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Abstract Pancreatic ductal adenocarcinoma (PDAC)
represents the fourth leading cause of cancer-related death
in western countries. The patients are often diagnosed in
advanced metastatic stages, and the prognosis remains
extremely poor with an overall 5-year survival rate less
than 5 %. Currently, novel therapeutic strategies are being
pursued to combat PDAC, including oncolytic viruses,
either in their natural forms or armed with immunostimu-
latory molecules. Natural killer cells are critical players
against tumours and infected cells. Recently, we showed
that IL-2-activated human NK cells displayed killing
activity against PDAC cells, which could further be
enhanced through the infection of PDAC cells with the
rodent parvovirus H-1PV. In this study, the therapeutic
efficacy of parvovirus-mediated delivery of three distinct
cyto/chemokines (I1-2, MCP-3/CCL7 and IP-10/CXCL10)
was evaluated in xenograft models of human PDAC. We
show here that activated NK and monocytic cells were
found to be recruited by PDAC tumours upon infection
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with parvoviruses armed with IL-2 or the chemokine MCP-
3/CCL7, resulting in a strong anti-tumour response.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a devastating
disease, affecting more than 43.000 people in the US every
year. Due to the lack of effective therapeutic options,
PDAC is associated with an extremely poor prognosis [1].
Therefore, new approaches for more effective treatment,
for example, application of oncolytic viruses, are urgently
needed. Only few virus-based approaches have already
been therapeutically tested in advanced clinical trials,
including the adenovirus ONYX-015 [2], a combination of
recombinant vaccinia and fowlpox viruses [3] and a
PDAC-retargeted retroviral vector [4, 5]. Further viro-
therapeutical approaches are evaluated in pre-clinical
studies based on adeno-, herpes- and retro-viruses [6-8].
The autonomous rodent parvoviruses (PV) H-1PV and
MVMp have been associated with oncotropic and oncolytic
properties in vitro [[9], and references therein]. Indeed, PV
have been shown to infect and—by virtue of their lytic life
cycle—to kill a large number of human tumour cells,
whereas cultures of their corresponding normal cells were
not or scantily susceptible to virus-mediated cytotoxicity
[9, 10]. Preferential parvoviral replication in neoplastic
cells can be explained in part by their life cycle’s depen-
dence on host cellular factors whose expression is restric-
ted to proliferating cells [9]. The cytotoxicity elicited by
H-1PV and MVMp is largely dependent on the viral non-
structural protein NS1 whose expression is controlled by
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the early viral promoter P4 that is activated through a
TATA-box, an SP1-binding GC-, E- and Y-boxes, cyclic
AMP response elements and Smad-binding sites [11]. The
tumour-suppressive activities of wild-type H-1PV have
long been recognized [12] and recently confirmed in
orthotopic tumour models of PDAC and malignant glio-
blastoma [13, 14].

Although quite efficient as anti-tumour agents in many
animal tumour models [[9], and references therein], rodent
PVs are, in their natural forms, not always potent enough to
eradicate established tumours [15], in keeping with their
frequent isolation from tumour specimens [12, 16]. Hence,
in order to improve their anti-neoplastic properties,
recombinant vectors based on H-1PV and MVMp have
been designed [17] to deliver toxic [18] or immunostimu-
latory transgenes [19-22]. These immunomodulators, such
as cytokines, are expected to be secreted from infected
cells, to subsequently induce the infiltration and/or acti-
vation of specific leucocytes, and eventually to lead to
tumour regression by exerting bystander effects on the
neoplasm and its surrounding microenvironment.

The present study aims to evaluate the therapeutic effi-
cacy of PV-mediated delivery of three distinct cyto/che-
mokines in a xenograft model of human PDAC.

(1) A first molecule of interest is the monocyte che-
moattractant protein (MCP)-3/CCL7. MCP-3 is known to
attract a variety of innate immune cells because of its
ability to interact with at least three chemokine receptors
(CCR1, —2 and —3), which are expressed by a large subset
of leucocytes [23]. (2) Pro-angiogenic factors, like vascular
endothelial growth factor and interleukin (IL)-8/CXCLS,
are known to be over-expressed in PDAC [24-26]. Hence,
the angiostatic CXC chemokine interferon-y inducible
protein (IP)-10/CXCL10 was also examined in this model,
since it has been reported to suppress endothelial cell dif-
ferentiation, migration and proliferation [27]. Furthermore,
through its binding to CXCR3 [28], IP-10 is able to
chemoattract activated NK and cytotoxic T cells, mono-
cytes and a subset of dendritic cells [29, 30] and has been
shown to be endowed with anti-tumoral efficacy in various
mouse tumour models [22, 31]. Moreover, it is well
established that cancer prognosis is correlated with the
innate immune response mounted by natural killer (NK)
cells [32]. (3) Recently, we showed that, upon stimulation
with recombinant IL-2, NK cells displayed killing activity
against PDAC cells in vitro, which could further be
enhanced through the infection of PDAC-target cells with
oncolytic H-1PV [33]. Therefore, the therapeutic efficacy
of a PV-mediated delivery of this cytokine was also tested.

We show here that the intrinsic oncosuppressive capacity
of H-1PV could strongly be enhanced by arming this par-
vovirus with IL-2 or MCP-3. Activated NK and monocytic
cells were found to be attracted by PDAC tumours of human
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origin upon infection with recombinant H-1PVs armed with
these cytokines, resulting in a strong anti-tumour response
and a significant increase in the survival of the animals.

Materials and methods
Cell culture

Human PDAC cell lines Panc-1 and MiaPaCa-2 (kindly
provided by A. Vecchi), human embryonic 293T and
newborn human NB-324K kidney cells were cultured as
described elsewhere [11]. Human NK cells were isolated
by negative depletion from PBMCs, resulting in a cell
population that consisted of 90-99 % of CD3~ CD56"
cells, or obtained by co-culturing PBMCs and irradiated
RPMI 8866 cells [33].

Plasmids

The existing parvovirus infectious molecular clone (pH1)
[17] was modified as following: After linearization and
mung bean nuclease-mediated removal of the Sall restric-
tion site, the pH1 vector was ligated with the annealed
oligonucleotides, 5'P-atccaaactcectgaaccgcttatcatttttagaa-3’
and 5'P-ttctaaaaatgataagcggttcagggagtttggat-3’, yielding
pdBHI1. The plasmid pChi-HI1/A800 was generated by
inserting the 2.5kbp EcoR//Bgll DNA fragment of pdBH1
into pChi-hH1/A800 [34]. Accordingly, the recombinant
vectors pChi-H1/MCP-3 and pChi-H1/IP-10 were modified
from their respective Chi-hH1/-based parental vectors. The
IL-2 and Gaussia luciferase (GLuc) expressing vectors
were produced by inserting the Mlul/Hpal DNA fragment
(699 bp) of phHI/IL-2 [20] or the Sacl/Notl DNA frag-
ment (574 bp) of the pGLuc-Basic vector (New England
Biolabs) into pChi-H1/A800, respectively.

Virus infection and production

Virus infections were performed at 37 °C for 1 h with a
virus inoculum of purified (recombinant) H-1PV and
occasional rocking of the plate. Stocks of recombinant
H-1PV were produced by transfection of 293T cells and
wild-type H-1PV by infection of NB-324K cells, purified
by iodixanol gradient centrifugation, titered by infected
cell hybridization assay on NB-324K indicator cells [20]
and expressed as replication units (RU) per millilitre of
virus suspension.

Quantification of transgene secretion

Levels of secreted cytokines were measured in the cell
culture supernatants of recombinant H-1PV-infected
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PDAC cells at various time-points post-infection (p.i.)
using specific ELISAs for MCP-1/CCL2 (R&D Systems),
MCP-3 [21], IP-10 [19] or IL-2 (Biosource). The activity of
the GLuc was assessed in vivo after intraperitoneally
injection of 100 pg of coelenterazine in 150 pL of a water/
CH;0H formulation. Following injection, mice were
anesthetized by isoflurane gas (1L/min), luciferase activity
was measured after 7 min for 5 min using a CCD camera
(IVIS 100, Caliper Life Sciences, Mainz, Germany) and
photon emission quantified using the Living Image soft-
ware package (Caliper Life Sciences).

NK assays

The chemotactic potential of unstimulated, freshly iso-
lated NK cells was analysed using 96-well chemotaxis
plates (Europrobe). Briefly, 50 pL of the conditioned
media, harvested from transduced Panc-1 cells, were
placed in the lower chamber with a 3-um-pore-sized filter
on top. 5 x 10° NK cells, suspended in 80 pL of RPMI,
containing 10 % of FCS, were applied onto the porous
membrane, incubated for 1-3 h at 37 °C, and transmi-
grated NK cells were collected and microscopically
counted (four fields per well), as described elsewhere
[35]. The assays were performed in triplicate. To deter-
mine NK cell-mediated cytotoxicity, >'Cr release assays
were performed as described previously [33] using
5 x 10° target >'Cr-labelled K562 and effector NK cells
that have been stimulated for 5 days with the conditioned
media of transduced Panc-1 cells or 100 IU/mL of
recombinant IL-2.

PDAC tumour model

Female nude Balb/c mice (Charles River), 5-7 weeks old,
were maintained in a flexible film isolator under patho-
gen-free conditions within the central animal facility.
PDAC tumour models were established in groups of 3—10
animals by subcutaneous (s.c.) injection at the right pos-
terior flank of buffer-treated or in vitro (recombinant)
H-1PV-infected 5 x 10° Panc-1 or 2.5 x 10° MiaPaCa-2
cells, suspended in 200 or 100 pL of calcium-, magne-
sium- and glucose-containing Dulbecco’s PBS (Invitro-
gen), respectively. Tumour growth was monitored every
3-4 days using an electronic digital calliper (Farnell), and
mice were killed when the tumour volume exceeded
1,500 mm3, calculated using the following formula: vol-
ume = % x length x width’. The animal experimental
procedures were approved by the responsible Animal
Protection Officer at the German Cancer Research Centre
and by the Regional Council according to the German
Protection Law.

RT-PCR analysis of PDAC tumours

The recruitment of (activated) leucocytes was determined
in PDAC tumours 5-11 days post-implantation (p.imp.).
Briefly, mice were killed by cervical dislocation, and
tumours were transferred into 2-mL ceramic beads-filled
tubes (Precellys) and treated with RNAlater (Qiagen).
Three micrograms of total RNA, isolated using the RNeasy
Kit (Qiagen), was reverse-transcribed using 200U of the
RNA-dependent DNA polymerase M-MLV RT (Promega)
in the presence of 500 uM of dNTPs (Invitrogen), 20U of
RNasin (Promega) and 500 ng of random primers (Pro-
mega) in a reaction volume of 25 pL for 1 h at 38 °C.
After heat-inactivation of the reverse-transcriptase, the
cDNA was diluted 1:8 in RNAse/DNAse-free water
(Invitrogen) and the specific amplification of leucocyte
markers achieved in reaction volumes of 25 pL, using 5 pL.
of the cDNA-pool, 200 pM of dNTPs (Invitrogen),
1.5 mM of MgCl, (Invitrogen), 500nM of each specific
forward and reverse primer (Eurofins MWG Operon) and
2U of Taq DNA polymerase (Invitrogen). Species-specific
primers, designed using the NCBI-software package,
respective annealing temperatures and number of amplifi-
cation cycles are listed in Table 1. PCR cycles were chosen
as follows: 94 °C for 3 min (94 °C for 30 s, annealing
53-62 °C for 30 s, extension at 72 °C for 30 s),5_35, and
72 °C for 10 min. The amplified PCR products were ana-
lysed by 1 % agarose gel electrophoresis.

Results

Efficient transduction of Panc-1 cells by means
of H-1PV vectors

To determine the transduction efficiency of human PDAC
cells by means of PV vectors, Panc-1 cells were infected at
a multiplicity of infection (MOI) of 3 RU per cell (RU/c)
with the vectors encoding MCP-3/CCL7 or IP-10/CXCLI10.
The chemokine accumulation was determined in the cell
culture media at various time-points p.i. using specific
ELISAs. The levels of both chemokines were below the
limit of detection in the supernatants of Panc-1 cells infected
with a control vector, devoid of transgene, Chi-H1/A800
(data not shown), whereas 3 days p.i. up to 730 ng/2 x 10°
cells (MCP-3) and 410 ng/2 x 10° cells (IP-10) of the
transduced chemokines accumulated in Panc-1 cell super-
natants (Fig. 1). Similarly, high levels of IL-2 (220 ng/
2 x 10° cells at day 3 p.i.) were measured after infection
(MOI = 3 RU/c) with Chi-HI/IL-2, showing that Panc-1
cells can be efficiently transduced by means of H-1PV
vectors.
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Table 1 Primers used for

a ' Q / / 0, Q 1 Q1
¢DNA amplification Target gene Primer sequence (5 — 3') Tan. (°C) Cycles Amplicon size (bp)
m f-actin catgtttgagaccttcaacacc1 58 25 497
gaaagggtgtaaaacgcagetcagta’
h GAPDH gccttecgtgtecccactgc! 62 30 334
ggctggtggtecaggggtet’
PV NS1 ctaaatggaaaggacatcggttggaatag' 62 30 570
gccteegteccttggtgg?
PV MCS tcttgctgcacagcagaggactl 63 30 >227
gcttcactcacccagttaacceee?
m NKG2D tgtggcttgccattttcaaagagacg' 58 25 446
ttacaccgeccttttcatgcagatg?
m Perforin cagaatgcaagcagaagcacaag' 61 30 486
ggtggagtggaggtttttgtacc?
m Granzyme B actcaaacacgctacaagal 53 30 253
atccaggataagaaactcg’
Tyn anneali.ng temperaturg m [FN-y tggaggaactggcaaaaggatggl 63 30 320
bp base pairs, PV parvovirus, cecaccecgaatcageageg?
GAPDH glyceraldehyde-3- |
phosphate dehydrogenase, m F4/80 acaccctcgggcetgtgagattgt 58 25 561
MCS multiple cloning site, ceccgtetetgtattcaacc?
INOS inducible nitric oxide m iNOS atggcttgeccctggaagttt! 61 30 827
synthase, CD cluster of 5
differentiation geageatcecctetgatgglg
1
* Target cDNAs of murine m CDllc ccgtctgagtacccgggcc;l 61 25 495
(m) and human (h) origin were cgctgecactgetggteete
amplified inth the indic:;ted pair m CD83 atgtcgcaaggectccagetc! 61 25 634
of' forward" and reverse {ctgatgtgecctiggetttgtaa®
primers
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Fig. 1 Transgene production from recombinant H-1PV-transduced
Panc-1 cells. 2 x 10° Panc-1 cells were infected with MCP-3-, IP-10-
or IL-2-transducing Chi-H1/-based vectors (MOI = 3 RU/c). Cell-
free conditioned media were analysed at the indicated time-points

IL-2 delivered by recombinant H-1PV in Panc-1 cells
induces NK cell migration and increases their killing
potential

We next investigated the biological activity of the PV-

delivered cytokines towards human NK cells. For this, NK
cells were isolated from buffy coats of healthy blood
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p.i. for cytokine accumulation using specific ELISAs and expressed in
ng/2 x 10 cells. Data represent means = SD of three measurements
of a representative infection

donors, as described previously [33], and incubated for
5 days in the cell-free conditioned media harvested at day 2
p.i. from buffer-treated (Mock) or Panc-1 cells infected
(MOI = 3 RU/c) with the control empty vector (A800) or
the vectors encoding IP-10, MCP-3 and IL-2. These NK
cells were then tested for their ability to kill target K562
cells using the >'Cr release cytotoxicity assay. NK cells
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Fig. 2 IL-2-transduced Panc-1 cells induce human NK cell activation
and chemotaxis. a 1 x 10° NK cells were stimulated for 5 days with
recombinant (rec) IL-2 at 100 IU/mL or conditioned media harvested
at day 2 p.. from 1 x 10° Panc-1 cells buffer-treated (Mock) or
infected (MOI = 3 RU/c) with control (A800), MCP-3 or IL-2-
encoding recombinant H-1PV vectors. Stimulated effector NK cells
were then co-cultured with NK cell-susceptible Cr>'-labelled target
K562 cells for 4 h at the indicated effector to target (E/T) cell ratios,
and the percentage of specific lysis was calculated as described in the

stimulated for 5 days with 100 TU/mL of recombinant IL-2
were included as a control. Compared to the supernatants
from buffer-treated or control vector-infected (A800) Panc-
1 cells, the MCP-3 or IP-10-containing supernatants did not
stimulate the killing efficacy of NK cells towards co-cul-
tured K562 cells (Fig. 2a). In contrast, the supernatants of
Chi-H1/IL-2-infected Panc-1 cells dramatically increased
NK cell-mediated cytotoxicity (up to 30 % of specific
killing) similarly to the stimulation obtained with
100 IU/mL of the recombinant IL-2.

We next evaluated whether the cytokines produced from
recombinant H-1PV-infected Panc-1 cells could affect the
chemotactic potential of human NK cells. For this, freshly
purified NK cells were placed onto a porous filter mem-
brane and allowed to migrate towards 30 pL of the cell-
free conditioned media harvested at day 2 p.. from
1 x 10° buffer-treated (Mock), Chi-H1/IL-2-, Chi-H1/
MCP-3-, Chi-H1/IP-10- or control (A800)-infected Panc-1
cells (MOI = 3RU/c). Chemotaxis was monitored after 3 h
by microscopically counting NK cells present in the lower
chamber. Compared to Mock- or Chi-H1/A800-infected
Panc-1 cells, the incubation of NK cells with the super-
natants of Panc-1 cells infected with the H-1PV expressing
IL-2 displayed increased migratory ability as shown in
Fig. 2b. This may be due to the reported property of IL-2 to
up-regulate the expression of the chemokine receptor
CCR2 on NK cells [36], thereby allowing these cells to
migrate to the ligand-producing cells. Indeed, this receptor
binds to MCP-1/CCL2, reported to be released from cul-
tured Panc-1 cells [25]. The constitutive accumulation of
this chemokine (25 ng/mL) was confirmed in the condi-
tioned media used in this study, as well as basal expression
of CCR2 on NK cells. Yet, no further up-regulation of
CCR2 could be observed on NK cells by IL-2 (data not
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= m MCP3
©0 W IL-2
v a
2 0 14

E

4]

K~

Q

D -

M&M  section. Data represent means == SD of a representative
experiment. b 5 x 10° NK cells were placed onto the porous
membrane of a 96-well chemotaxis plate and allowed to transmigrate
for 3 h into the lower chamber, filled with the conditioned media of
(infected) Panc-1 cells, as described in a. NK cells present in the
lower chamber were microscopically counted. Data represent the
means + SD of the chemotactic index above buffer-treated cells
obtained from three independent experiments

shown). Whether IL-2 expressed by virus-infected Panc-1
cells may chemoattract NK cells [37] is still unclear. The
supernatants harvested from virus-infected Panc-1 cells
transducing MCP-3 or IP-10 could not significantly
increase the number of transmigrated naive NK cells in this
assay (Fig. 2b). This is, however, not surprising as only
activated NK cells are known to migrate towards MCP-3
[38] or IP-10 [39], indicating that Panc-1 cells per se do not
secrete factors that activate the migratory capacity of NK
cells. Taking together, IL-2, but not MCP-3 or IP-10
expressed from Panc-1-infected cells induces NK cell
migration and increases their killing potential in vitro.

In vivo time-course expression of H-1PV-delivered
transgene

We previously showed that the expression of various
transgenes by parvoviral vectors was transient in vitro [20];
hence, we next wanted to monitor the expression of a
transgene in vivo. For this, a recombinant H-1PV vector
encoding the GLuc reporter gene was designed and used to
infect 5 x 10° Panc-1 cells (MOI = 3 RU/c) that were
subcutaneously (s.c.) implanted into nude Balb/c recipient
mice (n = 3). Panc-1 cells infected with Chi-H1/A800 for
background luminescence were included as a control.
GLuc activity was determined at various time-points post-
implantation (p.imp.) after intraperitoneal injection of
100 pg of coelenterazine. As shown in Fig. 3, luciferase
activity, measured by GLuc-dependent photon emission,
was only detected in the mice challenged with Chi-H1/
GLuc-infected Panc-1 cells, and peaked at day 6 p.imp.
Most of the GLuc activity was detected around the site of
the developing tumour (Fig. 3, left panel) but was also
observed in the kidney region. This is, however, not
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Fig. 3 Secretion of Gaussia

Chi-H1/GLuc

A800

luciferase in Panc-1 xenografts
infected with Chi-H1/GLuc.

5 x 10° Panc-1 cells were
infected with Chi-H1/GLuc or
control Chi-H1/A800 (MOI = 3
RU/c), s.c. implanted into nude
Balb/c recipient mice and

100 pg of coelenterazine was
intraperitoneally injected at the
indicated time-points p.imp.
GLuc activity was monitored

7 min thereafter for 5 min using
a CCD camera (left panel),
photon emission quantified and
expressed as photons x 10°
released per second + SD
(right panel)

Day post-implantation

surprising, since GLuc is a naturally secreted luciferase
[40], which is renally cleared upon xenotropic expression.
GLuc activity decreased rapidly after day 6 p.imp., indi-
cating that the expression of the transgene by virus-infected
Panc-1 cells only occurred transiently, in agreement with
our previous in vitro observations with recombinant H-1PV
vectors [20].

Chi-H1/IL-2 and Chi-H1/MCP-3 viruses suppress
the growth of human pancreatic tumours

Since recombinant H-1PV-infected Panc-1 cells were shown
to deliver and express a reporter gene in vivo, the anti-tumour
potential of the virus-expressed cytokines IP-10, MCP-3 and
IL-2 was investigated in this tumour model. 5 x 10° Panc-1
cells were buffer-treated (Mock) or infected (MOI = 1.5
RU/cell) with the corresponding chemokine/cytokine-
transducing Chi-H1-based recombinant vector. At a MOI of
1.5 RU/cell, statistically only a fraction (77 %) of the cell
population is efficiently infected by the virus. In order to
evaluate the respective contributions of the viral vector and
the transgene to their anti-tumour activity against PV-
infected Panc-1 cells, the effects of the wild-type, fully

@ Springer

R 10"

el

E Bx10®

- e
exto*

Sa10®

= GLuc activity
1.ox10" 10-0 n
0.8x10° 7_5 — l
oTxio*
5.0

H 1.2010°

1wt

' 2.5 ’ll

! 1.0x10" |l|

1. o.ax10*

E naxc 0 I I 1 rll
3 6 8 10

o Day post-implantation

l 1.0x10"

| om0

Photons x 105/ s

Ii [T

0TIt
0610

o.5x10*

replicative, H-1PV, and the control empty vector (Chi-H1/
A800) were included. Following infection, the cells were s.c.
implanted into nude Balb/c recipient mice and the tumour
volumes were measured twice a week. As shown in Fig. 4a,
compared to mice challenged with buffer-treated cells
(Fig. 4, Mock, ), groups receiving Panc-1 cells infected
with either wild-type H-1PV (Fig. 4, () or the control vector
(Fig. 4, Chi-H1/A800, A) displayed slower tumour growth
rates. This can likely be assigned to the cytotoxic activity of
the viral NS1 protein, as it was previously observed in other
tumour models [9, 19-21]. Alternatively, the decrease in the
presentation of MHC class I on the surface of H-1PV-
infected Panc-1 cells contributes to render these cells more
susceptible to NK cell-mediated killing [33]. It is worth
mentioning that wild-type H-1PV albeit fully replicating in
permissive Panc-1 cells in vitro [11] did not display a
stronger anti-tumour activity than the replication-deficient
vector Chi-H1/A800. This may be explained by the fact that
tumour-produced H-1PV progenies can be taken up by sur-
rounding (non-permissive) mouse cells [34], hence, pre-
venting efficient virus spread in the tumour
microenvironment. No significant differences on tumour
growth rates were observed after infection of Panc-1 cells
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Fig. 4 IL-2- and MCP-3-encoding H-1PV vectors suppress human
PDAC tumour development. a 5 x 10° Panc-1 cells were buffer-
treated (Mock), infected at an MOI = 1.5 RU/c with wild-type
H-1PV (H-1PV) or Chi-H1/-based vectors, empty (A800) or trans-
ducing IP-10, MCP-3 or IL-2, and s.c. implanted into female Balb/c
mice (n =38, wild-type H-1PV: n =135). The two-dimensional
protrusions of the developing tumours were measured twice a week
using an electronic calliper and tumour volumes calculated using the
following formula: V = % x L x B2 Data represent mean tumour
volumes + SEM. b 2.5 x 10° MiaPaCa-2 cells were buffer-treated
(Mock) or infected (MOI =2 RU/c) with Chi-H1/A800, Chi-H1/
MCP-3 or Chi-HI/IL-2, s.c. implanted into nude Balb/c mice
(n = 10, Chi-H1/IL-2: n = 6), and tumours were monitored as
described in a. ¢ 1.5 x 10° Panc-1 and MiaPaCa-2 cells were infected
with Chi-HI/MCP-3 (MOI = 3 RU/c), and the daily secretion of
MCP-3 was analysed in cell supernatants using specific ELISA. Data
represent means £ SD of three measurements of a representative
infection

with Chi-H1/IP-10 (Fig. 4, O), compared with the control
vector (Chi-H1/A800). In the nude Balb/c model, the lack of
therapeutic efficacy with this vector may tentatively be
traced back to the absence of IP-10 target CXCR3™ T-lym-
phocytes, reported to be involved in the anti-tumoral
capacity of this chemokine [31]. In support of this, in a

previous study [19], a protective anti-tumour immunity was
induced in immunocompetent mice cured of glioblastoma, as
a result of treatment with parvoviruses delivering IP-10 and
TNF-a. This was apparent from their resistance to a sub-
sequent challenge with uninfected glioma cells, suggesting
that a specific CTL response was induced. However, IP-10 is
also known to be endowed with strong angiostatic properties
[29, 30] and could thus be expected to hamper the develop-
ment of VEGF-producing Panc-1 tumours also in nude mice.
The observation showing that IP-10 had no effect on the
tumour growth is, therefore, puzzling. In sharp contrast, the
transient H-1PV-mediated expression of IL-2 (Fig. 4x) or
MCP-3 (Fig. 4, +) showed a dramatic inhibitory effect on
the development of Panc-1 tumours. All animals, challenged
with IL-2-transduced cells, remained tumour-free until the
end of the experiment and only four out of eight animals
injected with Chi-H1/MCP-3-infected Panc-1 cells devel-
oped tumours that grew very slowly. Given the strong anti-
tumour effects elicited by both recombinant parvoviruses,
these vectors were assessed in a second PDAC model. For
this, 2.5 x 10° MiaPaCa-2 cells were buffer-treated (Mock)
or infected (MOI = 2 RU/c) with control Chi-H1/A800,
Chi-H1/MCP-3 or Chi-H1/IL-2 viruses and s.c. injected into
nude Balb/c mice. As shown in Fig. 4b, in contrast to rapidly
developing buffer-treated (Mock) or control-infected (Chi-
H1/A800) MiaPaCa-2 tumours, the infection with Chi-H1/
MCP-3 markedly decreased tumour growth rates, resulting
in an increased survival of the animals (data not shown). This
effect, however, was less prominent than observed in the
Panc-1 tumour model, which can be assigned, at least in part,
to the different abilities of both PDAC cell lines to secrete the
virus-delivered MCP-3 (Fig. 4c). Moreover, a higher frac-
tion of virus-delivered MCP-3 might be processed into
inactive forms in MiaPaCa-2 cells compared with Panc-1
cells. In addition, the more aggressive growth of MiaPaCa-2
tumours may overwhelm the immune system and, hence,
reduce the anti-tumour effect of MCP-3. As it was observed
for Panc-1 tumours, mice treated with IL-2-transduced
MiaPaCa-2 cells remained tumour-free, confirming the high
anti-tumour activity of this cytokine on PDAC.

Taken together, these results show strong abilities of Chi-
HI1/IL-2 and Chi-H1/MCP-3 viruses to abrogate the growth
of human pancreatic tumours, supporting the potential of a
parvovirus-mediated delivery of these immunostimulatory
molecules for the therapy of PDAC.

Parvoviral delivery of MCP-3 or IL-2 induces leucocyte
infiltration into PDAC tumours

To analyse the leucocyte populations that contributed to the
anti-tumour effects seen after ectopic expression of IL-2 or
MCP-3, 5 x 10° Panc-1 cells were buffer-treated (Mock)
or infected with 1.5 RU/c of Chi-H1/MCP-3, Chi-H1/IL-2,
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Fig. 5 Leucocyte infiltration Chi-H1/ Chi-H1/
into IL-2 and MCP-3-
transduced P]gAC tumours. Left Mock  H-1PV A800 MCP-3 IL-2  -RT A800 MCP-3 -RT
ﬁz?feelr?tr:atle(c)l giré‘ékl) (:;1:18 T e o o e e e o o o o | m-actin
infected (MOI = 1.5 RU/c) © - h - hGAPDH
with wild-type (H-1PV) or
recombinant vectors (Chi-H1/): P A P [ ‘ - - NS1
control empty vector (A800) @
and vector transducing MCP-3, ; —— s S — — s
IP-10 and IL-2. Right panel P—— —
2.5 x 10° MiaPaCa-2 were S E——
infected (MOI = 2 RU/c) with . [ T T . |H NKG2D
Chi-H1/A800 or Chi-H1/MCP-
3. PDAC cells were s.c. - (] o = - Perforin
implanted into female Balb/c § - = b ™
mice (n = 3), and developing - - Granzyme B
tumours were excised at day 5 —— | IFNy
(Panc-1) or 11 (MiaPaCa-2)

Aimp. Three micrograms of . ol i
fotalpRNA were revg:arse- -“;" = ot et [ S e F4/80
transcribed and cDNAs 2 - .- o - INOS
amplified using primers specific
for control- (Ctrl), virus-, NK ! e | ol ) CD11c
cell-, monocyte- (Mcyte) or I3} ]
dendritic cell (DC)-related a ! | cp83
transcripts and visualized on
1 % ethidium bromide-stained 12 3 4 5 6 7 8 9 10 11 12/ 13 14 15 16 1 2 3 4 5 6.7
agarose gels Panc-1 MiaPaCa-2

wild-type H-1PV or control Chi-HI1/A800. Developing
tumours were resected at day 5 p.imp, and RT-PCR anal-
ysis was performed on total RNA extracts using primers
specific for leucocyte markers and viral transcripts. Mouse
(m) f-actin and human (h) GAPDH were included as
internal controls for matching total RNA supply (Fig. 5,
Ctrl panels). No amplification products were obtained
when reverse transcriptase was omitted from the reaction
(-RT, Fig. 5 lane 16), indicating the absence of contami-
nating genomic DNA. As expected, viral NS transcripts
were found in all tumours treated with wild-type or
recombinant viruses, whereas the signal characteristic of
the transgene transcript, detected by means of primers
flanking the multiple cloning site (MCS), was restricted to
tumours infected with recombinant vectors (Fig. 5, virus
panels). No expression of the markers CD177 and ELANE
was detected, suggesting the absence of neutrophils in the
tumour infiltrates (data not shown). In contrast, H-1PV-
mediated chemo/cytokine transduction had an effect on
tumour-associated NK cells and monocytes.

Indeed, H-1PV-mediated production of IL-2 (lanes
13-15) and MCP-3 (two out of three tumours, lanes
10 + 12) correlated with the infiltration of immune
receptor NKG2D-positive NK cells into developing Panc-1
tumours. Expression of the markers perforin, granzyme B
and interferon-y (IFN-y), indicative of the activation of the
NK cell cytotoxicity programme, was markedly enhanced
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in IL-2-transduced Panc-1 tumours (lanes 13—-15) whereas
the other vectors used had little impact (lanes 1-12). Most
likely because of the constitutive expression of MCP-1 in
Panc-1 cells [25], the macrophage-specific marker (F4/80)
was found to be present in all tumours, including the
controls (A800 and Mock), albeit to various levels. Yet,
compared to Mock-, wild-type- and Chi-H1/A800-treated
cells, H-1PV-mediated expression of IL-2 (lanes 13-15)
and MCP-3 (2 out of 3 tumours, lanes 10 + 12) resulted in
increased levels of this marker, in keeping with the known
features of IL-2 and the monocyte chemo-attractant prop-
erties of MCP-3 [41]. The induction of inducible nitric
oxide synthase (iNOS), a marker for activated macro-
phages, was only observed in IL-2-transduced Panc-1
tumours (lanes 13—15). The expression of markers specific
for resting (CDl1lc, [42]) and mature (CDS83, [43]) den-
dritic cells (DC) was also analysed (Fig. 5, DC panels).
Whereas CD11c induction was most prominent upon vec-
tor-mediated delivery of IL-2, no sign of mature DCs could
be detected in the tumour infiltrates, as deduced from the
weak signal corresponding to CD83-specific transcripts.
Leucocyte infiltration was also examined in MiaPaCa-2
tumours after infection of Chi-H1/MCP-3 versus the con-
trol vector Chi-H1/A800 (MOI = 2 RU/c). This analysis
was carried out at two different time-points post-implan-
tation (day 6 and 11), because of the different kinetics of
appearance and tumour development between MiaPaCa-2
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and Panc-1 cells. As no significant differences were
observed in the expression of leucocyte markers at both
time-points, only the results for tumours excised at day 11
are shown. As illustrated in Fig. 5 (right, NK and Mcyte
panels), the average levels of perforin, granzyme B and
iNOS transcripts were higher in MCP-3 (lanes 4—6) versus
A800 (lanes 1-3)-transduced cells, revealing the presence
of activated NK and monocytic cells in the tumour tissue.

Altogether these data show that the H-1PV-driven
expression of IL-2—and to a more variable extent—of
MCP-3 in PDAC xenotransplants, increases the infiltration
of activated NK and monocytic cells.

Discussion

PDAC is a deadly disease with an extremely poor life
expectancy. Therefore, there is urgent need for new alter-
native treatment options. The current study aims to evaluate
the potential anti-PDAC efficacy of parvoviruses armed
with immunostimulatory molecules. We show that, despite
their sensitivity to PV-induced killing in vitro, PDAC
tumours developed—yet at reduced rates—upon infection
with low doses of wild-type H-1PV, in keeping with pre-
vious reports on different tumour models [44]. When armed
with the immunostimulatory cytokines IL-2 or MCP-3, the
capacities to control PDAC tumour development were
strikingly enhanced, as indicated by the cytokine-mediated
infiltration of a selective subset of leucocytes.

Although known to be endowed with strong anti-tumour
properties, systemically applied IL-2 failed to develop into a
first-line anti-cancer drug, mostly due to the risk of poten-
tially life-threatening side effects. Therefore, efforts have
been made aiming to develop strategies for targeting IL-2
directly to the tumour [reviewed in [45]]. Based on an
orthotopic mouse model, the systemic application of a single
chain Fv fragment-targeted IL-2 into established PDAC
tumours was able to inhibit neoplastic progression [46].
However, the major disadvantage of such a strategy is the
need of a marker, specifically expressed by cancer cells.
Therefore, the oncospecificity of H-1PV makes this virus an
especially attractive delivery vehicle for cytokine transduc-
tion at tumour sites. Although the H-1PV receptor(s) that is
still unidentified is ubiquitously expressed, intracellular
restrictions of normal tissue preventing parvovirus replica-
tion endow H-1PV with a striking oncotropism [9].

Recently, a pre- and post-operative application of
recombinant IL-2, tested in PDAC patients, was shown to
be able to increase the number of NK cells in the peripheral
blood, but failed to induce their infiltration into the tumour
[47]. Our approach, based on PV-mediated local expression
of IL-2 (and/or MCP-3) by the transduced tumour cells
themselves, appears to be advantageous in this regard, as

the H-1PV-driven expression of the immunomodulators
was found to recruit immune cells towards the tumour. The
lytic properties of NK cells towards PDAC cells may fur-
ther be enhanced, as a result of (recombinant) H-1PV
infection of these cells, as we recently showed that wild-
type H-1PV represses the expression of major histocom-
patibility class T [33].

The chemokine MCP-3 was shown to be endowed with
a strong anti-tumour potential in different tumour models
through the recruitment of activated NK and T cells [21,
48]. Here, we could extend MCP-3 efficacy to PDAC, as
ectopic PV-mediated expression of this chemokine was
able to induce the infiltration and activation of NK and
monocytic cells. Although its anti-tumour efficacy was
lower in the MiaPaCa-2 model compared to the Panc-1
model, MCP-3 was more potent in activating both types of
leucocytes in the former model. Since only one early time-
point (5 days p.imp.) had been analysed in the Panc-1
system, the activation of infiltrated NK and monocytic cells
might occur at later time-points in this model. Alterna-
tively, although the role of MCP-1 in cancer is contro-
versial, the stronger anti-tumour effect of MCP-3 in the
Panc-1 (compared to MiaPaCa-2) system may be traced
back to the additive effects between this chemokine and
MCP-1, which is constitutively secreted by Panc-1 cells,
whereas MiaPaCa-2 cells are MCP-1-deficient. Indeed,
both CC-chemokines have been reported to contribute to
the recruitment of inflammatory monocytes through bind-
ing to their common receptor CCR2 [49].

In conclusion, recombinant parvoviral vectors may
constitute new tools to overcome the strong immunosup-
pressive environment in pancreatic tumours by modulating
the leucocyte infiltrate. These promising data expand our
knowledge about the anti-cancer efficacy of recombinant
H-1PV to the field of PDAC.
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