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ABSTRACT

Novel therapies employing oncolytic viruses have emerged as promising anticancer modalities. The cure of particularly aggres-
sive malignancies requires induction of immunogenic cell death (ICD), coupling oncolysis with immune responses via calreticu-
lin, ATP, and high-mobility group box protein B1 (HMGB1) release from dying tumor cells. The present study shows that in hu-
man pancreatic cancer cells (pancreatic ductal adenocarcinoma [PDAC] cells; n � 4), oncolytic parvovirus H-1 (H-1PV)
activated multiple interconnected death pathways but failed to induce calreticulin exposure or ATP release. In contrast, H-1PV
elevated extracellular HMGB1 levels by 4.0 � 0.5 times (58% � 9% of total content; up to 100 ng/ml) in all infected cultures,
whether nondying, necrotic, or apoptotic. An alternative secretory route allowed H-1PV to overcome the failure of gemcitabine
to trigger HMGB1 release, without impeding cytotoxicity or other ICD activities of the standard PDAC medication. Such broad
resistance of H-1PV-induced HMGB1 release to apoptotic blockage coincided with but was uncoupled from an autocrine inter-
leukin-1� (IL-1�) loop. That and the pattern of viral determinants maintained in gemcitabine-treated cells suggested the activa-
tion of an inflammasome/caspase 1 (CASP1) platform alongside DNA detachment and/or nuclear exclusion of HMGB1 during
early stages of the viral life cycle. We concluded that H-1PV infection of PDAC cells is signaled through secretion of the alarmin
HMGB1 and, besides its own oncolytic effect, might convert drug-induced apoptosis into an ICD process. A transient arrest of
cells in the cyclin A1-rich S phase would suffice to support compatibility of proliferation-dependent H-1PV with cytotoxic regi-
mens. These properties warrant incorporation of the oncolytic virus H-1PV, which is not pathogenic in humans, into multi-
modal anticancer treatments.

IMPORTANCE

The current therapeutic concepts targeting aggressive malignancies require an induction of immunogenic cell death character-
ized by exposure of calreticulin (CRT) as well as release of ATP and HMGB1 from dying cells. In pancreatic tumor cells (PDAC
cells) infected with the oncolytic parvovirus H-1PV, only HMGB1 was released by all infected cells, whether nondying, necrotic,
or succumbing to one of the programmed death pathways, including contraproductive apoptosis. Our data suggest that active
secretion of HMGB1 from PDAC cells is a sentinel reaction emerging during early stages of the viral life cycle, irrespective of cell
death, that is compatible with and complements cytotoxic regimens. Consistent induction of HMGB1 secretion raised the possi-
bility that this reaction might be a general “alarming” phenomenon characteristic of H-1PV’s interaction with the host cell; re-
lease of IL-1� points to the possible involvement of a danger-sensing inflammasome platform. Both provide a basis for further
virus-oriented studies.

Pancreatic ductal adenocarcinoma (PDAC) is an extremely ag-
gressive disease, with a median survival time of less than 9

months and a 5-year survival rate of �1%. Current advances in
surgical, (neo)adjuvant, and palliative treatments have failed to
prevent recurrence and ultimate metastasis (1–3).

In order to be effective, chemotherapy must reduce the tumor
burden, promote anticancer immunity, and alleviate intratumoral
immunosuppression (4–6). Forced tumor cell death in an immu-
nogenic manner (i.e., immunogenic cell death [ICD]) has been
proposed as the best way to trigger an adaptive immune response,
boosting the therapeutic efficacy of a cytoreductive treatment (7,
8). Preapoptotic surface exposure of calreticulin (CRT) (as a result
of the endoplasmic reticulum stress response), as well as release of
ATP (autophagy) and high-mobility group box B1 protein
(HMGB1) (late apoptosis/necrosis), is considered the optimal
ICD combination for dying tumor cells to enable paracrine acti-

vation of dendritic cells and the consequent priming of cytotoxic
effectors. The surface exposure of CRT promotes uptake of dying
tumor cells by dendritic cells, and the release of HMGB1 engages
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Toll-like receptor 2 (TLR2)/TLR4/RAGE-mediated signaling,
whereas secretion of ATP initiates P2X7-mediated activation of
the inflammasome and caspase 1 (CASP1), marked by the pro-
cessing and production of matured interleukin-1� (IL-1�) (9).
Although not universal, induction of this triad has been proven to
underlie the success of chemotherapy in various transplantable
and carcinogen-induced mouse tumor models, as well as in hu-
mans (10–14). ICD induces sustained anticancer protection; how-
ever, only a few cytotoxic agents fulfil all the aforementioned ICD
requirements, meaning that specific supplements are required
(15).

The nucleoside analogue gemcitabine (GEM) (Gemzar; Eli
Lilly, Indianapolis, IN)—the only cytotoxic drug approved for the
standard treatment of PDAC— exerts an array of immune mod-
ulatory effects and improves the outcomes of antitumor vaccina-
tion approaches (16–20). However, while the use of gemcitabine
as a single agent or as a principal component of multimodal ap-
proaches has shown clear clinical benefits, there has been no long-
term protection thus far (21).

Novel therapies employing oncolytic viruses have emerged as
promising anticancer modalities (22). The autonomous parvovi-
ruses H-1PV and prototype strain of the minute virus of mice
MVMp are rarely virulent in their natural adult hosts but possess
the ability to infect, propagate in, and kill transformed cells (23–
25). Over the past years, different preclinical models have been
used to demonstrate that the rodent parvovirus H-1PV—which
displays oncotropism, lack of preexisting antiviral immunity, and
good safety records—might be used to treat human malignancies
(26–28). Experiments with melanoma and glioma cells showed
that H-1PV-induced tumor cell death promotes phagocytosis,
maturation, cross-presentation by dendritic cells, and cytotoxic
T-cell activation and that these effects are promotable by the che-
motherapeutics cisplatin, vincristine, and sunitinib (29–31).
H-1PV is highly efficient in eliminating PDAC cells, and its action
is greatly enhanced by gemcitabine (32, 33). The combination of
in vitro experiments, studies in immunodeficient mice with hu-
man xenografts, and studies in immunocompetent rat models
showed that the anticancer protection comprises cytoreductive
and immune-mediated components, with gamma interferon
(IFN-�) emerging as a critical end effector (34–36). Yet the mech-
anism underlying the induction of the immune reaction remains
obscure.

The release of ICD determinants upon infections in general,
and by tumor cells infected with oncolytic viruses in particular,
has started to draw attention (37–43). We hypothesized that trig-
gering the adaptive anticancer activity by H-1PV—alone or in
combination with gemcitabine— could be initiated by ICD deter-
minants released from dying tumor cells. The aim of the current
study was to establish whether (i) H-1PV might induce oncolysis
in PDAC cells; (ii) the cell death mode is immunogenic, i.e., pro-
motes emanation of CRT, ATP, and HMGB1; and (iii) H-1PV-
induced ICD is compatible with the major anti-PDAC chemo-
therapeutic, GEM.

MATERIALS AND METHODS
During this study, we used well-established methods as detailed previ-
ously (32, 44).

H-1PV production and titration. Wild-type H-1PV to be used for
infection of PDAC cells was produced by infecting NBK cells and purify-
ing released virions by using iodixanol gradient centrifugation and dialy-

sis against Ringer solution. Virus titers were measured by standard plaque
assays and expressed as numbers of PFU per ml. Virus stock contamina-
tion with endotoxin was less than 2.5 endotoxin units (EU)/ml.

Cell cultures and treatments. The panel of studied PDAC-derived cell
lines included AsPC1, MiaPaca2, Panc1, and T3M4 cells. The identities of
the cells were certified by the DSMZ. The cells were routinely grown in
RPMI 1640 medium (Sigma, Hamburg, Germany) supplemented with
10% fetal bovine serum, 100 U/ml penicillin, and 100 �g/ml streptomy-
cin. The PDAC cells were seeded as triplicates at 2 � 103 cells/100 �l in
96-well plates, 2 � 104 cells/ml in 24-well plates, 1 � 105 cells/2 ml in
6-well plates, or 1 � 106 to 2 � 106 cells/10 ml in 10-cm petri dishes
(Nunclon; Thermo Fischer Scientific GmbH, Dreieich, Germany). On the
next day, the cells were exposed to H-1PV at multiplicities of infection
(MOIs) of 10 to 50 PFU/cell, with or without previous exposure to the
anti-PDAC chemotherapeutic gemcitabine (GEM) (Gemzar; Eli Lilly &
Co., Indianapolis, IN) for 0 to 12 h. GEM was tested at doses ranging from
the 50% inhibitory concentrations (IC50s) (9, 8, 400, and 1.2 ng/ml, i.e., 4
nM to 1.3 �M) to 100� IC50 (32) or 40 ng/ml (133 nM) to cause an
H-1PV-like level of oncolysis; these data were combined for the final pre-
sentation. Cells and supernatants were collected at assay-specific time
points between 1 and 72 h posttreatment (hpt) and assayed as de-
scribed below. The chemical compounds used to elucidate the contri-
butions of different death pathways in infected PDAC cultures and
their working concentrations (with their own cytotoxicities of �15%)
are listed in Table 1.

siRNA-based CRT knockdowns. Cells were grown in 6-well plates
and transfected with commercially available Silencer Select validated
small interfering RNA (siRNA) sense-antisense sets by use of Hiperfect.
The reduction of CRT protein levels was achieved by 5 nM CRT sets
4390824/s114 (si1) and 4390824/s115 (si2). As a control, we used a Si-
lencer negative-control siRNA (AM4635; nc-si) (all from Ambion). For-
ty-eight hours later, cells were harvested and analyzed for CRT protein
expression by Western blotting and fluorescence-activated cell sorter
(FACS) analyses.

Cell viability and cytotoxicity assays. The cellularity of infected
PDAC cultures was assessed at 72 hpt by standard crystal violet staining
(CVS) of viable cells. The images of stained monolayers were recorded
using a Leica DM IL inverted microscope (Leica, Bensheim, Germany).
Quantification of growth was achieved by dissolving the incorporated dye
with methanol and measuring the optical density at 595 nm (OD595) using
a Multiscan EX reader (Thermo Fisher Scientific). The values for infected
cultures were compared to those for noninfected cultures and expressed
as percentages of mock sample values (% of mock). The cytotoxicity of the
treatments (oncolysis) was assessed by simultaneous measurement of lac-
tate dehydrogenase (LDH), leaked from the cells into the growth medium,
using a commercially available colorimetric CytoTox 96 nonradioactive
cytotoxicity assay from Promega (Madison, WI). The absorbance values
for supernatants were related to the maximum amount of LDH in the
cultures (total lysis with 0.8% Triton X-100) and expressed as percentages
of total content to estimate the degree of lysis. Detection of LDH release
provides an easy method for determining the extent of cell death, irrespec-
tive of the type of cell death (45, 46).

Analysis of released ICD determinants. The concentrations of the
proteins in the culture supernatants were measured using a commercially
available CellTiter-Glo Luminescent assay for ATP (Promega, Madison,
Wisconsin, USA) and enzyme-linked immunosorbent assay (ELISA) kits
from eBioscience for IL-1� (Frankfurt, Germany) and from Shino-Test
Corporation for HMGB1 (Kanagawa, Japan).

FACS analysis. FACS analysis was used to determine expression of
ICD determinants on the surfaces of treated cells, as well as to monitor cell
cycle and apoptotic changes caused by treatments in PDAC cells. H-1PV-
exposed PDAC monolayers, with or without GEM treatment, were har-
vested using 1 mM EDTA–phosphate-buffered saline (PBS) detachment
buffer, blocked (Miltenyi GmbH, Bergisch Gladbach, Germany), and in-
cubated for 45 min on ice with isotype IgG controls, anti-HSP70 (Santa
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Cruz Biotechnologies), anti-CD47 (Immunotools, Germany), or a panel
of five anti-CRT antibodies: (i) rabbit IgG (ab2907), (ii) mouse IgG1 clone
FMC75 (ab22683), (iii) FMC75-phycoerythrin (PE) (ab83220) (all from
Abcam, Cambridge, MA), (iv) mouse IgG2bk-fluorescein isothiocyanate
(FITC) (3730-7) (Mabtech, Cincinnati, OH), and (v) rabbit IgG-AF488
(bs-5913R-AF488) (Bioss Inc., Woburn, MA). Goat anti-rabbit IgG–
DyLight488 (KPL, Gaithersburg, MD), goat anti-mouse IgG1–AF488
(Life Technologies GmBH, Darmstadt, Germany), and goat anti-mouse
IgG(H�L)–FITC (Jackson Immunoresearch Lab Inc., West Grove, PA)
were subsequently applied to nonlabeled rabbit and mouse antibodies. As
a positive control for CRT, we performed treatment of PDAC cells with 1
�M cytostatic anthracenedione mitoxantrone (MTX; Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany). Annexin V-propidium iodide
(AnnV-PI) expression was measured using an AnnexinV-FLUOS
staining kit (Roche Applied Science [RAS], Mannheim, Germany) ac-
cording to the manufacturer’s instructions. Samples were analyzed
with a FACSCalibur flow cytometer using CellQuest software (Becton,
Dickinson, San Jose, CA). The cell cycle was analyzed using a Guava
cell cycle reagent and instrument (Merck Millipore, Merck KGaA,
Darmstadt, Germany).

Immunofluorescence detection of infected cells. The newly synthe-
sized nonstructural protein NS1 of H-1PV was visualized using cells
grown on glass coverslips overnight (Menzel GmbH, Braunschweig, Ger-
many) and infected with H-1PV at an MOI of 10 PFU/cell. At 48 hpt, cells
were fixed and permeabilized using 4% paraformaldehyde and 0.2% Tri-
ton X-100 –PBS solutions. After blocking with 1% normal donkey serum,
cells were stained with the mouse NS1-specific monoclonal antibody 3D9
(a gift from Nathalie Salomé, DKFZ, Heidelberg, Germany) at a 1:50
dilution in 1% bovine serum albumin (BSA)-PBS for 1 h at room temper-
ature. Following subsequent exposure with the secondary antibody in the
form of Alexa Fluor 594-labeled donkey anti-mouse IgG (1:400 in BSA-
PBS) (Molecular Probes, Eugene, OR) for 1 h, the cells were mounted with
Vectashield medium containing DAPI (4=,6-diamidino-2-phenylindole)
(Vector Laboratories, Burlingame, CA). Immunofluorescence was re-
corded using a Leica DMRBE fluorescence microscope (Leica, Bensheim,
Germany), and the number of NS1-positive cells was counted manually.

Real-time qRT-PCR and Western blotting. The expression of viral
(NS1) and cellular (HMGB1, IL-1�, and cyclophilin B) mRNA was ana-
lyzed using a commercially available mRNA MagNA Pure LC HS isolation
kit, a cDNA synthesis kit, and PCR reagents and primers for a LightCy-
cler480 instrument, delivered by RAS (Mannheim, Germany) and
Search-LC (Heidelberg, Germany). The transcript numbers for NS1,

HMGB1, and IL1-� were normalized to 10,000 copies of the housekeep-
ing gene cyclophilin B (10 kCPB). The viral DNA (vDNA) versus mRNA
specificity of NS1 quantitative reverse transcriptase PCR (qRT-PCR) was
controlled in each individual sample by performing NS1 PCR with sam-
ples in which reverse transcriptase was omitted during the cDNA synthe-
sis step (cDNART�). Although the mRNA isolation procedure included a
treatment with DNase, our final cDNART� samples contained 3.0% 	
0.03% residual viral DNA (according to NS1 levels in cDNART� com-
pared to cDNART� samples). Visualization of the PCR products obtained
from cDNART� samples by means of agarose gel electrophoresis con-
firmed the amplification of a 512-bp vDNA-derived fragment. This con-
taminating vDNA band, however, was not seen in cDNART� samples,
which displayed a 415-bp product derived from the major spliced tran-
script. Such a pattern indicated that the utilized qRT-PCR conditions
exclusively amplified the abundant cDNART� template. Mock- and
GEM-treated PDAC cultures served as negative controls (no signal was
detected).

The expression of viral and cellular proteins was analyzed by Western
blotting. RIPA buffer-lysed cells were analyzed for H-1PV nonstructural
(NS1-NS2) and structural (capsid VP1 to VP3) proteins as well as for
cellular full and cleaved forms of caspase 3 (CASP3), PARP1, HMGB1
(Shino-Test Corp., Kanagawa, Japan), and �-actin. Upon chemilumines-
cence visualization, the band intensities were quantified using ImageJ
software (NIH-NCBI, Bethesda, MD), normalized to �-actin values, and
expressed as percentages of respective control levels.

Viral DNA replication and production. Viral DNA replicative forms
were detected by Southern blotting as described previously (47). In short,
H-1PV DNA isolated by the Hirt method was fractionated by 0.8% aga-
rose gel electrophoresis and visualized by Southern blotting upon transfer
of DNA to a Hybond-N nitrocellulose membrane (Amersham GmbH,
Freiburg, Germany) and hybridization to a 32P-labeled H-1PV DNA-spe-
cific probe. The DNA bands reflecting accumulation of viral replicative
intermediates, i.e., single-stranded DNA (ssDNA), the converted double-
stranded monomeric form (mRF), and the dimeric double-stranded form
(dRF), were recorded at 24, 48, and 72 hpt.

The amounts of infectious particles released by the cells at 72 hpt were
determined with an infectious center assay (ICA) using sensitive NBK
cells.

Intracellular distribution of CTSB and CTSS. PDAC cells were plated
at a density of 1 � 106 in 10-cm petri dishes overnight, infected at an MOI
of 10 PFU/cell, and harvested at 48 hpt to determine changes in intracel-
lular distribution of cathepsin B and S (CTSB and CTSS) activities (48).

TABLE 1 Chemicals used to inhibit specific death pathways in H-1PV-infected PDAC cells

Inhibitor Source Specific process/target
Mechanism of action and specific intracellular
effects

Effective dose
range Dose used

Z-VAD-FMK R&D Systems Apoptosis (pan-caspases) Cell permeative, irreversibly binds to caspases’
catalytic sites; caspase inactivation might cause a
shift toward necrosis

50 nM–100 �M 10 �M

3-MA Sigma Autophagy Cell-permeating autophagic sequestration blocker;
class III phosphatidylinositol 3-kinase (PI3K)
inhibitor

5–10 mM 1 mM

Ac-LVK-CHO Calbiochem Cathepsin B Water-soluble cathepsin B inhibitor 10–50 nM 50 nM
CA-074 Me Sigma Cathepsin B Cell-permeating, irreversible, selective cathepsin B

inhibitor; activity depends on intracellular
esterases

1–10 �M 1 �M

Z-FL-COCHO Calbiochem Cathepsin S Slow, tight-binding, reversible inhibitor of
cathepsin S

1–2 nM 1 �M

IM-54 Calbiochem Oxidative stress-induced
necrosis

Cell-permeating selective inhibitor of H2O2-
induced necrosis; does not display antioxidant
properties

1–10 �M 10 �M

Necrostatin-1 Sigma Necroptosis (RIP1 kinase) Inhibits RIP1 kinase and nonapoptotic cell death;
inhibits MMP in TNF-
-treated Jurkat cells

20–300 �M 20 �M
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CTSB and CTSS activities were measured in the cytosolic and crude lyso-
somal fractions by using the fluorogenic CTSB substrate Z-Arg-Arg-AMC
(EMD Millipore, Billerica, MA) at a final concentration of 1 mM and the
CTSS substrate Ac-Lys-Gln-Lys-Leu-Arg-AMC (AnaSpec, San Jose, CA)
at a final concentration of 200 �M. The reaction was monitored on a
Fluoroskan Ascent FL instrument (Thermo) for 1 h at 360 and 455 nm, for
excitation and emission, respectively. Data are presented as the ratios
between enzymatic activities in the cytosolic versus lysosomal fractions.

Statistical analyses. GraphPad Prism5 (GraphPad Software, Inc., La
Jolla, CA) was used to analyze and present the data obtained from exper-
iments repeated two to eight times for each cell line. The figures summa-
rize the findings and show means 	 standard errors of the means (SEM)
for each group, with the differences considered significant at P values of
�0.05, as determined by paired Wilcoxon test, two-way analysis of vari-
ance (ANOVA), or the Kruskal-Wallis test with the Dunn test.

RESULTS
H-1PV infection of PDAC cells triggers release of HMGB1 but
not CRT or ATP. In order to determine the immunogenic profile
of H-1PV-infected PDAC cells (PDACH-1PV), a panel of four cell
lines (AsPC1, MiaPaca2, Panc1, and T3M4) was infected with
H-1PV at an MOI of 10 PFU/cell and analyzed for expression of
the ICD determinants CRT, ATP, and HMGB1 at 4, 12, 24, 48, and
72 hpt. This treatment promoted release of HMGB1 but not ATP,
CRT (Fig. 1A to C), or other ICD determinants known to facilitate
or inhibit immunogenicity of dying cells (heat shock protein
HSP70, uric acid, or CD47) (data not shown).

The induction of HMGB1 release emerged as a strikingly ro-
bust feature of H-1PV, with the supernatants of PDACH-1PV cul-
tures containing 4.0 	 0.5 times more protein than the mock-
infected ones (2-way ANOVA; P � 0.008) (Fig. 1A). Extracellular
HMGB1 rose continuously and reached 30 to 100 ng/ml 72 h after
infection of 2 � 104 cells, accounting for 58% 	 9% of total
HMGB1 content, compared to less than 10% in noninfected cul-
tures.

The lack of CRT translocation to the surface— despite high
intracellular levels and mitoxantrone-induced control exposure
(Fig. 1D and E)—was proved by means of five anti-CRT antibod-
ies. It should be mentioned that none, other than the phycoeryth-
rin-conjugated mouse FMC75 clone (FMC75-PE; Abcam), de-
tected constitutive CRT expression. This antibody stained
noninfected MiaPaca2 and T3M4 cells (Fig. 1F), suggesting the
constitutive expression of CRT on the surface in 2 of 4 PDAC cell
lines. Yet siRNA-based CRT knockdowns did not alter the FACS
positivity of the FMC75-PE antibody (Fig. 1G), although these
treatments reduced expression of the CRT protein detectable by
Western blotting with all used antibodies, including unlabeled
FMC75 and PE-conjugated clones (Fig. 1H and I). This pattern
implied cross-reactivity of the frequently used PE conjugate with a
surficial non-CRT target and indicated that FMC75-PE-based ob-
servations (current or previously published) should be inter-
preted with extreme caution.

Induction of death by H-1PV in PDAC cells. The HMGB1-
biased pancreatic ICD profile suggested preferential activation of
a distinct death pathway. CRT translocation is believed to require
proapoptotic redox/ER stress, while ATP release is associated with
autophagy. In contrast, HMGB1 production reflects passive, dam-
age-associated necrosis, with apoptosis being contraproductive
(10). H-1PV was shown to activate various oncolytic modalities in
human tumor cells (26, 48–53). To assess cytoreduction in
PDACH-1PV cultures, we combined two assays, i.e., crystal violet

staining (CVS) of surviving cells and assay of LDH release from
lysed cells, and performed annexin V-propidium iodide (AnnV-
PI)-based FACS analyses to discriminate between apoptosis and
necrosis.

At an MOI of 10 PFU/cell, H-1PV infected 30% to 80% of the
PDAC cell population and reduced cellularity by 7% to 63%, with
6% to 40% of the culture being lysed by 72 hpt (Fig. 2A and B).
Surprisingly, infectivity did not always determine a cytotoxic out-
come. Concordance of these parameters in MiaPaca2 and T3M4
cells was contrasted by death resistance of similar (AsPC1 cells) or
highly efficient (Panc1 cells) infected variants. On average (n � 4
cell lines), H-1PV infected 52% 	 10% of the PDAC cell popula-
tion and reduced the total number of cells to 70% 	 12% of the
original number. Of those, 27% 	 7% were moribund and under-
went oncolysis, reducing the mean survival rate to 53% 	 13%. At
an MOI of 50 PFU/cell, the cytoreductive values reached 66% 	
7%, 52% 	 12%, and 32% 	 10%, respectively (Fig. 2C and D).

The AnnV-PI staining pattern revealed that accidental necrosis
was not the primary death modality. Only a few PDACH-1PV cells
displayed the distinct necrotic AnnV� PI� phenotype character-
izing primary lytic disintegration (Fig. 2E). Much more fre-
quently, PI positivity coincided with AnnV positivity. Such an
AnnV� PI� phenotype revealed a loss of integrity with still-pres-
ent cellular membranes, which is a hallmark of programmed
death processes ranging from primary (pyroptosis or necroptosis)
to secondary (postapoptotic) necrosis (46, 54–60). Transient in-
creases in membrane permeability might also occur in association
with nonlethal pore opening (61). Accumulation of cells with an
apoptotic AnnV� (PI�) phenotype, reflecting early externaliza-
tion of phosphatidylserine in the absence of increased membrane
permeability, was observed in infected MiaPaca2 and T3M4 cul-
tures. Induction of apoptosis was further confirmed by Western
blotting, showing characteristic cleavage of CASP3 and PARP1
only in these susceptible cell lines, not in AsPC1 and Panc1 cells
(Fig. 2F). Together, the CVS, LDH, and FACS data implied that in
PDACH-1PV cells, necrotic loss of membrane integrity was com-
mon but induced differently, and it coincided with HMGB1 re-
lease under nonlethal, nonapoptotic, and apoptotic conditions.

Intertwined death pathways in PDACH-1PV cells. To deter-
mine the mode of cell death in PDACH-1PV cells, we sought to
determine which specific pathway should be inhibited in order to
prohibit infected cells from dying (Table 1). As shown in Fig. 2G
and H, none of the inhibitors tested restored viability of the PDAC
cultures infected at an MOI of 50 PFU/cell. Only necrostatin-1, an
antinecroptotic agent, partially reduced LDH release, and that ex-
clusively in T3M4 cells. In contrast, application of IM-54 (oxida-
tive stress), Z-VAD-FMK (apoptotic and pyroptotic caspases),
and 3-MA (autophagy) not only failed to restore cellularity of
PDACH-1PV cultures but also strongly promoted LDH release. We
observed common increases of 10% to 50% in IM-54-treated cells,
concurring with 25 to 50% increases in Z-VAD-FMK-treated
Panc1 or T3M4 cells and with a 20% gain in 3-MA-treated
MiaPaca2 or T3M4 cells. These results indicated concomitant ac-
tivation of the oxidative stress and other death pathways in
PDACH-1PV cells, whose blockade most probably altered the kill-
ing mode in the infected cell. We suspect that early protective
blocking lethality could promote viral production and microtu-
bular changes in initially “rescued” cells, possibly facilitating “col-
lateral” leakage of LDH via transient pore opening during viral
egress (61–64).
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Oxidative stress can cause lysosomal disruption and release of
proteases into the cytosol (65). Translocation of the cathepsins to
the cytosol might represent a marker and/or effector of necrotic
cell death. As H-1PV was described to destabilize lysosomal mem-
branes, we additionally checked whether cytoplasmic activation of
the cathepsins might contribute to mortality of infected cells. In
comparison to mock-infected cells, the ratio between cytosolic
and lysosomal activities of cathepsins B and S (CTSB and -S) rose
by 2 (AsPC1 cells), 10 (MiaPaca2 and Panc1 cells), and 40 (T3M4

cells) times upon infection (mean, 16 	 8 times) (Fig. 2I). Never-
theless, exposure of infected cells to the CTSB inhibitors Ac-LVK-
CHO and CA-074Me (Fig. 2G and H), as well as the CTSS inhib-
itor Z-FL-COCHO (not shown), failed to restore cellularity or
prevent oncolysis. These data indicated that intracellular libera-
tion of cathepsins revealed increased permeability of the
lysosomal membranes but was not an effector of oncolysis in
PDACH-1PV cells.

All in all, H-1PV infection activated various intertwined death

FIG 1 Selective induction of HMGB1 but not CRT or ATP response by oncolytic parvovirus H-1PV in PDAC cells. The pancreatic cancer cell lines AsPC1,
MiaPaca2, Panc1, and T3M4 were treated with H-1PV at an MOI of 10 PFU/cell. Cells and supernatants were harvested between 0 and 72 hpt. (A) H-1PV
triggered extracellular HMGB1 accumulation as determined by ELISA analysis of supernatants (significant difference between mock- and virus-infected cultures
as determined by two-way ANOVA; ***, P � 0.001). H-1PV failed to trigger ATP release (ELISA analysis of supernatants at 48 h) (B) and calreticulin exposure
(FACS analyses of the cells at 24 h) (dotted lines depict staining with an isotype IgG control, and bold black lines depict staining with anti-CRT antibody) (C).
Data shown were obtained with a mouse monoclonal anti-human CRT antibody (clone FMC75) and a subsequently added goat anti-mouse IgG–FITC conjugate.
(D to I) A set of confirmatory experiments demonstrated the ability of anti-CRT antibody to detect intracellular CRT in Triton X-100-treated cells (Panc1 cells)
(D) and surficial CRT in mitoxantrone (MTX)-treated cells (MiaPaca2 cells; bold black line in comparison to dotted line depicting MTX isotype control and to
thin black line depicting overlapping isotype IgG and CRT staining in nontreated cells) (E). The inability of H-1PV to induce CRT exposure was demonstrated
by a panel of five antibodies, although one antibody, a directly labeled FMC75 conjugate (ab22683; Abcam), suggested constitutive positivity of MiaPaca2 (F) and
T3M4 (not shown) cells, which, however, were not susceptible to siRNA-based CRT knockdown (G). The histograms for siRNA-silenced cells (negative siRNA
[neg-si.] and CRT siRNA sets 1 and 2 [si1. and si2.]) are shown as dotted lines for staining with isotype IgG control and as bold lines for staining with anti-CRT
antibody. Although Western blot analysis of CRT knockdowns confirmed CRT binding of all antibodies, including the unlabeled FMC75 clone (H) and the
FMC75-PE conjugate (I), retention of the CRT-FACS profile suggested additional off-target activity of the latter. co., control; Ma, marker.
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pathways. Yet it failed to induce release of any immunogenic de-
terminant besides HMGB1, disproving HMGB1 bias as a conse-
quence of the preferential death modality. Levels of accumulated
HMGB1 in PDACH-1PV cultures were the same as those recently
shown to induce mitochondrial swelling and death in glioblas-
toma and carcinoma cell lines (66). We thus suspected that re-
leased HMGB1 itself might be responsible for ICD-silent killing of
PDAC cells. However, added anti-HMGB1 antibodies did not
protect PDAC cells from virus-induced death, nor did applied
recombinant HMGB1 protein (up to 100 ng/ml) cause their death
(data not shown).

HMGB1 release is a death-independent feature of H-1PV in-
fection in PDAC cells. In PDACH-1PV cells, HMGB1 release ap-
pears to be uncoupled not only from the death modality but also
from death/oncolysis in general. The intracellular levels of
HMGB1 and LDH are frequently used to monitor cellularity. The
leakage of cytoplasmic LDH marks diffusion of the intracellular
contents in any case of compromised membrane integrity—apop-
totic or necrotic, irreversible or transient (45, 46, 61). Leakage of
nuclear HMGB1 is believed to mark only primary necrosis, as an
apoptotic process precludes HMGB1 release by enforcing nuclear
retention and inclusion in apoptotic bodies (67–70). In
PDACH-1PV cells, however, the released-to-total-LDH ratio estab-
lished maximal cumulative leakage in 72-hour cultures at a mean
of 30%, while the corresponding value for HMGB1 was 60% and
also exceeded LDH indices under apoptotic conditions (Fig. 2J).
The linear relationship between the amount of HMGB1 and cel-
lularity, as observed in control PDACmock setups, was distorted in
PDACH-1PV cultures, which contained fewer cells (live plus dead; 7
versus 11 � 104) with more total HMGB1 protein (intra- plus
extracellular amount; 67 versus 57 ng/ml) (Fig. 2K). The corre-
sponding virus/mock ratios averaged 0.5 	 0.1 (cells) and 1.2 	
0.1 (HMGB1). With 11 to 73 ng/ml (mean, 42 	 13 ng/ml), each
PDACH-1PV culture contained 3.3 to 9.8 times (mean, 7.1 	 1.6
times) more extracellular HMGB1 protein than the 7- 	 2-ng/ml
value expected from LDH release-marked lysis. Furthermore, a
depletion of intracellular HMGB1 depots was not observed in
infected PDAC cultures (not shown). Overall, the observed
HMGB1 overload, distribution, and apoptosis-compatible dis-
charge questioned increased membrane permeability, passive
leakage, and oncolysis as the main HMGB1-releasing mecha-
nisms.

Coincidental release of HMGB1 and IL-1� in PDACH-1PV

cultures. In addition to necrotic release by tumor cells, HMGB1

may be secreted by living immune cells responding to dangerous
and inflammatory signals, resulting in a similar alteration of the
LDH/HMGB1 pattern (70–72). This cytokine-like production al-
lows HMGB1 to function as an alarmin, i.e., a universal sentinel to
viral invasion and double-stranded RNA (dsRNA). Although this
route frequently employs an autocrine IL-1� loop, extracellular
accumulation of this cytokine in PDACH-1PV cultures was de-
tected exclusively in T3M4 supernatants (Fig. 3A), where the
IL-1� level rose by 50%. Such a common HMGB1�� but selective
IL-1�	 profile indicated that IL-1� secretion may coincide or
contribute to but is not a prerequisite for HMGB1 release in
PDACH-1PV cells.

Detailed analysis showed that T3M4 was the only IL-1�-over-
expressing PDAC cell line, with both high basal mRNA levels
(1,280 	 410 transcripts per 10 kCPB) and constitutive accumu-
lation of the mature IL-1� protein in supernatants (up to 6 pg/ml)
48 h after infection of 2 � 104 cells. In contrast, IL-1� was present
at barely detectable levels in other cells (12 	 5, 7 	 3, and 6 	 1
transcripts per 10 kCPB in AsPC1, MiaPaca2, and Panc1 cells,
respectively). According to ELISA, the concentration of secreted
IL-1� lay at the detection level of 1 pg/ml in Panc1 cells and below
that, but above the blank’s value, for AsPC1 and MiaPaca2 super-
natants (equation-calculated values of approximately 0.15 and 0.3
pg/ml). Without upregulating mRNA expression in any cell line,
H-1PV promoted accumulation of extracellular IL-1� protein in
T3M4 cells, therefore speaking for a selective activation of the
inflammasome/CASP1-containing platform, which is known to
enable maturation and release of the leaderless cytokines IL-1�
and IL-18, and also HMGB1 (56–58, 70, 73, 74).

Notably, the anti-PDAC chemotherapeutic GEM—recently
shown to induce inflammasome-dependent IL-1 release in my-
eloid suppressor cells (75)—also induced IL-1� production in
T3M4 cultures (Fig. 3A). However, GEM failed to trigger HMGB1
release in T3M4 or any other PDAC cell line (Fig. 3B), within the
IC50 to 100� IC50 range associated with a similar or higher degree
of membrane permeability (see Fig. S1A in the supplemental ma-
terial) and lysis (40 ng/ml) (Fig. 3C) than that with H-1PV. The
failure of GEM to elicit an HMGB1 response was in agreement
with its proapoptotic activity (see Fig. S1), known to promote
nuclear retention of HMGB1 in underacetylated cells (67). The
absence of HMGB1 in T3M4GEM supernatants despite similar lysis
and a 10 times higher level of IL-1� than that in T3M4H-1PV cells
would be in keeping with the fact that both processes, i.e., apop-
tosis-compatible leakage and active inflammasome/CASP1-de-

FIG 2 H-1PV-induced PDAC cell death. (A) Infectivity of PDAC cells as determined by immunofluorescence using antibodies targeting the viral nonstructural
protein NS1 upon exposure of PDAC cells to H-1PV at an MOI of 10 PFU/cell for 48 h (magnification, �40). (B) Assessment of cytoreduction at an MOI of 10
PFU/cell by means of crystal violet staining of viable cells (CVS; % of mock) and colorimetric analysis of released LDH as a measure of death (oncolysis). The
degree of lysis in the infected cultures was determined by calculating the ratio between released and total (whole Triton X-100-treated cultures) LDH content
(rLDH). Subsequent combination of CVS (alive) and LDH (dead) levels allowed us to estimate the total cellularity of each infected culture in relation to the mock
setups. (C and D) Cytoreduction (C) and lysis (D) at an MOI of 50 PFU/cell. (E) Compromised membrane integrity (apoptotic and necrotic events) as
determined by means of annexin V- and PI-based flow cytometry. The dot blots depict profiles recorded at 24 h for mock infection and at 24 to 48 hpt for H-1PV
infection at an MOI of 10 PFU/cell. (F) Molecular markers of apoptosis as assessed by Western blotting of whole-cell lysates, mock or H-1PV treated (10
PFU/cell), using PARP1 and CASP3 antibodies, with results normalized to �-actin levels upon densitometric analyses of images by use of ImageJ software. Data
show the ratios between cleaved and uncleaved isoforms. (G and H) Infected PDAC cells (50 PFU/cell) were treated simultaneously with a panel of cell death
pathway inhibitors: the oxidative stress inhibitor IM-54, the apoptosis inhibitor Z-VAD-FMK, the autophagy inhibitor 3-MA, the necroptosis inhibitor
necrostatin-1, and the cathepsin B inhibitor Ac-LVK-CHO (see Table 1 for details). The data points indicate gain or loss of survival (CVS) and lysis (LDH)
between noninhibited H-1PV-infected cultures (as in panels C and D) and inhibited cultures (mean change of value [%]). (I) PDAC cells were infected at an MOI
of 10 PFU/cell. At 48 hpt, cells were harvested and samples were subjected to subcellular fractionation. The activities of CTSB and CTSS were determined for
cytosolic and crude lysosomal fractions. The ratios between the cytosolic and crude lysosomal values were calculated for mock- and H-1PV-infected cells. nd, not
determined. (J) Measurements of released HMGB1 and released LDH differently estimated the degree of oncolysis in infected cultures. (K) The correlation
between cellularity and HMGB1 content was observed in mock- but not H-1PV-infected cultures. T, T3M4 cells; P, Panc1 cells; M, MiaPaca2 cells; A, AsPC1 cells.
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penedent cytoplasmic discharge, require the prior nuclear export
of HMGB1 (70, 73).

We concluded that H-1PV-induced release is not a mere reflec-
tion of compromised membrane integrity or lysis but an active
secretory process. The mechanism by which H-1PV might sup-
port the hyperacetylation of DNA or HMGB1 (necessary for nu-
clear exclusion) (67, 72, 76), in particular, and all stages of secre-
tion, in general, is presently a matter of speculation (see
Discussion).

H-1PV keeps the ability to promote HMGB1 release under
GEM-imposed apoptotic conditions and complements GEM for
induction of the ICD profile. The inability of proapoptotic GEM
to induce HMGB1 release might be one of the reasons why this
drug fails to provide long-term protection in PDAC patients and
might also provide a mechanistic basis for immune system-depen-
dent synergistic effects achieved by combined chemovirotherapy.
Therefore, we next examined whether H-1PV was indeed able to
overcome the HMGB1 release-blocking activity of GEM. In
PDAC cells first treated with GEM and then treated with the virus
10 to 12 h later (PDACGem¡H-1PV cells), HMGB1 release remained
a striking feature of H-1PV infection (Fig. 3B, gray and black cir-
cles). This phenomenon coincided with the expression of an
apoptotic AnnV-PI phenotype and the activation of the down-
stream effectors CASP3 and PARP1 (see Fig. S1 in the supplemen-
tal material). Notably, the combination of GEM with H-1PV both
synergistically promoted oncolysis and kept HMGB1 release at the
virus-induced level (Fig. 3B and C). Thus, H-1PV seems not only
to trigger release of HMGB1 in PDAC cells undergoing infection-

related programmed death but also to override the HMGB1 re-
lease blockage imposed by proapoptotic chemotherapeutics.

In PDAC cells, GEM was found to trigger endoplasmic reticu-
lum stress and autophagy (77). We therefore evaluated whether
GEM may also trigger release of related ICD determinants. GEM
failed to induce CRT translocation in all four PDAC lines tested
(data not shown). ATP secretion remained unaltered in AsPC1
and MiaPaca2 cells but was enhanced significantly in T3M4 cells
and variably in Panc1 cultures (Fig. 3D). The immunogenic signal
of ATP is transmitted by IL-1� being released by immune cells
responding to ATP-P2X7 binding by activation of an inflam-
masome/CASP1 pathway. We observed that constitutive levels of
extracellular ATP varied greatly among PDAC cells and correlated
inversely with the level of IL-1. Although the GEM-induced level
of ATP in T3M4 cells remained lower than the constitutive one in
AsPC1 cells, it sufficed to coincide with IL-1 release. These data
might question the translational relevance of various ATP levels
and their increases in PDAC cells, yet they reveal selective trigger-
ing of ICD-relevant pathways by GEM.

Since the HMGB1-releasing effect of H-1PV overcame the
HMGB1-blocking effect of GEM, we determined whether the vi-
rus acted in a dominant way by also interfering with the GEM-
induced ATP release and stronger IL-1� secretion. Upon coexpo-
sure, H-1PV did not eliminate or reduce any GEM responses. In
contrast, each agent maintained its immunogenic potential with-
out antagonistic or synergistic tendencies: the PDACGEM-specific
ATP and IL-1 secretion supplemented PDACH-1PV-specific
HMGB1 and IL-1 release, while the failure of either agent to in-

FIG 3 Complementary induction of ICD by gemcitabine (GEM) and H-1PV in PDAC cells. PDAC cultures were treated with H-1PV at an MOI of 10 PFU/cell,
with or without previous exposure to GEM for 12 h, at doses ranging from IC50 to 100� IC50 or 40 ng/ml. The supernatants were harvested between 24 and 72
hpt. (A) Selective secretion of IL-1� in T3M4 cells as determined by commercial ELISA at 48 hpt. (B) Kinetics of HMGB1 released into supernatants. The
measurements are presented as percentages of levels detected in mock-infected cultures at each time point (see Fig. 1A for actual levels). (C) Levels of oncolysis
in H-1PV-treated cells exposed to 40 ng/ml GEM as detected by LDH release assay at 72 hpt. (D) Selective alteration of extracellular ATP level by GEM (in relation
to that in mock-infected cells) at 48 hpt. *, significantly different from mock-treated cultures (P � 0.05).
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duce CRT, CD47, and HSP70 exposure was kept after cotreatment
(Fig. 3 and data not shown). Thus, the GEM–H-1PV cotreatment
promoted cytotoxicity and allowed complementation of the im-
munogenic profiles triggered by the individual treatments.

H-1PV replication in GEM-treated cells. In view of the abso-
lute dependency of H-1PV replication on the proliferative status
of cells, the ability of GEM to reinforce H-1PV cytotoxicity with-
out interfering with the virus-induced HMGB1 release suggested
that GEM treatment should be compatible with virus replica-
tion—at least until formation of HMGB1-triggering determi-
nants. Indeed, most of the parameters of the viral life cycle were
comparable between PDACH-1PV and PDACGEM¡H-1PV cultures,
except for in Panc1 cells. The GEM-treated Panc1 cells sustained
normal levels of viral DNA replication and transcription, but the
synthesis of nonstructural (NS1 and NS2) and structural (VP1 and
VP2/3) proteins was greatly suppressed (Fig. 4A to C). The overall
production of infectious progenies measured at 72 hpt was re-
duced by GEM cotreatment from 30 to 3 PFU/cell in Panc1 cells

and from 6 to 3 PFU/cell in T3M4 cells. Since all infected PDAC
cell lines were induced to release HMGB1, these observations sug-
gest that viral DNA or RNA intermediates may serve as triggers of
this process. This is in keeping with the view of HMGB1 produc-
tion as a sentinel reaction to the occurrence of early stages of the
viral life cycle, irrespective of cell death.

The onset of the viral life cycle is strictly dependent on the entry
of the cells into S phase, with concomitant accumulation of cyclin
A1 (CCNA1) (78). Prior to inducing apoptosis, GEM may cause
transient arrest in the G1/S or G2/M phase of the cell cycle (79–81).
According to our data, GEM treatment promoted accumulation
of CCNA1 in T3M4 cells within 10 hpt (Fig. 5A and B), peaking at
24 hpt and coinciding with early S arrest (Fig. 5C and D). This
effect was kept in cotreated cells and was transient, with CCNA1
levels being normalized and PDACGEM or PDACGEM¡H-1PV cells
progressing to G2/M at 48 h postinfection. In contrast, treatment
with H-1PV alone was not associated with a major CCNA1 induc-
tion and led to a cell arrest at the S/G2 boundary within the first 24

FIG 4 H-1PV replication in GEM-treated PDAC cells. H-1PV was added to PDAC cultures at an MOI of 10 PFU/cell, alone or after 12 hours of preexposure to
GEM at the respective IC50s (see Materials and Methods). Cells were harvested at the indicated time points to measure expression of H-1PV determinants
(mRNA, DNA, and proteins). (A) At 4 to 24 hpt, the number of NS1 mRNA copies was determined by qRT-PCR, normalized to cyclophilin B levels (10 kCPB),
and controlled for vDNA contamination as described in Materials and Methods. (B) Viral DNA replication was assessed by Southern blotting of DNA extracts
at 1 to 3 days posttreatment. ssDNA, single-stranded viral DNA genome; mRF, monomer replicative form; dRF, dimer replicative form. (C) Expression of viral
proteins NS1 and -2 and VP1 to -3 was analyzed by Western blot analysis of infected cells, using antibodies targeting the respective viral proteins at 1 to 3 days
posttreatment.
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hpt, similar to the block observed in stably transfected HEK-293
and HeLa cell lines that express H-1PV NS1 under the control of a
tetracycline-inducible promoter (51). At later times, PDACH-1PV

cells either died or entered mitosis, returning to G0/G1 at 48 hpt.
Therefore, the GEM treatment resulted in a transient synchroni-
zation of cells in a CCNA1-rich S phase, which appeared to sup-
port the generation of the viral determinants responsible for
HMGB1 induction in cotreated cells.

DISCUSSION

The major aim of our work was to investigate whether parvovirus-
induced cell death in PDAC cells is immunogenic, i.e., is associ-
ated with the release of three major ICD determinants. Our data
showed that H-1PV only promoted the release of HMGB1, and
this feature was disassociated from death. None of the other ICD
determinants—CRT, ATP, HSP70, uric acid, and CD47—were
affected by H-1PV infection. Prevention of CRT exposure in in-
fected cells is considered to be the main effect of many viruses
which subvert immunogenicity by precluding uptake by dendritic
cells (37). H-1PV failed to induce CRT exposure—an “eat me”
signal marking ER stress—in PDAC cells, otherwise responding to
MTX (Fig. 1E) but not to doxorubicin (not shown). Whether
H-1PV is generally unable to elicit CRT responses remains to be
determined.

In contrast, release of HMGB1 was found to alarm the immune
system to infectious agents such as hepatitis viruses and HIV (38,
39). HMGB1 can function as a chemoattractant for immune cells,
activating them upon binding to TLR2, TLR4, TLR9, and RAGE
receptors, thereby initiating an adaptive immune response result-
ing in engagement of antigen-specific cytotoxic effectors (cyto-
toxic T lymphocytes [CTLs]) (67, 72, 82, 83). Antitumor protec-

tion induced by oncolytic viruses also appears to rely on the release
of HMGB1 (41, 43). This is particularly the case for viruses en-
forced with immunostimulatory elements, as demonstrated by the
ability of glycyrrhizin to completely block tumor regression in-
duced by ganciclovir and adenoviral vectors encoding herpes sim-
plex virus 1-thymidine kinase and cytokine Flt3L (Ad-TK�GCV
and Ad-Flt3L) in a glioblastoma model (84).

Although the current concept of ICD assumes passive leakage
of nonhistone nuclear HMGB1 from postapoptotic/necrotic cells
(10), this protein was released by all PDACH-1PV cells, whether
nondying, necrotic, or succumbing to one of the programmed
death pathways, including apoptosis. HMGB1 release was stimu-
lated at levels far higher than those expected from the correspond-
ing LDH values and was not promoted by additional oncolysis
upon cotreatment with the proapoptotic drug GEM. This chemo-
therapeutic alone failed to stimulate HMGB1 release despite
strong cytotoxic effects. Loose binding of HMGB1 to the chroma-
tin ensures its rapid leakage from traumatized (necrotic) cells with
compromised membrane integrity (67). Apoptosis-specific mod-
ifications tighten binding of HMGB1 to underacetylated chroma-
tin and facilitate its disposal within apoptotic bodies, without ex-
tracellular leakage. The apoptotic blockade can be overcome by
hyperacetylation or exposure of the cells to deacetylase inhibitors,
in particular, trichostatin A (TSA) (69–72, 85, 86). Although chro-
matin-modifying effects of H-1PV have not been described yet,
other parvoviruses, such as murine MVMp, canine PV, and rat
RPV/UT, have been shown to affect chromatin organization in
general, and histone deacetylation in particular (87–89). Alterna-
tively, affinity of HMGB1 for ssDNA and recruitment of HMGB1
to viral structures during replication (90) could interfere with
HMGB1 binding to chromatin and facilitate its nuclear exit.

FIG 5 Transient G1/S block and cyclin A1 overexpression are sufficient to enable compatibility of proliferation-dependent H-1PV with cytotoxic GEM. T3M4
cultures were treated with H-1PV at an MOI of 10 PFU/cell, with or without previous exposure to GEM for 12 h at 40 ng/ml, and analyzed by Western blotting
and FACS analysis. (A and B) Kinetics of cyclin A1 protein accumulation as monitored by Western blotting sets comprising 4, 10, and 24 hpt and 4, 24, and 48
hpt. The graph depicts the summarized data obtained by quantification of images by use of ImageJ software. (C and D) Cell cycle analyses were performed by PI
staining of the DNA in the treated cells and subsequent FACS-assisted measurement of the fluorescence. Analysis of kinetics revealed transient arrest of the cells
by GEM at G1/S and by H-1PV at the S/G2 boundary by 24 h (bold lines), with consequent release thereafter (48 h) (thin lines). The proportions of the population
in the G0/G1, S, and G2/M cell cycle phases were calculated and plotted to show differences from the mock-treated cells.
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HMGB1 exit from the nucleus may result from lytic replication
of H-1PV in infected permissive cells. However, the fact that
HMGB1 release is also stimulated by H-1PV in oncolysis-resistant
cells (e.g., AsPC1 cells) led us to consider an alternative mecha-
nism, i.e., an active, cytokine-like secretion without loss of viabil-
ity. According to this view, danger motifs (e.g., lipopolysaccharide
[LPS] and dsRNA mimetics) and inflammation (IL-1� and tumor
necrosis factor [TNF]) first trigger TSA-like, hyperacetylation-de-
pendent cytoplasmic accumulation of HMGB1. Phosphorylation,
redox status, and complexes with DNA appear to influence this
process as well (70). The subsequent steps require lysosomal de-
stabilization, inflammasome-dependent activation of CASP1 ac-
tivity, and an unconventional, ER- and Golgi apparatus-indepen-
dent mechanism of exocytosis. Similar CASP1 processing and
alternative secretion routes are routinely used by cytokines (IL-1,
IL-18, and, eventually, IL-33) which lack a signal peptide. IL-1�
was found to complex frequently with HMGB1 during release.
Cytoplasmic HMGB1 accumulates in secretory lysosomes, whose
exocytosis is then triggered by lysophosphatidylcholine (LPC)—a
lipid generated by secretory phospholipase A2 (sPLA2) at inflam-
matory sites (72, 91–93).

If we assume a cytokine mode of HMGB1 release in PDAC
cells, induction of the HMGB1 translocation from the nucleus to
the cytoplasm would represent a limiting step, but subsequent
steps in the HMGB1 secretory pathway may also be stimulated by
infection in PDACH-1PV cells. This led us to propose two working
hypotheses for the stimulation of cytosolic steps of HMGB1 re-
lease: by virions (mechanical model) and by RNA/DNA interme-
diates (antiviral model).

In the first model, accumulation of incoming virions into en-
dolysosomes may destabilize these organelles, resulting in the re-
lease of CTSB without immediate lethal consequences, as docu-
mented in the present study. CTSB-triggered assembly of the
NRPL3 inflammasome leads to the activation of CASP1, which
was found to be overexpressed in PDAC cells (94) and whose
potential activation in infected PDAC cells was supported by the
release of indicator IL-1� in T3M4H-1PV cells. The transfer of the
viral genome from the endolysosome to the nucleus is thought to
involve sPLA2, a cellular mimicry factor displayed by internalized
parvoviral capsids (95). Considering the dependence of HMGB1
exocytosis on sPLA2, a viral form of this protein emerges as an-
other attractive candidate to trigger HMGB1 secretion. In addi-
tion to sPLA2-induced exocytosis, controlled pore opening during
viral trafficking (96), as well as leakage of the cytoplasmic cargo
from cells with compromised membrane integrity, might contrib-
ute to HMGB1 release.

The second model takes into account the danger signals known
to induce cytokine-like HMGB1 secretion. We found that H-1PV-
induced HMGB1 release was preserved under conditions of GEM
treatment in all four cell lines tested. While production of viral
proteins was dramatically reduced by GEM in one of the PDAC
cell lines, all four lines cotreated with GEM and H-1PV supported
normal levels of viral RNA and DNA synthesis. This result pointed
to viral nucleic acids as potential triggers of HMGB1 release, link-
ing this release to the defense system used by host cells to recognize
infectious agents’ molecular patterns.

The RNA/DNA pattern recognition system, i.e., Toll-like re-
ceptors and their partners inducing IFN-
/� and NF-�B-depen-
dent antiviral reactions, was reported to be mobilized in some cells
infected with parvoviruses. Lysosomal and cytoplasmic sensors

binding viral RNA (TLR3, protein kinase R [PKR], RIG-I, and
MAVS) or ssDNA (TLR9) sequences have been shown to respond
to infection with the autonomous parvoviruses MVMp and
H-1PV (36, 44, 97–100). Notably, the cell-type-dependent pattern
of sensor expression determined both induction of the IFN re-
sponse and permissiveness for virus infection, accounting for the
abortion of the viral life cycle in TLR3/TLR9/PKR-positive fibro-
blasts or immune cells and for the success of virus replication in
tumor cells lacking these intracellular receptors. In particular, hu-
man immune cells apparently react to an early H-1PV pattern
(i.e., input ssDNA via TLR9 receptors) and use IFN-dependent
effectors to interrupt the viral life cycle at an early stage (36, 44). In
contrast, PDAC cells lack the TLR9 receptor and constitutively fail
to develop this early block, allowing the viral life cycle to progress
at least to the DNA amplification and transcription stage. It is also
known that the ssRNA/dsRNA sensor NLRP3 or the dsDNA sen-
sor AIM2 may activate the inflammasome complex, enabling cy-
toplasmic autocleavage of CASP1 and resultant release of proin-
flammatory molecules alarming the immune system (93); their
role in parvoviral recognition has not been studied yet.

Theoretically, viral replicative forms (RF) or RNA may serve as
ligands of diverse sensors activating HMGB1 and/or IL-1� secre-
tion. In our interpretation, this “delayed” response would allow
completion of the viral life cycle up to oncolysis, while efficiently
exposing infected PDAC cells to the alerted immune system. This
constellation would promote the establishment of an adaptive an-
titumor immunity concomitant with an antiviral immune re-
sponse. Cotreatment with GEM might boost the oncolytic com-
ponent of this process, thus explaining the cooperative effects of
combined GEM and H-1PV treatments in preclinical models (32).

Altogether, our data revealed that release of the ICD determi-
nant HMGB1 is a singular, and also common, apoptosis-resistant
feature of H-1PV infection of PDAC cells, occurring with or with-
out oncolysis. Instead of being a mere consequence of cell death,
HMGB1 release in PDACH-1PV cells appears to follow the alterna-
tive cytokine secretory pathway. Secreted HMGB1 functions as an
alarmin and might represent a general mechanism by which viral
infection is signaled to the immune system. In the context of avail-
able publications, our data suggest that entering virions and/or
synthesis of RNA/DNA intermediates may trigger HMGB1 re-
lease. This antiviral mechanism clearly deserves further investiga-
tion. The resistance to apoptosis and compatibility of H-1PV-
induced HMGB1 secretion with exposure to other ICD-inducing
chemotherapeutics warrant the consideration of nonpathogenic
H-1PV for inclusion in multimodal anticancer treatments.
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