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Abstract We evaluated tumor cell growth modulation by
bee venom secretory phospholipase A2 (bv-sPLA2) and
phosphatidylinositol-(3,4)-bisphosphate as well as po-
tential cooperative effects. In addition, the immuno-
modulatory impact of tumor cell treatment was
examined by monitoring changes in phenotype and
function of monocyte-derived dendritic cells (moDCs)
cocultured with pretreated tumor cells. Bv-sPLA2 or
phosphatidylinositol-(3,4)-bisphosphate alone displayed
moderate effects on the proliferation of A498 renal cell
carcinoma cells, T-47D breast cancer cells, DU145
prostate cancer cells and BEAS-2B transformed lung
cells. However, when bv-sPLA2 was coadministered
with phosphatidylinositol-(3,4)-bisphosphate a potent
inhibition of [3H] thymidine incorporation into all tested
cell lines occurred. This inhibition was due to massive
cell lysis that reduced the number of cells with prolifer-
ative capacity. Importantly, tumor cell lysates generated
with bv-sPLA2 plus phosphatidylinositol-(3,4)-bisphos-
phate induced maturation of human moDCs demon-
strated by enhanced expression of CD83 and improved
stimulation in allogeneic mixed leukocyte reactions. Our
data demonstrate that bv-sPLA2 and phosphatidylino-
sitol-(3,4)-bisphosphate synergistically generate tumor
lysates which enhance the maturation of immunostim-
ulatory human monocyte-derived dendritic cells. Such
tumor lysates which represent complex mixtures of tu-
mor antigens and simultaneously display potent adju-
vant properties meet all requirements of a tumor
vaccine.
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Introduction

The immunity-initiating potential of monocyte-derived
dendritic cells (moDCs) is currently exploited in various
clinical settings to treat diseases like cancer. In such
studies moDCs are generated from patient peripheral
blood precursor cells in vitro, loaded with tumor lysates
or other antigen preparations, matured and injected
back into the patient to induce antitumor immune re-
sponses [7, 15, 44, 52]. Tumor lysates are frequently
generated by repetitive freeze and thaw cycles to disrupt
cells and to prepare tumor-associated antigens for
loading onto moDCs [16–19]. Such lysates comprise the
complete antigenic repertoire of a specific tumor and can
further be supplemented with helper antigens like key-
hole limpet hemocyanin (KLH) or adjuvants to enhance
immunogenicity.

Recently, it has been demonstrated that bee venom
secretory phospholipase A2 (bv-sPLA2) acts as an
adjuvant by triggering the maturation of moDCs [35,
38]. Bv-sPLA2 represents a member of the phospholip-
ases A2 (PLA2, phosphatidylcholine-2-acylhydrolase,
EC 3.1.1.4) family of enzymes that catalyze the hydro-
lysis of the sn-2 fatty acyl–ester bond of membrane
glycero-3-phospholipids resulting in diverse biological
effects [10, 30, 40, 45, 49]. Hydrolysis of these com-
pounds generates lysophospholipids. Interestingly, ly-
solipids and in particular synthetic derivatives thereof
have been proposed for anticancer therapies due to their
antiproliferative effects and due to cytotoxicity [3, 41,
42]. These data suggest that bv-sPLA2 action may exert
inhibitory effects on tumor cells, while concomitantly
promoting immunostimulatory capacities of moDCs.

Increasing evidence also suggests a modulatory
role of phospholipids in the differentiation process of

T. Putz Æ R. Ramoner Æ H. Gander Æ A. Rahm Æ G. Bartsch
M. Thurnher (&)
Department of Urology, University of Innsbruck,
Anichstrasse 35, 6020, Innsbruck, Austria
E-mail: martin.thurnher@uibk.ac.at
Tel.: +43-512-50424867
Fax: +43-512-50428365

Cancer Immunol Immunother (2006) 55: 1374–1383
DOI 10.1007/s00262-006-0143-9



moDCs thus affecting the immunogenic potential of
antigen-presenting cells [1, 2, 9]. Phospholipids like
phosphatidylinositols (PtdIns) and phosphorylated
forms thereof exert their role either as precursors of
second messengers, or directly by interacting with pro-
teins to orchestrate the spatio-temporal organization of
key intracellular signal transduction pathways [34, 48].
3-Phosphorylated forms of PtdIns have been implicated
in cell survival, control of proliferation and regulation of
the cell cycle [13, 22, 34]. They are produced in response
to agonist-mediated cell activation [34, 50] and therefore
can be expected in a tumor environment characterized
by elevated phosphoinositide 3-kinase (PI 3-kinase)
activity and agonist stimulation via auto- and paracrine
loops. These data indicate a modulatory role of PtdIns
derivatives on cellular growth of tumor cells and the
differentiation of immune cells.

In the present work we found a strong and unexpected
synergy between bv-sPLA2 and phosphatidylinositol-
(3,4)-bisphosphate (PtdIns(3,4)2) that mediates tumor
cell inhibition and lysis. The resulting tumor lysates
promoted maturation of immunostimulatory moDCs.

Materials and methods

Reagents

Secretory phospholipase A2 (Type III) from bee venom
(bv-sPLA2) was purchased fromCayman Chemical (Ann
Arbor, MI, USA). sPLA2 activity was routinely moni-
tored using the colorimetric sPLA2 assay kit (from Cay-
man Chemical) which is based on the synthetic substrate
diheptanoyl thiophosphorylcholine. Phosphatidylinosi-
tol-3,4-bisphosphate (1,2-dipalmitoyl, ammonium salt)
(PtdIns(3,4)P2) was purchased from Cayman Chemical
and was prepared according to the manufacturer’s
instructions.

Cell culture

The human kidney carcinoma cell line A498 [11], the
human breast carcinoma cell line T-47D [23], the human
prostate carcinoma cell line DU145 [47] and the human
bronchial epithelium cell line BEAS-2B [24] were prop-
agated at 37�C and 5% CO2 in the presence of 10% fetal
calf serum (FCS, heat-inactivated, 30 min, 56�C; Hy-
Clone, UT, USA) in medium consisting of RPMI 1640
supplemented with 10 mM Hepes, non-essential amino
acids (1·), 1 mM Na-pyruvate (all from Cambrex Bio
Science, Verviers, Belgium), Glutamax (1·) (Invitrogen,
Paisley Scotland, UK), 100 U/ml penicillin and 100 lg/
ml streptomycin (PAA Laboratories, Linz, Austria).

Measurement of tumor cell proliferation

Before each experiment tumor cells were replated and
stimulated with medium containing 10% FCS for 24 h

in order to synchronize cells. A number of 20,000
cells were then plated in 200 ll medium without serum
in 96-well flat-bottomed tissue culture plates (Falcon,
BD, Franklin Lakes, NJ, USA). Cells were incubated for
32 h in the presence or absence of bv-sPLA2 and
PtdIns(3,4)P2. During the last 16 h, cells were pulsed
with 50 ll fresh medium containing 10% FCS and
1 lCi/well (37 kBq/well) [3H] thymidine (ICN Biomed-
icals, Eschwege, Germany). Cells were harvested with a
Tomtec harvester (Hamden, CT, USA) and liquid scin-
tillation counting was performed with a Chameleon
Multi label reader (HVD-Life Science, Vienna, Austria).
Results are mean cpm ± SEM of triplicate wells. Values
were normalized by setting controls to 100%. Typical
values for A498 cells in this setup ranged from 16,331 to
25,543 cpm. Concentrations used in this study were se-
lected after titration experiments and were established
based on a compound to cell ratio, for instance 10 lg/ml
sPLA2 per 20,000 A498 cells. Bv-sPLA2 at 100 lg/ml in
this setup was toxic for A498 cells, whereas
PtdIns(3,4)P2 in the range from 10 to 100 lM was
slightly dose-dependent, however, differences in [3H]
thymidine uptake were statistically not significant.

7-Amino-actinomycin D (7-AAD) staining

A498 cells were replated and cultured in medium con-
taining 10% FCS for 24 h in order to synchronize cells.
Cells (100,000) were then plated in 100 ll medium
without serum in 96-well round-bottomed tissue culture
plates (Costar, Corning Inc. NY, USA). Cells were
incubated for 45 min in the presence or absence of
PtdIns(3,4)P2 and bv-sPLA2. Subsequently, FCS was
added to a final concentration of 10% to attenuate
bv-sPLA2 action. Cells were transferred to PBS buffer
(Cambrex, Verviers, Belgium) and were incubated with
5 lg/ml of the fluorescent DNA stain 7-AAD (Sigma-
Aldrich, Vienna, Austria). The percentage of 7-AAD+

cells was determined with a FACSCalibur flow cytom-
eter (BD) and CellQuest software (BD).

Generation of moDCs

At the local Institute for Blood Transfusion, healthy
individuals underwent a standard leukapheresis proce-
dure performed with the Cobe Spectra cell separator
(Gambro BCT, Lakewood, CO, USA). The study was
approved by the Institutional Review Board and all
donors gave written informed consent. Using the MNC
program at a continuous whole-blood inlet flow rate
ranging from 50 to 70 ml/min, 3 to 5 l of whole blood
were processed. ACD-A solution (Baxter, Vienna,
Austria) at a 1:12 ratio was used for anticoagulation.
Subsequently, apheresis products (50–100 ml) were
transferred to a cell culture flask (Costar, Corning, NY,
USA) and adjusted to 200 ml using CliniMACS PBS/
EDTA Buffer (Miltenyi Biotec, Bergisch Gladbach,
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Germany) supplemented with 2% heat-inactivated hu-
man AB serum from the local Institute of Blood
Transfusion.

CD14+ monocytes were separated from apheresed
cells by positive selection using the CD14-Reagent, the
CliniMACS Tubing Set 600 (for up to 20·109 cells) and
the CliniMACS Instrument [36]. All steps were carried
out according to the manufacturer’s instructions.

CD14+ cells (50·106 in 50 ml) were cultured in
162 cm2 cell culture flasks (Costar, Corning, NY, USA)
in AIM-V (Invitrogen, Grand Island, NY, USA) con-
taining 1% heat-inactivated human AB serum, 10 mM
HEPES and 50 lM 2-mercaptoethanol (Merck,
Darmstadt, Germany) as well as a combination of re-
combinant human GM-CSF (1,000 U/ml; Leucomax,
Novartis, Basel, Switzerland) and recombinant human
IL-4 (1,000 U/ml; CellGenix, Freiburg, Germany). After
2 days of culture, 50 ml of fresh medium containing
supplements were added. Sterility testing of day-5
moDCs was performed at the local Institute of Hygiene.
All tests were negative (100% sterility). Day-5 moDCs
were harvested and frozen in liquid nitrogen using a
standard protocol (50% AIM-V, 40% human AB ser-
um, 10% DMSO).

Day-5 moDCs were thawed, counted and replated in
6-well plates at 1.8·106 cells per well in 3 ml of fresh
medium consisting of RPMI 1640 supplemented with
10 mM Hepes, non-essential amino acids (1·), 1 mM
Na-pyruvate , Glutamax (1·), 100 U/ml penicillin and
100 lg/ml streptomycin, GM-CSF (2,000 U/ml) and
IL-4 (500 U/ml). Subsequently, moDCs were mixed with
tumor lysates and controls.

Generation of tumor cell lysates

For the generation of PtdIns(3,4)P2-bv-sPLA2 lysate
300,000 A498 cells were seeded in 3 ml medium without
serum in 6-well flat-bottomed tissue culture plates (Co-
star, Corning Inc. Corning, NY, USA). Lysis was in-
duced by the addition of 10 lg/ml bv-sPLA2 and 10 lM
PtdIns(3,4)P2. For control purposes, freeze–thaw lysates
were generated by seeding 300,000 A498 cells in 3 ml
medium without serum in 6-well flat-bottomed tissue
culture plates. Lysis was induced by three cycles of
freezing (�80�C, 2 h) and thawing (37�C incubator,
1 h).

Treatment of moDCs with tumor cell lysates

Tumor cell lysates were generated as described above.
Control treatments with single substances were also
performed. The lytic activity of lysates was quenched by
the addition of 20% FCS or, alternatively, by lipopro-
tein-deficient FCS (Sigma-Aldrich, St. Louis, MO,
USA). Subsequently, 3 ml of lysate preparations were
added to 3 ml of moDCs cultures resulting in a final
concentration of 10% FCS. No additional maturation

stimuli were added. After 48 h at 37�C, moDCs were
harvested, washed with PBS and prepared for analysis
(flow cytometry and T cell proliferation assay). MoDCs
and A498 cells can be discriminated on the basis of
adherence, as A498 cells attach to tissue culture plates,
while moDCs do not. Thus, harvesting of moDCs with
PBS in the absence of trypsin does not detach A498 cells
as verified by measuring [3H] thymidine incorporation of
appropriate controls (not shown).

Flow cytometry (FACS)

MoDCs treated with lysate preparations were subjected
to FACS analysis using anti-CD83-PE- and anti-IgG1k-
PE-antibodies (isotype control), a FACSCalibur and
CellQuest software (all from BD, Mountain View, CA,
USA).

T cell proliferation assay

The immunostimulatory capacities of the differentially
treated moDCs were determined in an allogeneic mixed
leukocyte reaction (MLR). MoDCs were used as stim-
ulator cells of allogeneic peripheral blood mononuclear
cells (PBMCs) derived from healthy individuals depleted
of CD14+ cells (= CD14+-depleted PBMCs). CD14+-
depleted PBMCs (106/ml) were stimulated with moDCs
at a ratio of 40:1 in flat-bottomed 96-well plates in AIM-
V (Invitrogen, Grand Island, NY, USA). Cultures were
pulsed during the last 16 h of a day-5 culture at 37�C
and 5% CO2 with 1 lCi/well (37 kBq/well) [3H] thymi-
dine. Cells were harvested with a Tomtec harvester and
liquid scintillation counting was performed with a
Chameleon Multi label reader. Results are mean
cpm ± SEM of triplicate wells.

Statistical analysis

Statistics were performed by analyzing data with the
student’s t test by utilizing SPSS software. Results were
considered statistically significant at P values £ 0.05.

Limulus amebocyte lysate (LAL) assay

To test for potential endotoxin (LPS) contamination,
bv-sPLA2 was subjected to the LAL assay from Bio-
whittaker. Endotoxin concentration of bv-sPLA2 at the
maximum final concentration used in the experiments
(10 lg/ml) corresponded to 4.1 pg LPS/ml (i.e.
2.8·10�2 EU/ml). Endotoxin levels of PtdIns(3,4)P2 at
10 lM corresponded to 0.11 pg LPS/ml (7.6·10�4 EU/
ml). At these concentrations, LPS fails to induce moDC
maturation (own unpublished titration experiments).
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Results

Bv-sPLA2 acts synergistically with PtdIns(3,4)P2
to inhibit [3H] thymidine uptake of renal cancer cells

We investigated the effects of bv-sPLA2 and the PI 3-
kinase product PtdIns(3,4)P2 on the proliferation of the
well-characterized kidney cancer cell line A498 [11, 14,
21]. Cells were treated with bv-sPLA2 (10 lg/ml) and
PtdIns(3,4)P2 (10 lM) either alone or in combination.
After 32 h of incubation A498 cells were pulsed with
[3H] thymidine and cell proliferation was measured as
[3H] thymidine incorporation. Figure 1 demonstrates
that either substance alone had little effect on the pro-
liferation of A498 cells. The differences compared to
untreated controls were statistically not significant
(P>0.2). However, when bv-sPLA2 was present in
combination with PtdIns(3,4)P2 a potent reduction of
[3H] thymidine incorporation occurred. PtdIns(3,4)P2
clearly synergized with bv-sPLA2 in blocking the [3H]
thymidine uptake in A498 cells (P<0.003).

Inhibition of renal cancer cells is due to the induction
of cell lysis

Figure 2 depicts phase contrast microscopy images
which demonstrate that the combination of bv-sPLA2
and PtdIns(3,4)P2 induced lysis of A498 cells, while
either substance alone had virtually no effect. Cell lysis
only occurred under serum (protein)-free conditions
and was visible within 2 h. Lysis affected the majority
of the cells and was in accordance with data obtained
by measuring [3H] thymidine incorporation (Fig. 1).
Although [3H] thymidine uptake does not directly
quantitate lytic capacity, it represents a sensitive
method to detect proliferation of minimal numbers of
residual unlysed cells surviving the combined treatment
with bv-sPLA2 and PtdIns(3,4)P2. Such a treatment
also affected susceptibility of A498 cells for staining
with 7-AAD, which intercalates into double-stranded
DNA by penetrating disrupted cell membranes but is

excluded by intact cells. Hence, 7-AAD staining rep-
resents a useful measure for cell lysis. Treatment of
A498 cells with bv-sPLA2 or PtdIns(3,4)P2 alone en-
hanced the number of 7-AAD+ cells from 19 to 34
and 59%, respectively (Fig. 3). Of note, the combina-
tion of bv-sPLA2 with PtdIns(3,4)P2 resulted in 89%
7AAD+ cells (P<0.003). Thus, the combined treat-
ment disrupted cell integrity allowing access of 7-AAD
to bind DNA in the majority of the cells. In order to
exclude putative effects mediated by endogenous PLA2
activity in A498 cells, a pretreatment of cells for 1 h
with the inhibitor methyl arachidonyl fluorophospho-
nate (MAFP, 1–10 lM) was performed [5]. The cPLA2
and iPLA2 inhibitor MAFP did not prevent synergistic
inhibition of [3H] thymidine uptake and cell lysis in-
duced by PtdIns(3,4)P2 and bv-sPLA2 (data not
shown). However, inactivation of bv-sPLA2 at 100�C
for 1 h completely abrogated lysis (data not shown). In
conclusion, the lytic effect was indeed mediated by
exogenous PLA2 enzymatic activity.

Bv-sPLA2 acts synergistically with PtdIns(3,4)P2
to inhibit various cancer cell lines

To investigate whether the observed inhibition was cell
type-specific, other cell lines derived from different tis-
sues were also tested. Figure 4 indicates that bv-sPLA2
and PtdIns(3,4)P2 exhibited a similar synergistic action
affecting [3H] thymidine incorporation in DU145 pros-
tate cancer cells (P<0.02), in immortalized BEAS-2B
bronchial epithelial cells (P<0.008) and in T-47D breast
cancer cells (P<0.007). T-47D cells were also sensitive
to bv-sPLA2 activity alone (P<0.002) and single treat-
ment with PtdIns(3,4)P2 (P<0.007). Similar lytic effects
as demonstrated in Fig. 2 for A498 have been observed
in all tested cell lines (data not shown). Hence, lysis was
accompanied by a potent reduction of the number of
cancer cells with proliferative capacity. In summary, bv-
sPLA2 and PtdIns(3,4)P2 synergistically induced the
lysis of transformed cells derived from various tissues
(kidney, prostate, lung and breast).
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100

81
92

19

0

20

40

60

80

100

120

th
ym

id
in

e 
in

co
rp

o
r a

ti
o

n
(%

)Fig. 1 Combined treatment of
A498 kidney cancer cells with
bv-sPLA2 and PtdIns(3,4)P2
inhibits proliferation. A498 cells
were left untreated (C control),
were treated with bv-sPLA2
(10 lg/ml), with PtdIns(3,4)P2
(10 lM) or a combination of
both, bv-sPLA2 and
PtdIns(3,4)P2. Proliferation
was determined by assessing
[3H] thymidine incorporation.
Shown are normalized mean
values ± SEM of seven
independent experiments
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Tumor cell lysates generated through combined
treatment with bv-sPLA2 and PtdIns(3,4)P2 induce
the maturation of human moDCs

As a next step we examined the immunomodulating
properties of cell lysates generated through the com-

bined treatment with PtdIns(3,4)P2 and bv-sPLA2
(henceforth referred to as PtdIns(3,4)P2-bv-sPLA2
lysate). For this purpose, the A498 PtdIns(3,4)P2-
bv-sPLA2 lysate was added to cultures of immature
moDCs. A conventional lysate of A498 cells which was
generated through three cycles of freezing at �80�C and
rapid thawing at 37�C was used as a control. Freeze–
thaw cycles represent an established procedure for the
preparation of cell lysates [43] and resulted in complete
cell lysis as assessed by trypan blue exclusion (data not
shown). After 48 h of treatment of immature moDCs
with the A498 cell lysates, moDCs were harvested and
CD83 expression, which is one of the most reliable
markers of moDC maturation [39] was determined by
flow cytometry. While only 12% of untreated moDCs
expressed the CD83 marker (Fig. 5a), 67% of the
moDCs treated with the PtdIns(3,4)P2-bv-sPLA2 lysate
were CD83-positive (Fig. 5d). In contrast, only 17% of
the moDCs treated with the freeze–thaw lysate expressed
CD83 (Fig. 5c), and coculture of moDCs with viable,
non-lysed A498 cells even appeared to reduce CD83
expression (10% positive cells, Fig. 5b). Either sub-
stance alone induced the maturation of 28%
(PtdIns(3,4)P2) and 37% (bv-sPLA2) of the moDCs
(Fig. 5e, f). Treatments of moDCs solely with
PtdIns(3,4)P2 (data not shown) or bv-sPLA2 alone [38]
were basically similar in the presence or absence of A498
cells. For comparison, a cocktail consisting of prosta-
glandin E2, TNFa, IL-1b and IL-6 usually resulted in
‡85% CD83+ moDCs [19]. These results indicate that
the PtdIns(3,4)P2-bv-sPLA2 lysate induces CD83
expression in moDCs by additive action of
PtdIns(3,4)P2 and bv-sPLA2.

MoDCs treated with the PtdIns(3,4)P2-bv-sPLA2 lysate
have increased T cell stimulatory capacity

The purpose of moDC maturation is to increase T cell
stimulatory capacity. We therefore compared the T cell
stimulation of moDCs treated either with the conven-
tional freeze–thaw A498 lysate or the PtdIns(3,4)P2-

c

Ptdlns (3,4)P2

bv-sPLA2

Ptdlns(3,4)P2 + bv-sPLA2

Fig. 2 Combined treatment of A498 cells with bv-sPLA2 and
PtdIns(3,4)P2 induces cell lysis. A498 cells were left untreated (C
control), or treated with PtdIns(3,4)P2 (10 lM), with bv-sPLA2
(10 lg/ml), or the combination of both, PtdIns(3,4)P2 and bv-
sPLA2. Cell cultures were examined under a phase contrast
microscope 2 h after administration of the reagents
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Fig. 3 Combined treatment
with PtdIns(3,4)P2 and bv-
sPLA2 enhances the number of
7-AAD+ cells. A498 cells were
left untreated (C control), or
treated with PtdIns(3,4)P2, with
bv-sPLA2, or the combination
of both, PtdIns(3,4)P2 and bv-
sPLA2. Shown are mean
values ± SEM of 7-AAD+

cells from quadruplicate
measurements
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bv-sPLA2 lysate in the allogeneic MLR. Figure 6
demonstrates that moDCs treated with the
PtdIns(3,4)P2-bv-sPLA2 lysate were always more po-
tent in inducing the proliferation of allogeneic T cells
than moDCs treated with the conventional freeze–thaw
lysate. Thus, the T cell stimulatory capacity of moDCs
was in line with CD83 expression shown in Fig. 5. A
statistically significant augmentation of T cell stimu-
lation by moDCs was achieved exclusively by bv-
sPLA2 treatment alone (P<0.05) and with the
PtdIns(3,4)P2-bv-sPLA2 lysate (P<0.005). Exposure
of moDCs to PtdIns(3,4)P2-bv-sPLA2 lysate almost
doubled T cell stimulation. Although, treatment of
moDCs with PtdIns(3,4)P2 moderately enhanced T cell
stimulation (P<0.07), its actual effect was an additive
promotion of moDC maturation together with bv-
sPLA2. In summary, moDCs treated with cell lysates
generated by the combined administration of bv-
sPLA2 and PtdIns(3,4)P2 displayed increased T cell
stimulatory capacity.

Discussion

In the present work, we demonstrate that the combined
treatment with bv-sPLA2 and PtdIns(3,4)P2 lyses tumor
cells and synergistically reduces the number of cells with
proliferative capacity. The resulting tumor lysates en-
hanced the immunostimulatory capacity of moDCs.

Although the detailed mechanism for the synergistic
action of PtdIns(3,4)P2 and bv-sPLA2 needs further
clarification, the inhibitory effect on tumor cell lines is
apparent. Several modes of cooperation can be envis-
aged. One obvious possibility for synergistic interaction
is that PtdIns(3,4)P2 serves as a substrate of bv-sPLA2
which is specific for fatty acids attached to the sn-2
position. This would result in the massive generation of
lyso-phospholipids. Interestingly, for structurally related
lyso-phospholipids, such as lyso-phosphatidylcholin
(lyso-PC) or synthetic alkyl-lysophospholipids, cyto-
toxic effects have been reported frequently. Lyso-PC,
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Fig. 4 Combined treatment of
DU145, BEAS-2B and T-47D
cells with bv-sPLA2 and
PtdIns(3,4)P2 inhibits [3H]
thymidine incorporation. Cells
were left untreated (C control),
were treated with bv-sPLA2 (10
and 5 lg/ml for T-47-D), with
PtdIns(3,4)P2 (10 lM) or a
combination of both, bv-sPLA2
and PtdIns(3,4)P2. Shown are
normalized mean
values ± SEM of a
representative of at least two
independent experiments
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which is the product of PLA2 action on PC, can induce
cytotoxicity by mechanisms related to programmed
cell death or alternative modes of action which are
independent from apoptosis. Among the latter are
detergent-like properties [51]. Lysophosphoglycerides
such as lyso-PC form micelles that disrupt membrane
structure and impair the function of macromolecules
and cellular receptors embedded in the membrane [20].
In addition, lyso-PC is related to activation of Ca2+

channels [46] and the activation of intracellular signaling
cascades linked to the generation of oxygen-centered
radicals which may cause membrane damage [33]. The
plasma membrane also has been identified as the pri-
mary site of action of synthetic alkyl-lysophospholipids
[32, 41]. These compounds structurally resemble sPLA2-
reaction products and have also been suggested for tu-
mor therapies.

Another possibility for the combined lytic action is
that PtdIns(3,4)P2 enhances bv-sPLA2 activity. Such a
mechanism has been proposed for PtdIns(4,5)P2 and a

cytoplasmic (non-secretory) form of PLA2 [27]. How-
ever, the addition of PtdIns(3,4)P2 to bv-sPLA2 in our
cellular system did not result in a significant increase of
sPLA2 enzymatic activity as measured by a commercial
sPLA2 assay kit (data not shown). This suggests addi-
tional modes of interaction between PtdIns(3,4)P2 and
bv-sPLA2. Intriguingly, in our study PtdIns(3,4)P2 was
very potent in synergizing with bv-sPLA2 under abso-
lutely serum-free conditions. It is well established that
sPLA2 requires the presence of FCS to act on mem-
branes of living cells [28]. FCS is a very potent survival
stimulus for cells and activates the PI-3 kinase which
generates the 3-phosphorylated forms of PtdIns. Our
findings therefore suggest that the underlying mecha-
nism of the serum dependence of sPLA2 is due to serum-
mediated regulation of the PI-3 kinase pathway resulting
in the production of PtdIns(3,4)P2 which then cooper-
ates with sPLA2.

Importantly, the lysates generated with this method
are immunogenic since they induce the maturation of

moDC

moDCs +

s + A498 freeze-thaw lysate

moDCs + A498 PtdIns(3,4)P2-bv- sPLA2 lysate

moDCs alone

 A498 unlysed

moDCs + A498 + PtdIns(3,4)P2 

moDCs + A498 + bv-sPLA2

a)

b)

c)

d)

e)

f)

Fig. 5 Treatment of moDCs
with lysates generated by the
combined administration of
PtdIns(3,4)P2 and bv-sPLA2
matures moDCs. Immature
day-5 moDCs were treated with
A498 cell lysates generated by
conventional freezing and
thawing (freeze–thaw lysate) or
by the combined actions of
PtdIns(3,4)P2 (10 lM) and bv-
sPLA2 (10 lg/ml). Control
treatments were performed by
treating moDCs with viable
intact A498 cells or A498 cells
treated with either
PtdIns(3,4)P2 or bv-sPLA2
alone. After 2 days of
incubation FACS analysis of
CD83 expression was
performed to determine the
maturation status of moDCs.
Shown is a representative of
three independently performed
experiments
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moDCs with increased immunostimulatory capacity.
The method described here allows the efficient genera-
tion of tumor cell lysates which can be loaded onto
moDCs. The moDCs become activated and mature as a
consequence of the stimulatory activity of the lysate
mediated by additive action of bv-sPLA2 and
PtdIns(3,4)P2 on CD83 expression. Thus such lysates
display features of a vaccine with adjuvant properties. In
case of a cancer cell, the cell lysate itself contains the
complete spectrum of potentially relevant target tumor
antigens. For vaccination purposes antigens are admixed
with commercial adjuvants which serve to enhance
immunogenicity. Such adjuvants usually contain
hydrophobic substances which are known to augment
both antibody production and cell-mediated immunity
[8]. In addition, adjuvants frequently contain compo-
nents which induce local inflammation at the site of
administration. Today it is known that inflammation
serves to recruit immune cells to the site of vaccine
administration and to promote DC maturation which
favors the induction of the desired immune responses [6,
26]. Influence on inflammation and immune responses
has also been attributed to phospholipids and related
compounds [25]. The rapid cell lysis induced by the
combined administration of PtdIns(3,4)P2 and bv-
sPLA2 indicates the presence of detergent activity pre-
viously attributed to lyso-phospholipids generated by

sPLA2 enzyme activity [29]. Lysophospholipids also act
as chemoattractants recruiting phagocytic antigen-pre-
senting cells to the site of vaccine application [37]. These
cells pick up and present vaccine components to the
effector cells of the immune system to promote immu-
nogenicity. Recently, it has been demonstrated that bv-
sPLA2 can be utilized as a fusion protein to enhance
immunity [4]. In that study, a catalytically inactivated
recombinant bv-sPLA2 fused to a CMV epitope was
effective to provide cross presentation of that epitope by
the membrane binding activity of bv-sPLA2. Our data
are in line with reports that support the concept of bv-
sPLA2-augmented immunity. However, in our experi-
mental model a catalytically active bv-sPLA2 is required
for the lytic effect on tumor cells and the promotion of
CD83 expression on moDCs.

A novel finding in our study was the direct matura-
tion-promoting effect of PtdIns(3,4)P2 on moDCs
(Fig. 5e). Hence, elevated levels of PtdIns(3,4)P2 may
exhibit a ‘‘danger’’ signaling function and facilitate
moDC activation [12]. The observed effect of the PI 3-
kinase product PtdIns(3,4)P2 on moDCs is in line with
previous data that demonstrate a role of PI 3-kinase
signaling in antigen-presenting cells [2]. PI 3-kinase has
been shown to act in concert with mitogen-activated
protein kinase pathways to regulate LAG-3-induced
activation and maturation of moDCs [1], whereas DCs
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Fig. 6 MoDCs treated with lysates generated by the combined
administration of PtdIns(3,4)P2 and bv-sPLA2 display enhanced T
cell stimulatory capacity. Lysate-treated moDCs were used as
stimulators of CD14+-depleted PBMCs in allogeneic mixed
leukocyte reactions. After 5 days of coincubation, proliferation

was determined by assessing [3H] thymidine incorporation. Shown
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representative experiment of three independently performed exper-
iments
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from PI 3-kinase-deficient mice displayed reduced
migratory and immunostimulatory capacities [9].

Taken together, bv-sPLA2 in combination with
PtdIns(3,4)P2 displayed antitumor effects with con-
comitant stimulation of the immune system. This
intriguing observation strongly suggests the further
exploration of the therapeutic potential of these com-
pounds in cancer immunotherapy.
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