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Abstract Some anticancer chemotherapeutics, such as
anthracyclines and oxaliplatin, elicit immunogenic apop-
tosis, meaning that dying cancer cells are engulfed by
dendritic cells and tumor antigens are efficiently presented
to CD8+ T cells, which control residual tumor cells.
Immunogenic apoptosis is characterized by pre-apoptotic
cell surface exposure of calreticulin (CRT), which usually
resides into the endoplasmic reticulum. We investigated
the ability of the n3-polyunsaturated fatty acid docosa-
hexaenoic acid (22:6n3, DHA) to induce pre-apoptotic
CRT exposure on the surface of the human PaCa-44 pan-
creatic and EJ bladder cancer cell lines. Cells were treated
with 150 pM DHA for different time periods, and, by
immunoblot and immunofluorescence, we showed that
DHA induced CRT exposure, before the apoptosis-associ-
ated phosphatidylserine exposure. As for the known
immunogenic compounds, CRT exposure was inhibited by
the antioxidant GSH, the pan-caspase zVAD-FMK, and
caspase-8 IETD-FMK inhibitor. We provide the first evi-
dence that DHA induces CRT exposure, representing thus a
novel potential anticancer immunogenic chemotherapeutic
agent.
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Introduction

Despite progress made in recent years in both cancer
chemotherapy and immunotherapy, these therapeutic
modalities alone have not provided satisfactory long-term
clinical results for several types of tumors [1, 2]. Therefore,
given the complexity of escape and survival for cancers to
develop [3], most oncologists and immunologists have
reached the idea that no single chemotherapy or immuno-
therapy will be effective for treating cancer, at least some
cancers, and that chemotherapeutic-mediated tumor cell
killing and antitumor immune response can synergize for
optimal therapeutic success [1-4]. It has been recently
shown that in response to radiotherapy and some chemo-
therapeutic agents, such as anthracyclines and oxaliplatin,
tumor cells undergo immunogenic apoptosis [2]. This
means that tumor cells undergo phenotypic changes acting
as danger signals (i.e. “eat me” signals) to dendritic cells,
which efficiently engulf portions of dying cells and effi-
ciently present tumor antigens to CD8+ T cells, triggering
thus a protective antitumor immune response. Such immune
response plays a major role in the therapeutic success [4].
Chemotherapeutic agents inducing immunogenic apoptosis
are designated as immunogenic chemotherapeutics. In
contrast, chemotherapeutic agents incapable of inducing
immunogenic apoptosis, such as alkylating agents and
cisplatin (CDDP), induce a nonimmunogenic (as opposed to
immunogenic) apoptosis and fail to elicit such immune
response. The crucial molecular difference between
immunogenic and nonimmunogenic apoptosis is that
immunogenic cell death is accompanied by the pre-apop-
totic cell surface exposure of calreticulin (CRT), a molecule
that usually resides in the lumen of the endoplasmic retic-
ulum (ER) [5-7]. Although the exact molecular mechanism
mediating the translocation of intracellular CRT to the cell
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surface is not fully understood, the sequential involvement
of ER stress, caspase activation, and exocytosis has been
reported [7]. Overall, these data have major implications for
tumor immunology, encouraging scientists to discover new
anticancer compounds capable of inducing CRT exposure
to expand the number of chemotherapeutics endowed with
the potential to elicit a CRT-dependent antitumor immune
response.

Dietary n3-polyunsaturated fatty acids, such as doco-
sahexaenoic acid (22:6n3, DHA), mostly found in oily
cold-water fish, have been shown to exert anticancer
activity, representing thus an emerging class of novel
potential anticancer agents [8]. DHA inhibits the inci-
dence and development of certain tumors [8] and
increases the efficacy of anticancer radio- and chemo-
therapies [9—12]. Different biological activities exerted by
DHA have been proposed to underlie these effects. DHA
is known to promote apoptosis in a variety of cancer cells
in vitro and in vivo [8, 13], including pancreatic carci-
noma cells [14, 15].

In this study, we investigated whether DHA is capable
of inducing immunogenic cell death in the human PaCa-44
pancreatic and EJ bladder carcinoma cell lines via pre-
apoptotic CRT exposure.

Materials and methods
Cells and treatments

PaCa-44 pancreatic and EJ bladder carcinoma cell lines,
provided by Prof. A. Scarpa (University of Verona, Italy)
and purchased from ATCC (Rockville, MD), respectively,
were cultured in RPMI-1640 supplemented with 10% FCS,
2 mM L-glutamine, 100 IU/ml penicillin, and 10 mg/ml
streptomycin at 37°C under 5% CO,. Cells were treated
with 150 pM DHA (Sigma) or 10 uM CDDP (Sigma) for
the indicated periods. In some experiments, cells were pre-
incubated with the antioxidant GSH (5 mM; Sigma) or
caspase inhibitors zZVAD-FMK (100 pM; Calbiochem) and
IETD-FMK (100 puM; BioVision).

Apoptosis

Apoptosis was assessed by annexin V-FITC (Bender
Medsystems) and propidium iodide (PI) [15].

Cell surface protein isolation
Cell surface proteins were biotinylated and isolated using

the pinpoint cell surface protein isolation kit (Pierce),
according to manufacturer’s instructions.
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Fig. 1 DHA induces pre-apoptotic CRT exposure. PaCa-44 and EJ
cells were incubated with 150 pM DHA or, as negative control, with
10 pM CDDP for the indicated period, followed by: a immunofluo-
rescence staining of PaCa-44 cells using annexin V-FITC (AV)/iodure
propide (IP) and cytofluorimetry; results are expressed as the
mean £ SD of three experiments; b immunoblot using anti-CRT
antibody in total cell lysates (T) or surface proteins (S) of PaCa-44
cells; f-actin was used as both loading and intracellular protein
control; representative experiment out of three; ¢ immunofluorescence
and flow cytometry on viable PaCa-44 cells using anti-CRT or isotype
control antibody; numbers indicate mean fluorescence intensity (MFI)
ratio, calculated as the ratio between MFI of positive cells and MFI of
control; representative experiment out of three; d immunofluorescence
staining of EJ cells using AV/IP and cytofluorimetry; results are
expressed as the mean £ SD of three experiments; e immunofluores-
cence and flow cytometry on viable EJ cells using anti-CRT or isotype
control antibody; numbers indicate MFI ratio; representative exper-
iment out of three. NT not treated, CTR control for CDDP: PBS alone,
CDDP CDDP dissolved in PBS, Ctr control for DHA: ethanol
solution alone, DHA DHA dissolved in ethanol solution. *P < 0.05

Immunoblot

Total cell lysates were obtained using a buffer containing
50 mM TRIS-HCI pH 7.6, 150 mM NacCl, 0.5% TRITON
X-100, 0.5% Na deoxycolate, 0.1% SDS, and protease
inhibitors. Cell surface proteins and total cell lysates were
separated by SDS-PAGE, blotted into nitrocellulose
(Schleicher and Shyell GmbH), incubated with anti-CRT
(MBL International) or anti-f-actin Ac-40 antibody. The
reaction was revealed by HRP-secondary antibody (Pierce)
and detected by ECL (Amersham).

Flow cytometry

Cells were incubated with anti-CRT or isotype control
antibody, then with FITC-secondary antibody, and ana-
lyzed by FACSCalibur using CELLQuest.

Statistics

Student’s 7 test was used for all analyses; P < 0.05 was
considered significant.

Results

DHA induces pre-apoptotic CRT exposure in cancer
cells

To investigate whether DHA induces CRT exposure on
cancer cell surface before the cell manifests apoptosis, we
initially determined the kinetics of DHA-induced apoptosis
in the PaCa-44 cell line. To this purpose, PaCa-44 cells
were incubated with 150 uM DHA dissolved in ethanol
solution or with ethanol solution alone for 6, 12, 18, 24, 48,
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and 72 h, and apoptosis was assessed by immunofluores-
cence using the phosphatidylserine (PS)-binding annexin
V-FITC and the vital dye PI. As shown in Fig. 1la, ~2.2%

FL-1

~20 and ~54%

of cells exhibited apoptosis-associated PS exposure until
24 h of DHA treatment, whereas apoptosis appeared in
of PaCa-44 cells at 48 and 72 h,
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respectively. Therefore, we studied the kinetics of CRT
exposure until 24 h of DHA treatment, i.e., before DHA-
induced apoptosis. CRT exposure was monitored in plasma
membrane proteins and in total cell lysates by immunoblot
analysis. As shown in Fig. 1b, a band of 63 kDa corre-
sponding to CRT appeared in cell surface proteins at 24 h
of DHA treatment. Moreover, CRT exposure was not
accompanied at anytime by a rise of total cell CRT
(Fig. 1b). The exposure of CRT to the cell surface was
confirmed by immunofluorescence staining and flow
cytometry of DHA-treated live PaCa-44 cells (Fig. 1c). We
also analyzed DHA-induced CRT exposure in another
cancer cell model, such as the EJ bladder cancer cell line.
We found that DHA induced CRT exposure in EJ cells and,
as for Paca-44 cells, CRT exposure appeared at 24 h of
DHA treatment (Fig. le), before the apoptosis-associated
PS exposure at 48 h (Fig. 1d). As a negative control, Paca-
44 and EJ cells were treated with CDDP, which has been
reported to exert no CRT-exposing effect (4). According to
the literature, CDDP did not induce CRT exposure in both
tumor cell lines (Fig. 1a, c—e).

Reactive oxygen species and caspases mediated
the exposure of CRT induced by DHA

Reactive oxygen specie (ROS) and caspases, in particular
caspase-8, are implicated in antracyclin- and oxiplatin-
induced CRT exposure [7]. To investigate the relevance of
these molecules in DHA-induced CRT exposure, PaCa-44
cells, treated with 150 uM DHA for 24 h, were pre-incu-
bated with the antioxidant GSH, the pan-caspase zVAD-
FMK or caspase-8 IETD-FMK inhibitor, and CRT expo-
sure was analyzed by immunofluorescence and flow
cytometry. As shown in Fig. 2a, both oxidative stress and
caspase (including caspase-8) inhibition prevented the
CRT-exposing activity of DHA. We also showed that both
ROS and caspases, including caspase-8, are also implicated
in DHA-induced apoptosis (Fig. 2b).

Discussion

In this study, we provide the first evidence that DHA
induces pre-apoptotic exposure of CRT on the surface of
cancer cells. Since only a few (anthracyclins and oxalipl-
atin) cytotoxic chemotherapeutics exert CRT-exposing
activity [5-7], our study have major implications for tumor
immunology, expanding thus the number of immunogenic
anticancer agents endowed with the potential to elicit a
CRT-dependent antitumor immune response.

Here, we showed that DHA induced CRT exposure at
24 h, preceding hence DHA-induced apoptosis at 48 h.
Indeed, as for the other immunogenic chemotherapeutics
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Fig. 2 DHA-induced CRT exposure is ROS- and caspase-dependent.
PaCa-44 cells, treated with 150 uM DHA for the indicated period,
were pre-incubated with antioxidant GSH, pan-caspase zVAD-FMK
or caspase-8 IETD-FMK inhibitor, and immunofluorescence and flow
cytometry was performed using: a anti-CRT or isotype control
antibody; numbers indicate MFI ratio; representative experiment out
of three; b annexin V-FITC (AV) and iodure propide (IP); results are
expressed as the mean £ SD of three experiments. NT not treated, Ctr
control: ethanol solution alone, DHA DHA dissolved in ethanol
solution. *P < 0.05

[5-7], we observed a dissociation between CRT and PS
exposure, confirming that CRT exposure occurs upstream
of apoptosis as part of a specific danger-signaling system.
Moreover, according to the mechanisms reported for the
known CRT-exposing compounds [5-7], CRT transloca-
tion by DHA occurred in the absence of a general increase
in the abundance of intracellular CRT and was dependent
on both ROS production and caspase activation, including
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caspase-8. As previously reported by others and us
[14-16], both ROS and caspases, in particular caspase-8,
are also implicated in DHA-induced apoptosis, meaning
that, although CRT exposure occurs at a pre-apoptotic
stage, the immunogenic and the lethal response could be
coupled at these levels.

Several studies have documented that dietary DHA
increases the efficacy of anticancer radio- and chemo-
therapies [9-12]. In particular, DHA improves the effects
of proven immunogenic as well as nonimmunogenic ther-
apies. Although different properties of DHA have been
proposed to underlie this activity, the mechanisms remain
still unclear. Based on our present data, we might suppose
that DHA potentiates or induces a CRT-dependent antitu-
mor immune response in immunogenic or nonimmuno-
genic therapeutic regimens, respectively.

In conclusion, DHA induces CRT exposure in tumor
cells, representing thus another immunogenic pro-apoptotic
compound endowed with the potential to elicit a CRT-
dependent antitumor response. Future functional studies
are needed to test this hypothesis and to explore the
potential usefulness of DHA as immunogenic adjuvant or
therapeutic agent in cancer therapy.
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