stained with anti-CD8 FITC and PE-conjugated HER-2/
neu pentamer specific for HER-2/neu E75/HLA-A2. The percent-
age of total CD8+ T cells positive for pentamer is shown on the top
right hand corner. Data are one representative out of three
independent experiments. b T cells were primed with HOCl-
oxidized SK-OV-3 cells as in Fig. 3 and their IFNc responses to

HOCl-oxidized SK-OV-3 or HER-2/neu peptide, in the presence or
absence of autologous PBMC was evaluated with ELISPOT. The
results are the means ± standard error of the mean for at least
three independent experiments (i.e., PBMCs from di"erent indi-
viduals). The asterisk indicates those columns di"ering significantly
(P<0.05) from the T cell only control (one-way ANOVA with
Dunnett’s modification for multiple comparisons). c T cells were
primed with HOCl-oxidized SK-OV-3 cells as in Fig. 3 and their
IFNc responses to live MDA-231 (HLA-A2+, MUC-1+, HER-2/
neu+) or live MEL-12 (HLA-A2+, MUC-1!, HER-2/neu!) in the
absence of autologous PBMC was evaluated with ELISPOT. The
results are one representative experiment of two
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with average CD8/pentamer positive percentages of
1.42% (primed with oxidized SK-OV-3 cells), 0.77%
(primed with HER-2/neu E75) and 0.02% (primed with
MUC1 M1.2).

In order to determine whether oxidized SK-OV-3
cells stimulated IFN-c release by primed T cells directly
(i.e., allogeneic direct interaction), or whether T cell
stimulation depended exclusively on reprocessing by
autologous antigen presenting cells, T cells were cultured
with HOCl-oxidized SK-OV-3 cells in the presence or
absence of HLA-A2+ PBMCs as source of antigen
presenting cells (Fig. 4b). The response to HOCl-treated
cells was not significantly above background in the ab-
sence of PBMCs. HOCl treatment therefore seems not
only to enhance cross-presentation, but to inhibit direct
allogeneic recognition.

In contrast, T cells from an HLA-A2+ individual
primed to the oxidized SK-OV-3 cells, responded di-
rectly (i.e., in the absence of exogenous PBMC) to live
cells of an HLA-A2 expressing MUC-1 and HER-2/
neu expressing breast cancer cell line MDA-231 (an
HLA-A2+ ovarian line was not available to us) but
not to an HLA-A2+ melanoma cell line MEL-12
(Fig. 4c).

Antigen specific responses to oxidized tumor cells
is not restricted to SK-OV-3 cells

The role of HOCl in enhancing tumor-specific T
cell responses was tested further using an HLA-A2!

melanoma cell line, MEL-11, which expresses the
melanoma associated antigen MART-1 (not shown)
but neither HER2/neu nor MUC 1 (Fig. 1). T cells
primed with DC loaded with HOCl-oxidized MEL-11
cells showed strong responses to MEL-11 cells them-
selves, as well as to an HLA-A2 restricted peptide
derived from MART-1 (Fig. 5). Thus, HOCl-oxidized
melanoma cells, like ovarian tumor cells, e"ectively
stimulate antigen specific T cells via cross-priming.
MEL-11 stimulated cells, however, failed to respond to
oxidized SK-OV-3 cells, or any of the HER-2/neu or
MUC 1 peptides (Fig. 5).

Discussion

Dendritic cells are key regulators of the immune system
and are capable of initiating and inducing tumor-specific
cytotoxic and helper T cells. Indeed, DC-based immu-
notherapy has been vigorously pursued in clinical trials
with some success [6, 12, 19, 22, 26, 28, 30]. In the case of
ovarian carcinoma, DC have been pulsed with HLA-A2
restricted peptides coding for immunodominant epitopes
of either HER-2/neu or MUC-1 proteins [26]. Though
the synthesis of large quantities of clinical grade peptides
is technically straightforward, there are several limita-
tions of peptide immunogens, including the need for
patients with specific HLA haplotype, limited anti-tu-
mor responses, selection of escape variants, and lack of
long-lasting memory. An alternative is to use whole
ovarian tumor cells that highly express HER-2/neu and
MUC-1, together with many as yet undefined TAAs
[12]. In this study, we developed a robust ex vivo human
cell culture system of loading HLA-A2+ DCs from
healthy volunteers with whole allogeneic SK-OV-3 tu-
mor cells, and assessing their potential for generating
autologous tumor-specific T cells.

The first key element of this model was that the
immunogenicity of the tumor cells was enhanced by
treatment with HOCl, a strong oxidizing agent, which
induced rapid necrosis of SK-OV-3 tumor cells.
Enhancement of anti-tumor immunity thus extends
previous observations of enhanced immune responses
to protein antigens treated with HOCl [1, 17, 18].
Several studies have suggested that cell necrosis, per se,
may enhance immunogenicity, perhaps by exposing
heat shock proteins [3, 15, 27]. Importantly, therefore,
enhanced imunogenicity to oxidized cells was seen
when compared to response to SK-OV-3 cells killed by
other means, such as heat or acid treatment. Since
HOCl, and the closely related chemical HCl, di"er
principally in that the former is a strong oxidizing
agent, while the latter is not, these results suggest that
oxidization is an essential feature of the enhancement
in immunogenicity observed. Preliminary studies have
shown that other forms of oxidation (e.g., by H2O2)
can also improve immunogenicity, and the precise
nature of the chemical reactions responsible are being
investigated further.
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Fig. 5 HOCl-oxidized MEL-11 cells induce melanoma specific T
cells which do not cross-react with SK-OV-3 cells. T cells were
primed to oxidized MEL-11 cells as described in Fig. 3. Their IFN-
c production in response to HOCl-oxidized SK-OV-3 or MEL-11
cells, HER-2/neu peptide, MUC-1 peptides, or MART-1 peptides
in the presence of autologous PBMC was measured by ELISPOT.
The results are the means ± standard error of the mean for at least
three independent experiments (i.e., PBMCs from di"erent indi-
viduals). The asterisk indicates those columns di"ering significantly
(P<0.05) from the medium only control (one-way ANOVA with
Dunnett’s modification for multiple comparisons)
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The mechanism for enhanced immunogenicity may
be explained, at least in part, by the fact that the oxi-
dized cells were taken up much more e!ciently than live
cells by DC, and experiments are underway to try and
identify the receptor involved in DC uptake. However,
HCl-killed or heat-killed tumor cells also showed some
enhanced uptake in comparison with live cells (not
shown), suggesting that other mechanisms, such as more
e!cient processing, may also play a role. In addition,
oxidized SK-OV-3 tumor cells induced a partial activa-
tion of DCs by upregulating the maturation associated
markers CD86 and CD40. DC maturation induced by
oxidized SK-OV-3 cells was sub-optimal compared to
the Toll-like receptor (TLR) agonist LPS, however, and
additional stimulation of DC (e.g., via CD40 ligation)
may further enhance the response.

A second key aspect of this model was the role of
cross-presentation versus direct T cell/tumor cell inter-
action. The detection of responses to well-defined HLA-
A2 restricted epitopes of HER-2/neu and MUC-1 clearly
demonstrated that oxidized SK-OV-3 cells (which were
HLA-A2! and allogeneic to the DC and T cells) were
e!ciently cross-presented by the DC. The strong pep-
tide-specific responses demonstrated that a major part of
the T cell response was to ‘‘native’’ cellular antigens,
rather than to new neoepitopes formed by chemical
modification with HOCl. The ability of T cells primed to
oxidized tumor cells to recognize live tumor targets was
confirmed by using an HLA-A2+ expressing breast tu-
mor line, MDA-231, which shared both MUC-1 and
Her-2/neu antigen expression with SK-OV-3 (Fig. 4c).
Shared antigen expression was essential for recognition,
since an HLA-A2 matched melanoma tumor was not
recognized.

HOCl oxidation not only promoted cross-presenta-
tion, but also seemed to block direct allorecognition,
since the T cell IFN-c response to oxidized cells (Fig. 4b)
showed an absolute requirement for antigen presenting
cells. Unexpectedly, the T cells primed to oxidized SK-
OV-3 also recognized live SK-OV-3 (Fig. 3a), even
though these cells were taken up very poorly, and did
not express HLA-A2. Direct recognition of SK-OV-3
cells could have occurred, however, either through a
shared unknown HLA allele between volunteer and SK-
OV-3 (since the volunteers were typed only for the
presence of HLA-A2), or via the presence of promiscu-
ous tumor derived peptides able to interact with many
di"erent HLA alleles. The dominance of cross-presen-
tation in this model may have important practical con-
sequences, since it may allow the use of generic tumor-
derived cell lines as immunogens, in place of patient-
derived tumor cells which are more di!cult to obtain
and inherently more heterogeneous. The HLA of the cell
line used as immunogen will in fact be irrelevant, since T
cells will be primed to antigens presented in the context
of the host MHC on host DCs. Such T cells will there-
fore be syngeneic to the primary host tumor, and
therefore should be able to recognize the primary tumor
directly. In this scenario a cell line would simply need to

share tumor antigens with the primary tumor (e.g.,
MUC-1 or HER-2/neu positive tumors for SK-OV-3
priming). The use of such ‘‘standardized’’ cell lines
would have major benefits in terms of practical appli-
cation, since it obviates the need for patient specific tu-
mor tissue collection and preparation. Studies to test this
hypothesis, using primary autologous patient-derived
tumor cells as targets following in vitro immunization
with SK-OV-3 cells are in progress.

The third important observation in this study was the
tumor specificity of the response. A persistent concern in
the development of tumor immunotherapy is that the
immune system will recognize and kill cells other than
the tumor and hence cause autoimmune disease. This
problem is particularly acute with the use of whole cell
immunogens, since all cells share an enormous number
of ‘‘common’’ proteins involved in housekeeping cellular
metabolic functions, as well as expressing smaller num-
bers of ‘‘tissue specific’’ proteins. It is, therefore, of
importance that in this model the response showed
specificity in relation to at least two quite distinct tumor
cell types. SK-OV-3 specific T cells did not respond to
the melanoma line MEL-11, or indeed a myeloid tumor
derived tumor line KG1 (not shown), while conversely,
T cells immunized to MEL-11 melanoma cells did not
respond to SK-OV-3 cells. Further studies are in pro-
gress to identify the breadth of the response to SK-OV-3
cells, in terms of tissue specificity, tumor specificity, and
its ability to recognize ‘‘normal’’ tissue.

The ability of innate immunity to drive enhanced
adaptive immunity is now a central tenet of immunol-
ogy. In this study, we seek to manipulate tumor immu-
nity using HOCl, a known microbicidal product of
myeloperoxidase activity in neutrophils. Although
myeloperoxidase is well-established as playing a role in
the e"ector microbicidal function of neutrophils, its role
in linking innate and adaptive immunity has only been
recognized more recently [16]. As discussed above, in
vivo vaccination of patients with DCs preloaded with
oxidized SK-OV-3 may induce therapeutic tumor-spe-
cific T cells responses to autologous tumor cells. Cytol-
ysis of tumor cells by tumor-specific T cells will release
further tumor antigen, and also release cytokines that
drive localized inflammation. A virtuous cycle of further
rounds of oxidation and immunological stimulation is
thus established.
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