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Retargeting of rat parvovirus H-1PV to cancer cells through

genetic engineering of its capsid

This invention provides a parvovirus, in particular a H-1PV,
that can be genetically retargeted through modification of its

capsid, which is useful in cancer therapy.

Parvoviruses (PV) are small, non-enveloped, single-stranded
DNA viruses that infect a wide variety of animal species, from
insects to humans (1). Since the original observation that
parvovirus minute virus of mice (MVM) can kill transformed
human cells (2), other autonomous rodent parvovirus, such as
rat H-1PV, were described to have oncolytic and
oncosuppressive activities in various cell culture and animal

models (3, 4) while being non-pathogenic for humans.

The antineoplastic activity of PVs is not due to better virus
uptake by transformed cells but to a more efficient viral
replication in these cells. This is mainly due to the fact
that PV’s replication and viral gene expression are dependent
on cellular factors such as E2F, CREB, ATF, cyclin A (5) and
others, all known to be upregulated in cancer cells. Moreover,
PVs did not evolve strategies capable to counteract cellular
antiviral defense mechanisms (6). As cancer cells are often
defective in these antiviral pathways, they provide a more

favorable environment for the viral life cycle.

In addition to its antineoplastic activities, another positive
aspect of using rodent PVs 1in cancer therapy 1is that
generally humans have been not previously exposed to
parvovirus infection and this avoids the problem of a rapid

virus elimination resulting from preexisting antiviral
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immunity (7). This places PVs in a better position respect to
other vectors used in cancer therapy which are based on human
pathogens (e.g. adenovirus, HSV, VSV etc.). Altogether, these
properties make these viruses very attractive as anticancer

agents.

Although the anticancer potential of H-1PV is supported by a
large set of preclinical studies, efficacy can be expected to
be a 1limiting factor in <clinical applications. One major
limitation is the fact that PVs can still enter normal cells.
The uptake of the virus by non-tumour cells sequesters a
significant portion of the administered viral dose away from
the tumor target. Targeting PV entry to tumor cells would thus
increase the efficacy of parvovirus-based treatments and
provide additional safety against possible side-effects on

normal cells.

Several attempts have been made to modify the natural cell
entry of PVs, based on adaptation of the natural strains to
new cell types in cell culture (8) or in vivo (9, 10)
experiments. These approaches however, lack predictability,
are limited to previously semi-permissive cell 1lines and
already existing tropisms of the virus. Alternatively, PVs
with altered tropism have also been generated by replacing the
whole capsid with the one of a related virus (11). However,
this strategy has the limitation that the modification is not
heritable and that progeny viruses do not maintain the same
retargeting abilities of the initial viral dose. An approach
to increase the oncotropism of the virus would be to
genetically retarget the cell entry of the virus to cancer-
cell specific receptors. This strategy has proved successful
in retargeting other non-enveloped viruses for gene therapy or
onco-therapeutic purposes, for instance -with the related
adeno~-associated virus (AAV) (12-15), or adenovirus (16-18),

but attempts to retarget members of the autonomous parvovirus
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subgroup have been not yet reported.

Thus, it is the object of the present invention to provide
retargeted parvoviruses that increase the efficacy of
parvovirus-based treatments and provide additional safety

against possible side-effects on normal cells.

According to the invention this is achieved by the subject
matters defined in the claims. Thus, the present invention
provides genetically reprogrammed H-1PV in order to improve
its affinity for human tumour cells. By analogy with the
resolved crystal structure of the closely related parvovirus
MVM, an in silico 3D model of the H-1PV wild-type capsid was
developed. Based on this model, amino-acids for cell membrane
recognition and virus entry were identified at the level of
the twofold axis of symmetry of the capsid, within the so-
called “dimple” region. In situ mutagenesis of these residues
significantly reduced the binding and entry of H-1PV into
permissive cells. Then, the entry-deficient viral capsid was
engineered and inserted at the 1level of its threefold axis
spike, a cyclic 4C-RGD peptide. This peptide binds oavf3 and
avR5 integrins, known to be over-expressed in cancer cells and
growing blood vessels. Insertion of the peptide rescued viral
infectivity towards cells over-expressing ovpf5 integrins that

were efficiently killed by the reengineered virus.

An embodiment of the invention relates to rat H-1PV which
infects and kills numerous human tumour cell lines e.g. of
brain (19), colon (20), cervix (21), mammary (22, 23) origin
and that is currently under evaluation in phase I and 1II
clinical trials for the treatment of patients with recurrent
glioblastoma multiforme (5). It has been shown that depending
on the cell type and experimental conditions, H-1PV has the
ability to induce different cell death pathways 1in cancer

cells, ranging from necrosis (24), apoptosis (25-28) and



WO 2012/052158 4 PCT/EP2011/005229

lysosomal dependent cell death (29), while sparing non-
transformed cells. We have reported the capacity of the virus
to induce oxidative stress in cancer cells, leading to DNA
damage, cell cycle arrest and apoptosis. These effects are

mediated by the non-structural NS1 protein (28).

The method of the present invention consists of two steps.
First, the virus natural tropism to prevent it from entering
its originally permissive <cells is abrogated. This 1is
achievable by modifying the capsid residues involved in cell
recognition and binding. Second, the virus 1is retargeted
specifically to cancer cells by grafting into the viral capsid
a foreign peptide with high affinity for receptors that are
only, or preferentially, expressed in . cancer cells. This step
requires the identification of a position within the wviral
capsid, which tolerates the insertion of the peptide and
allows for the retargeting of the virus while maintaining its
oncolytic potential. Both steps are very challenging due to
the structural constrains that the ‘icosahedral capsid of the
virus imposes; indeed <changes 1in the capsid are often
incompatible with efficient particle assembly. The retargeting
steps also imply a precise knowledge of the capsid structural
and functional elements, and in particular the region(s)
involved in binding to one or several specific cell receptors,
all of which have so far not been studied in the case of H-

1PV.

The capsid of the Parvoviridae family consists of 60 copies of
two to three nested polypeptide sequences assembled in a T =1
icosahedral symmetry (30). In the case of H-1PV, the capsomers
vVP-1 and VpP-2 are encoded by alternatively spliced
transcripts, sharing a C-terminal core sequence but having N-
terminal extensions of different lengths. The outer
architecture of classical parvovirus capsid shows a “spike”-

like ©protrusion at the threefold axis of symmetry, a
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depression, called the “dimple”, at the twofold axis, and a
pore connecting the inside of the virion to the exterior of
the particle at the fivefold axis of symmetry (30). The
cellular receptors for members of the parvovirus family have
been described for the feline (FPV) serotype and its canine-
tropic variant CPV, in which cell entry is mediated by binding
to the transferrin receptor (TfR) (31). Different serotypes of
AAV enter via binding to heparin sulfate proteoglycans (32),
oyBs integrins (33), fibroblast growth factor receptor (34), or
platelet-derived growth factor receptor alpha (35). Globoside
(Gb4Cer) (36), KuBO autocantigen (37) and oyBl integrin (38)
have been identified as cell receptors/coreceptors for the
human pathogen B19. Yet most of the cell receptors for the
members of this family remain unknown, in particular for the
rodent parvoviruses (39). It is known that the binding to
sialic acid is required for cell surface receptor recognition
by MVM, since both cell membrane attachment and infection are
neuraminidase sensitive. The X-ray crystal structure of MVMp
capsids soaked with sialic acid (N-acetyl neuraminic acid)
reveals that the sugar is positioned within the dimple recess
surrounding the icosahedral twofold symmetry axis of the viral
capsid, immediately adjacent to residues I362 and K368. Point-
mutations of these residues result in lower affinity for the

sialic acid component of the cell receptor (10, 40-42).

Among the peptides suitable for specific tumour-targeting of
chemicals, diagnostic tools or viral anti-cancerous agents,
one of the most extensively studied is the Arg-Gly-Asp (RGD)
peptide (43-46). The RGD sequence can be found in many
extracellular matrix (ECM) proteins e.qg. fibronectin,
vitronectin etc. and is responsible for the binding of these
ECM proteins to their cellular receptors (47). The RGD
peptide, particularly in its cyclic form, CDCRGDCFC (termed
RGD-4C), binds strongly to oyB3; and oyBs integrins (48, 49)

which are typically over-expressed 1in <cancer cells and



WO 2012/052158 6 PCT/EP2011/005229

angiogenic blood vessels (50, 51). The RGD-4C/integrins
interaction has been successfully exploited for retargeting
adenoviruses (52-54) and adeno-associated viruses (13) to

cancer cells.

In summary, the present invention provides a genetically
reprogramed H-1PV entry through modification of its capsid. In
the absence of structural data, we modeled the H-1PV capsid
based on its homology with the capsid of the highly related
MVM whose c¢rystal structure has been resolved. The model
allowed the identification of candidate amino acids involved
in cellular recognition and entry. Mutation of these residues
abrogates cellular entry and the insertion of a protruding
RGD-4C peptide at the level of the capsid’s threefold axis
spike rescued virus infectivity and cellular killing,
conferring a new cancer specific tropism to the engineered
virus. In conclusion, this invention paves the way for a more

efficient and safer use of H-1PV in clinical applications.

The generation of a genetically reprogrammed H-1PV according
to the invention is described in the examples below. The
method pursued consisted of four inventive steps:

1) In silico modelling of parvovirus H-1PV capsid. This was

important for acquiring a precise knowledge of structural and
functional elements of the capsid, e.g. aminoacids involved in
cell membrane recognition and entry and identification of
places tollerating the insertion of retargeting peptides.

2) The discovery that sialic acid is required for the cell

membrane binding and entry of H-1PV. This was demonstrated by

showing that virus infection is sensitive to neurominidase, a
compound known to cleave sialic acid from the cell surface.
Pretreatment with neurominidase dramatically decreased the
capacities of H-1 to bind and enter NBK and Hela cells (two
highly permissive cell lines for H-1), providing evidence that

sialic acid 1is an important component of the wvirus
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receptor(s).

3) Detargeting step. This step abrogated the parvovirus

natural tropism preventing viral entry into originally
permissive cells. This step consisted in mutagenizing the
viral genome (capsid proteins encoding region) within the
positions encoding for the aminoacids involved in the binding
to sialic acid (I367 and H373 and of the VP2 protein
corresponding to I509 and R515 in VPl protein respectively).
Candidate aminoacids involved in sialic acid recognition were
found on the basis of our structural model and functional
homology with the related autonomous parvovirus MVM. 1In
particular, modification of residue 373 (H - R) strongly
impaired the capacity of the virus to bind and enter the cells
(more than 90 % reduction when compared with H-1 wt).

4) Retargeting step. The retargeting was achieved by inserting

into the viral capsid a RGD-4C retargeting peptide that has
high affinity for avB83 and avB5 integrins (48, 49), typically
over—-expressed in cancer cells and angiogenic blood vessels
(50, 51). This step required the identification of a position
within the viral capsid, tolerating the insertion of the
peptide, maintaining its retargeting characteristics without
affecting the oncolytic potential of the virus. This position
into the viral genome was identified thanks to our model, and
corresponds to the nucleotides encoding for A44l of the VP2
capsid protein (corresponding to A583 of the VPl protein).
Grafting of the RGD-4C peptide within this position rescued
viral infectivity of the entry deficient mutant. The novel
virus is able to enter the cells through an alternative route
than the one used by wild type virus, which does not rely on

sialic acid.
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Brief description of the Figures

Figure 1: In silico model of H-1PV VP2 capsid protein

The superimposition of the ribbon diagrams of H-1 (red) and
MVMpb (blue) VP2, 1illustrating p-strand, helical and - loop
regions. The position of the conserved p-strands, B to BI,
helix oA, the first N-terminal residue (G38 for H-1PV
corresponding to G39 for MVM) and the last C-terminus residues
(Y592 for H-1PV corresponding to Y587 for MVM) are indicated.
The approximate position of the icosahedral 2-, 3-, and 5-fold
axes are shown as filled oval, triangle, and pentagon,
respectively. This figure was generated using the CPHmodels
3.0 Server at the Center for Biological Sequence Analysis of
the Technical University of Denmark DTU as described in the

Materials and Methods section.

Figure 2: In silico model of H-1 and MVMpb parvovirus capsids

(A) The capsid of H-1PV (left) was modelled taking as a
template the available crystal structure model of the MVMpb
(right) capsid using the PyMol software as indicated in the
Materials and Methods section. The approximate position of
icosahedral fivefold (5f), threefold (3f), and twofold (2f)
axes of symmetry are shown for a viral asymmetric unit.

(B to D) Close-up views of the H-1(left) and MVMpb (right)
capsid surfaces at the fivefold (B), threefold (C), and
twofold (D) icosahedral axes. The panel at the bottom depicts
the color range (in A) for the depth-cued distances from the
viral center of the particles. Color coding of the particles
was generated by a home-developed algorithm and images
generated with the PyMol software as indicated in the

Materials and Methods section.

Figure 3: 3D structural alignment of H-1PV and MVMpb VPZs and

identication of potential H-1PV sialic acid binding residues
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MVMpb VP2 from model 1Z14 (pink) and H-1 wt VP2 model (light
blue) were aligned using the "align" routine implemented in
the PyMol software. Only the region 361-369, containing amino
acids Ile-362 and Lys-368 (displayed in deep blue), known to
bind to sialic acid in MVM, is represented. The corresponding
residues Ile-367 and His-373 in H-1 wt VP2 sequence 366-374

are displayed in red.

Figure 4: Sialic acid is involved 1in H1PV <cell membrane

recognition and entry

Hela cells were cultured in 24-well plates, at a density of 10°
cells per well, and treated (+) or not (-) with 0.10/ml
Neuraminidase for 3h at 37°C. Cellular medium was then
replaced by medium containing purified H-1PV. The infection
step was carried out for 1lh at 4°C for the virus binding assay
and for 2h at 37°C for the virus entry assay. Cells were
washed with 500 pl of PBS, then treated with 100 pL of trypsin
[0.25% (binding) and 0.05% (entry)] and the reaction was
stopped with 200 pL of complete medium. Cells were then
harvested and viral particles extracted by 1lysing the cells
with three snap freeze/thaw cycles. Viral DNA was purified
from inputs and cell fractions using the QiaAmp MinElute Virus
kit and then quantified using a parvovirus specific gPCR as
described in Example 1. The results are presented as
percentage of particles taken up by the cells relative to
input virus. Numbers on top of columns and bars indicate
average values and standard deviations from triplicate

measurements, respectively.

Figure 5: Detargeting H-1PV by I367S and H373R substitution.

(A) Electron microscopy analysis showing that the mutations
introduced did not change the capacity of the VP proteins to
form capsids.

(B) Binding/entry assay. NBK cells were grown in a 48 well

plate. After 24 h, cells were infected with H-1PV wild type
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(wt) or H-1PV mutants (I367S and H373R) at the concentration
of 10* Vg/cell and incubated at 4°C for 30 min (viral binding
assay). Plates were then washed with serum free medium in
order to remove unbound viral particles, and then incubated at
37°C for additional 2 h (viral entry assay). After washing
with 500 pL. of PBS, cells were treated with 100 pL of trypsin
0.05% (Invitrogen, Germany) before the reaction was stopped by
adding 100 pL of complete medium. Cells were then collected
and treated as described in the legend for Figure 4.

(C) Virus infectivity was assessed in NBK and HEK 293T
indicator «cells by infection wunit and plaque assays as
described in Example 1. IU, infection units (determined by in
situ hybridization); PFU, plaque-forming units (determined by
plaque assay). All values were normalized for viral input.

(D) Virus production. HEK293T cells were transfected with the
indicated viral plasmids and grown for a total of 5 days.
After benzonase treatment for digesting cellular DNA and non-
encapsidated viral DNA, crude cell extracts were analyzed for
the presence of full virions. Viral particles were determined
by PCR quantification of encapsidated viral genomes. Columns
represent the numbers of produced particles divided by the
number of cells seeded prior DNA transfection.

(E) Uptake. Hela cells were infected with H-1PV wild-type (H-
1PV) or H-1PV mutants (I367S and H373R) for the time and at
the temperature indicated. Cellular uptake was determined as
described above.

(F) Infectivity. Wild-type and mutant H-1PV were tested for
their capacity to form infectious centers in NB324K, Hela and
HEK293T indicator «cells as described in Example 1. 10U,
infectious units. Values indicate the number of purified
particles (expressed as encapsidated Vg) that negd to be
inoculated per cell in order to produce 1 IU.

(G) Plaque formation. Wild-type and mutant H-1PV were tested
for their capacity to form plaques in NB324K indicator cells.

PFU, plaque-forming units. Values represent the amounts of



WO 2012/052158 11 PCT/EP2011/005229

purified particles (expressed as encapsidated Vg per cell)

needed for producing 1 plaque.

Figure 6: Model-based search for candidate sites tolerating

the insertion of retargeting peptides in the H-1PV capsid.

(A) VP2 structural model reveals the presence of loops exposed
at the surface of the viral capsid. Screening of these loops
for hydrophilic regions, better suitable for the peptide
insertion, reveals two optimal places, S1 and S2 indicated in
white. The amino acid R373, which was substituted for H373 to
detarget H-1PV, is shown in red.

(B) 3D model of the viral capsid (three capsomers are
indicated) showing the position of the S2 site (in green) that
was selected as the most favourable position for the insertion
of the retargeting peptide.

(C) Simulation of +the insertion of the RGD-4C ©peptide
(CDCRGDCFC) into the S2 position. The three capsomers are
represented with different colours, magenta, cyan and orange,
with the inserted sequence shown in red, blue and yellow,
respectively.According to the model, the RGD-4C ligand remains

well exposed to the outer surface.

Figure 7: Genetic insertion of the RGD-4C peptide into the

viral <capsid of the H-1PV-H373R mutant rescued viral

infectivity

(A) Electron microscopy analysis showing ©proper <capsid
assembly of the H-1PV-H373R-RGD-4C mutant.

(B) Virus production. After transfection of the viral DNA in
HEK293 cells, virions were formed in similar amounts
indicating that the insertion at this position did not impair
virus assembly nor packaging.

(C) FACS analysis showing the protein levels of oyf3 and oayfs
integrins on the surface of NB324K.

(D) Infectivity. NB324K <cells were infected with purified
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wild-type or RGD-4C-containing (RGD-4C) H-1PV viruses. Cells
were collected 7 days post-infection (pi), and processed for
viral DNA hybridization assay in order to assess the capacity
of the viral particles (expressed as encapsidated Vg) to form
infection wunits. Consistent with the 1lack of oayfz and ofs
integrins on the . surface of NB324K cells, H-1RGD behaved
similarly to the H373R de-targeted virus and did not
efficiently infect these cells.

(E) Viral entry assay. SK-MEL-28 cells were cultured in 24-
well plates, at a density of 10° cells per well, and treated
(+) or not (-) with 0.1U/ml Neuraminidase (NA) for 3h at 37°C.
Cells were then infected with the indicated viruses used at
the concentration of 500 Vg/ml, in triplicate for 6h at 37°C.
After washing to remove unbound virus, cells were harvested
and lysed through three snap freeze/thaw cycles and viral DNA
was purified and quantified as described in legend for figure
4. Columns represent percentage of input virions that were
taken up. Numbers on top of columns give the ratios of cell-
associated virions 1in untreated versus neuraminidase-treated
cells. (F) The toxicity of the H-1PV mutants was evaluated on
SK-MEL-2828 cells, which are permissive to H-1PV infection and
overexpress avf3 and ovpf5 integrins. Viable cells were
determined via CellTiter-Glo® as described in Example 1 and
represented as relative cell survival (%) considering as 100%
survival, the luminescent value obtained in untreated cells

(see also Fig.12).

Figure 8: Restriction map of clone H-1PV I367S

Figure 9: Restriction map of clone H-1PV H373R

Figure 10: Restriction map of clone RGD-4C-H-1PV H373R

Figure 11: Preferential H-1RGD infection of SK-MEL-28 cells

displaying avp5 integrins on their surface
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(&) Integrin content. Cervical carcinoma-derived HeLa cells,
SK-MEL-28 melanoma <c¢ells and their normal counterparts
(primary normal keratinocytes and melanocytes) were grown for
48 h and analyzed by FACS for their surface expression of oyp;
and oyfs integrins as described in Example 1.

(B) The above mentioned cells were treated (+) or not (-) with
0.1 U/ml neuraminidase (NA) for 3 h at 37°C, infected with the
indicated viruses at the MOI of 500 Vg/cell and processed for
the measurement of cell-associated virions (including both
cell surface-bound and internalized viruses) as described in
legend to Fig. 2. Columns represent percentage of input
virions that were taken up. Numbers on top of columns give the
ratios of cell-associated virions in untreated versus

neuraminidase-treated cells.

Figure 12: Re-targeting H-1PV

Cell survival. The toxicity of the H-1PV mutants and parental
viruses was evaluated in melanoma SK-MEL-28 cells and normal
primary melanocytes. The survival of infected <cells was
determined as described 1in ExXample 1 and expressed as
percentage relative to mock-treated cultures. Columns show
means of triplicate measurements with standard deviation bars
from one typical experiment formed in triplicates.

The insertion of the RGD-4C peptide does not impair the
capacity of the virus to kill cancer cells; see Example 6 for

further explanation.

The present invention provides an H-1 rat parvovirus (H-1PV)
comprising a mutation in the polypeptide sequence of the VP
proteins, wherein the mutation 1s at position I367 and/or H373
and/or A441 (VP2 protein) of H-1PV. The person skilled in the
art can generate such a modified parvovirus using methods well
known in the art using the published nucleotide sequence of H-
1PV as starting material (61,62; see also the experimental

procedure described in Example 1(C)).
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The term "H-1PV" also relates to viruses that might comprise
additional mutations besides the mutations of the present
invention which do substantially effect its therapeutic
usefulness as well as vectors based on such viruses. Suitable
further modified parvoviruses, vectors as well as cells which
can be used for actively producing said parvoviruses and which
are useful for therapy, are readily determinable within the
skill of the art based on the disclosure herein, without undue

empirical effort.

In a preferred embodiment of the present invention, the
mutation of H-1PV is an 1I367S mutation and/or an H373R

mutation.

In a further preferred embodiment, the H-1 rat parvovirus of
the invention further comprises a foreign protein with high-
affinity for a receptor expressed in a tumor cell which is
inserted at position A441. Examples of such foreign peptides
are the RGD family members including the RGD-4C peptide, the
peptidic ligands of known human specific receptors, such as
the epidermal growth factor receptor that has been
successfully used to retarget adenovirus to gliomas (55),
peptide aptamers, peptide libraries, or other ©peptides

selected through phage dispay screening approaches.

In a particularly preferred embodiment of the H-1PV of the
present invention, the foreign protein comprises the amino
acid sequence RGD (63). The person skilled in the art can
select suitable sites within the capsid VPl and VP2 proteins,
for insertion of the foreign proteins applying, e.g., the
approach described in Examples 2 and 5, below. The
identification of places where to graft peptides opens the
possibility to insert other retargeting peptides. An example

(which does not exclude the use of other peptides) would be to
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insert a ©peptide targeting Delta-EGFR (epithelial growth
factor receptor) which is also frequently over-expressed in
gliomas (70) or, for example, a cervical carcinoma specific
peptide described to retarget adenovirus to cervical carcinoma

cells (71).

In an even more preferred embodiment of the H-1PV of the
present invention, the foreign protein is inserted at position
RA441 of the VP2 protein of the parvovirus corresponding to

A583 of the VPl protein.

The present invention also provides a pharmaceutical

composition containing the H-1PV of the invention.

Preferably, in said pharmaceutical composition the parvovirus
is present 1in an effective dose and combined with a
pharmaceutically acceptable carrier. "Pharmaceutically
acceptable” is meant to encompass any carrier, which does not
interfere with the effectiveness of the biological activity of
the wvirus and that is not toxic to the patient to whom it is
administered. Examples of suitable pharmaceutical carriers are
well known in the art and include phosphate buffered saline
solutions, water, emulsions, such as oil/water emulsions,
various types of wetting agents, sterile solutions etc.. Such
carriers can be formulated by conventional methods and can be

administered to the subject at an effective dose.

An "effective dose" refers to amounts of the active
ingredients that are sufficient to affect the course and the
severity of the disease, leading to the reduction or remission
of such pathology. An “effective dose” useful for treating
and/or preventing these diseases or disorders may be

determined using methods known to one skilled in the art (72).

Preferred doses for the parvovirus of the present invention
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are in the range of about 10% to 10° pfu (single injection).

Additional pharmaceutically compatible carriers can include
gels, bioasorbable matrix materials, implantation elements
containing the therapeutic agent, or any other suitable

vehicle, delivery or dispensing means or material(s).

Administration of the H-1PV of the present invention may be
effected by different ways, e.g. by intravenous,
intraperetoneal, subcutaneous, intramuscular, topical or
intradermal administration. The route of administration, of

course, depends on the kind of therapy and the kind of further

compounds contained in the pharmaceutical composition. A
preferred route of administration is intravenous
administration. The dosage regimen of the parvovirus is

readily determinable within the skill of the art, by the
attending physician based an patient data, observations and
other clinical factors, including for example the patient's
size, body surface area, age, sex, the time and route of
administration, the tumor type and characteristics, general
health of the patient, and other drug therapies to which the

patient is being subjected.

If the parvovirus of the invention comprises infectious virus
particles with K the ability to penetrate through the blood-
brain barrier, treatment <can be performed or at least
initiated by intravenous injection of the parvovirus. A
preferred route of administration is intratumoral

administration.

Since long-term intravenous treatment is susceptible to
becoming inefficient as a result of the formation of neutral-
izing antibodies to the parvovirus, different modes of
administration can be adopted after an initial regimen

intravenous viral administration, or such different
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administration techniques, e.g., intracranial or intratumoral
virus administration, can be alternatively used throughout the

entire course of parvoviral treatment.

As another specific administration technique, the H1-PV
containing composition can be administered to the patient from
a source implanted in the patient. For example, a catheter,
e.g., of silicone or other biocompatible material, can be
connected to a small subcutaneous reservoir (Rickham
reservoir) installed in the patient during tumor removal or by
a separate procedure, to permit the parvovirus containing
composition to be injected locally at various times without
further surgical intervention. The parvovirus or derived
vectors containing composition can also be injected into the
tumor by stereotactic surgical techniques or by neuronavi-

gation targeting techniques.

Administration of the H-1PV of the invention containing
compositions can also be performed by continuous infusion of
viral particles or fluids containing viral particles through
implanted catheters at 1low flow rates using suitable pump
systems, e.g., peristaltic infusion pumps or convection

enhanced delivery (CED) pumps.

As yet another method of administration of the parvovirus of
the invention containing composition 1is from an implanted
article constructed and arranged to dispense the parvovirus
containing composition to the desired cancer tissue. For
example, wafers can be employed that have been impregnated
with the parvovirus containing composition wherein the wafer
is attached to the edges of the resection cavity at the
conclusion of surgical tumor removal. Multiple wafers can be

employed in such therapeutic intervention.

The therapy based on the application of the pharmaceutical
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composition of the invention 1is useful for the therapeutic
treatment of cancer, in particular a melanoma, a brain tumor,
mammary carcinoma or cervix carcinoma. However, the therapy
according to the present invention 1is, in principle,
applicable to any tumor that <can be infected with a
parvovirus. The parvovirus Hl of the invention effects
killing of tumor cells but does not harm normal cells and such
infection can, for example, be carried out by intracerebral use
of the virus or vector based on such virus, to effect tumor-
specific therapy without adverse neurological or other side

effects.
Patients treatable by the H-1PV according to the invention
include humans .as well as non-human animals. Examples of the

latter include, without limitation, animals such as cows,

sheep, pigs, horses, dogs, and cats.

The invention is further described by the following examples.

Example 1

Materials and Methods

(A) VP2 homology modelling

Homology modelling of H-1 VP2 capsomer was performed at the
CPHmodels 3.0 server of the Center for Biological Sequence
Analysis from the Technical University of Denmark
(http://www.cbs.dtu.dk/services/CPHmodels/), - using as a
template the already 3.25 A resolved MVMpb VP2 1 214 3D
crystal structure model (41), which shares 66.4% homology with
H-1 VP2 capsomer within the 38-593 subsequence. The model
obtained was then verified for stereochemical quality and
further refined using PROCHECK (56), WHAT-CHECK (57), ERRAT
(58), VERIFY-3D (59) and PROVE (60), all indicating that the
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overall capsomer was modeled with particularly high

confidence.

(B) H-1 capsid 3D model

In order to produce a 3D model of H-1PV capsid, 60 copies of
the VP2 model were assembled in PyMol (61) and aligned on the
MVMpb 1214 model focusing on the Ca of the backbone. Alignment
was achieved wusing the routine tool that first performs
sequence alignment followed by structural alignment and then
carries out cycles of refinement in order to reject structural
outliers found during Fhe fit. In order to obtain a
"topographic" representation of the capsid surface, a homemade
application was developed (Supplementary information). This
application calculates the location of the center of mass of
the virion from the capgid PDB file and then computes the
distance between the center of mass and each of the atoms
forming the capsid. Each "centre of mass-atom"” distance 1is
loaded into the original PDB file, replacing the b-factor

field, and is finally displayed as a colored gradient using

the PyMol program.

(C) Generation of H-1PV mutants

For the construction of H-1PV mutants, a fragment of the
viral genome containing the VP gene unit, obtained by
digesting the pSR19 clone (62) with HindIII-Hpal, was first
subcloned into pBSK-Hpal vector generating the pVPsub
construct. pBSK-Hpal is a pBluescript SK+ plasmid
(Stratagene) with a mdédified polylinker constructed by
replacing the HindIII-XholI fragment with an adapter containing
a Hpal restriction site obtained by annealing the 5’-AGC TTA
TCG ATA CCG TCG ACG TTA ACC-3', and 5’'-TCG AGG TTA ACG TCG ACG
GTA TCG ATA-3’ oligonucleotides. In situ mutagenesis was
performed using pVPsub as template as previously described
(63), wusing the following primers (in bold the mutations

introduced): for clone pVPsub 13678, 5’-GGT ACC GCT AGA CAG
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CAC AGC TGG CGA GG-3', and 5"-CCT CGC CAG CTG TGC TGT CTA GCG
GTA CC-3’; for clone pVPsub H373R, 5’'-GCT GGC GAG GAC CGT GAT
GCA AAC GGA GC-3’, and 5"-GCT CCG TTT GCA TCA CGG TCC TCG CCA
GC-3’. The modified VP2s were finally cloned back in their
parental pSR19 backbone in order to generate pH-1PV-I367S and
pH-1PV-H373R de-targeted mutans, wusing HindIII and Hpal
restriction enzymes. The H-1PV-H373R-RGD-4C retargeted mutant
was constructed by inserting the RGD-4C (CDCRGDCFC) peptide
(64) into into A441 of VP2 capsid protein (corresponding to
A583 of the VPl protein) of the pH-1PV H373R mutant.
(according to Swiss-Prot: P03136.1 sequence). For this
purpose, overlap extension PCR (65) was performed using the
following primers: RGD 1: 5’-GCC GCG GAG ACT GTT TCT GCG GCA
GAA CTA ACA TGC A-3', RGD 2: 5'-AAC AGT CTC CGC GGC. AGT CAC
AAG CTA TGG CGT CTT CTC-3" (with indicated RGD-4C related
sequences indicated in bold), External 1: 5’-CGA AGA TTG GGC
CAA AC-3’, and External 2: 5’-TTT GTC CCA AAT TTG TCC-3’. The
resulting PCR fragment was then cloned into the pH-1PV H373R

clone using the MfelI-DralIll restriction enzymes.

(D) Cells

HEK293T (transformed human embryonic kidney), NB324K (newborn
human kidney) and SK-MEL-28 (skin melanoma) cell 1lines were
obtained from ATCC (LGS Standards GmBH, Wesel, Germany). Hela
(cervical carcinoma) cells were a gift from Dr. Alonso (German
Cancer Research Center, Heidelberg, Germany) . Primary
keratinocytes and primary human adult melanocyte 1lightly
pigmented (HEMa-LP) were purchased from PromoCell (Heidelberg,
Germany) and Invitrogen (now part of Applied Biosystems,
Darmstadt, Germany) respectively. 293T, Hela and SK-MEL-28
cells were grown in Dulbecco's Modified Eagle's Medium
supplemented with 10% FBS (Gibco, Invitrogen, Darmstadt,
Germany). NB324K cells were grown in Minimum Essential Medium
supplemented with 5% FBS. Primary melanocytes, were grown in

medium 254 supplemented with  HMGS (Invitrogen). Primary
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keratinocytes were grown 1in Epilife-based medium containing
human keratinocyte supplements (HKGS) (CAScade Biologics,
Portland, Oregon). All media, except the ones of primary
melanocytes and keratinocytes, contained 2 mM L-glutamin, 100
U/ ml penicillin and 100 pg/ml streptomycin. Cells were kept
at 37°C in 5% CO, and 92% humidity.

(E) Cellular virus binding and entry assays

5 x 10% cells/well were seeded in a 24-well plate and grown in
1 ml of complete medium. After 21 h, cells were grown for
further 3 h at 37°C with or without 0.1 U/ml neuraminidase
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany). The culture
medium was then removed and replaced with 0.5 ml serum-free
medium containing H-1PV wild-type or mutant viruses at the
multiplicity of infection (MOI) of 500 Vg/cell. For the
binding assay, infection was carried out in triplicates for 1
or 2 h at 4°C allowing the virus to bind to cellular surface
receptors but not to enter into the cells. For the uptake
assay, infection was for 2 h (NB324K, normal keratinocytes and
HelLa) or 6 h (normal melanocytes and SK-MEL-28) at 37°C for
the viral cell uptake assay allowing internalization of bound
viral particles. Infected cells were washed with 500 unl of
PBS, harvested by treatment with trypsin (Gibco,
Invitrogen, Darmstadt Germany) and resuspended in 200 pul of
complete medium, which proved not to be accompanied by any
detectable wvirus detachment from the cell surface (data not
shown). Cells were then subjected to three snap freeze/thaw
cycles to release the viral particles. Viral DNA was purified
from the original virus inoculum and cell 1lysates using the
QiaAmp MinElute Virus kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions, and was quantified using

the parvovirus specific gPCR described above.

For the results described in Fig 5B, some modifications were

introduced. In particular, cells were seeded in 48-well plate
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in 200 pl of complete medium. After 24 h, medium was removed
and replaced by 200 pl of serum free medium containing
purifiea viral preparation at the concentration of MOI of 104
Vg/cell. After 30 min at 4°C, plates were washed with serum
free medium in order to remove unattached particles, and then
incubated for additional 2 h at 37°C. After washing with 500
pl of PBS, cells were then treated with 100 pl of trypsin
0.05% and the reaction stopped with 100 pl of complete medium.

(F) Cell transfection and virus production

6 x 10° HEK293T cells were plated in 175 cm’ flaskes and
transiently transfected @ith 15 pg of wviral plasmid/flask
according to Reed et al. (66). After three days cells were
harvested and viral particles released from cell suspension
through three freeze—thaw cycles. Crude cell extracts were
digested with Benzonase Nuclease (Ultrapure grade) (Sigma) 50
U/ml, 37°C for 30 min. Viruses were purified using a Iodixanol
discontinuous gradient according to Zolotukhin et al. (67).
Produced viral particles were quantified by gPCR (see below)
and represented as encapsidated viral genomes (Vg). Further
amplification of the virgl stocks was conducted via infection
of the NB324K cell line using at the MOI of 100 Vg/cell. Cells
were harvested after 5-7 days post-infection and treated as

described above.

(G) Virus titration

Quantitative real time polymerase chain reaction (gPCR) and
plaque assays were performed as previously described (68).
Infection unit (IU) assays were carried out in 96-well plates
seeded with 7.5 x 10° cells/well (NB324K or HEK293T) or 5 x
10 (HelLa) cells/well. One day after seeding, cells were
infected with 10-fold serial dilutions of the virus stocks and
incubated for 72 h at 37°C, 5% CO,. After alkaline lysis (0.75
M NaOH) of infected cells, DNA was transferred to a nylon

membrane, cross linked and hybridized to a 3*%P-radiolabbeled
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NS-1- specific probe corresponding to the EcoRV (nt 385) -
EcoRI (nt 1084) fragment of pMVM plasmid. Blots were exposed
to X-ray film for autoradiography. Titration experiments were

always performed at least in duplicates.

(H) Quantitative real time polymerase chain reaction (gPCR)

Crude cell extracts were digested with Benzonase® Nuclease
(Ultrapure grade [Sigma-Aldrich Chemie GmbH, Steinheim,
Germany], 50 U/ml, 37°C for 30 min) to eliminate genomic DNA
and remaining transfected plasmids. To release viral DNA from
virions, 10 pl of cell extract were mixed with 30 pl of
alkaline lysis buffer (1 M NaOH in TE buffer) at 56°C for 30
min. Lysis was stopped by adding 960 pl of 40 mM HCI1.
Quantification of viral DNA was carried out by real-time gPCR
with the NSl-specific TagMan™ probe, 5'-6-FAM ATG CAG CCA GAC
AGT TA-MGB-3’ (Applied Biosystems, Darmstadt, Germany), using
the following primers NS1-FOR: 5’-GCG CGG CAG AAT TCA AAC T-3'
and NS1-REV 5'-CCA CCT GGT TGA GCC ATC AT-3'. PCRs were
carried out using a ABI Prism 7700 thermal cycler (Applied
Biosystems, Darmstadt, Germany), and analyzed by means of SDS
2.1 software (Applied Biosystems). A plasmid containing the
NS1 sequence was serial diluted in the range of 10*-10°
copies/reaction and was used to standardize the gPCR.
Individual reaction mixtures (20 pl) consisted of 1 x TagMan
Universal PCR Master Mix™ (Applied Biosystems), 0.3 uM labeled
NS1-TagMan™ probe, 0.3 pM of each primer and 3 pl of template.

(I) Electron microscopy

Carbon-coated 300-mesh copper grids were placed face down onto
5 nl aliquots of virus suspension fér 2 min, stained with 2%
uranylacetate for 30 s, and dried for approx. 1 min.
Micrographs were taken at a magnification of 20,100-fold with
a Zeiss 10A electron microscope (Zeiss, Oberkochen, Germany)
using an acceleration voltage of 80 kV. The magnification

indicator was routinely controlled by comparison with a
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grating replica.

(J) Cell viability assay

Virus toxicity for primary melanocytes and SK-MEL-28 cells was
determined using the CellTiter-Glo® assay (Promega, Mannheim,
Germany), which measures the culture’s ATP content as an
indicator of metabolically active viable cells. Briefly, cells
were seeded in an opaque-walled 96-well plate at a density of
2000 cells/well in 50 ul of medium . After incubation for 24
h, cells were infected with purified virus (200,000 Vg for
primary melanocytes, 500,000 Vg for SK-MEL-28) diluted in 50
pl of medium. At day 5 after infection, 80 pl of CellTiter-
Glo® reagent was directly added to the cell medium. After
orbital shaking for 2 minutes, cultures were further incubated
at room temperature .for 10 min. The cellular glowing signal
was then measured using the plate-reading luminometer
Fluoroskan (Ascent FL, Thermo Labsystems, Dreieich, Germany).
Wells containing only medium were used for Dbackground
evaluation. Percentages of cell viability were calculated from
the ratios of the luminescent values of virus-infected versus

mock-treated cultures after background subtraction.

(K) Plagque assay

NBK cells grown in monolayer were infected with serial
dilutions of crude virus suspension for 1 h, followed by
replacement of the inoculum with an overlay of 0.68% Bacto ™
Agar (Becton, Dickinson and Company) in Mimimum Essential
Medium [+] L-Glutamine (Gibco, Invitrogen, Darmstadt Germany)
containing 5% FBS, 2 mM L-Glutamine, 100 U/ml Penicillin, 100
pg/ml Streptomycin. 5 days post infection, 1living cells were
stained for 18 h by addition of neutral-red (0.2 mg/ml)-
containing Bacto ™ Agar (0,85%) diluted in PBS. Plaques were
counted and titers were expressed as plaque-forming units

(PFU) per ml
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(L) Infection Unit assays

NBK or 293T/17 indicator cells were seeded in 6 cm dishes at a
density of 5 x 10° cells per dish. After 24 h, crude virus
suspensions, éerially diluted (in 1:10 steps), were used to
infect the indicator cells in a total volume of 400 pl. After
1 h incubation at 37°C and plates shaking every 10 min, 5 ml
of medium was added to every dish. At 72 h post infection,
cell layers were washed with PBS, and nitrocellulose filters
of 25 mm diameter (Schleicher & Schuell, Dassel, Germany) were
applied on top of the cells and moisturized with 100 pl of
PBS. The filters were subsequently put upside down on Whatman
paper saturated with denaturation buffer (0.5 M NaOH and 1.5 M
NaCl) for 5 min. Filters were then transferred to Whatman
paper saturated with neutralizing buffer (0.5 M Tris/HC1l [pH
7.2], 1.5 M NaCl and 1 mM EDTA) for additional 5 min. DNA was
fixed by baking the filters at 80°C for 2 h. Prehybridization
was performed in 3x SSC (1lx SSC is 0.15 M NaCl plus 0.015 M
sodium citrate), 1% SDS, 5 mM EDTA, 10x Denhardt’s solution
and 100 pg/ml salmon sperm DNA, at 65°C for 1lh. Hybridization
was carried out by addition of the radioactive probe
corresponding to the EcoRV (nt 385)-EcoRI (nt 1084) fragment
of pMVM plasmid, purified by agarose gel electrophoresis, and
labeled with [32P]dCTP using the Megaprime DNA Labeling System
(GE Healthcare). After incubation at 65°C over night, filters
were washed first in 3 x SSC (pH 7), 1% SDS at 65°C for 30
min, then in 0.3 x SSC (pH 7) at 65°C for 30 min.
Subsequently, filters were placed on Whatman paper, wrapped in
plastic foil and exposed to a radiographic film at -80°C
overnight. Cells supporting viral DNA amplification appear as
black dots on the film due to the hybridization with
radiocactively labeled viral DNA. Virus titers were calculated
as number of black dots x dilution factor x 7.5, and expressed

in-infectious units (IU) per ml.

(M) Determination of integrin expression by flow cytometry
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Cells were harvested and centrifuged at 1500 rpm for 5 min at
room temperature. Pellets were resuspended in fresh medium,
cooled on ice and then washed in FACS buffer (PBS supplemented
with 10% FCS and 0.01% NaN;3) at 4°C. 2 x 10° cells were
incubated in a total volume of 100 pl for 90 min on ice with
either of the following antibodies (all Millipore, Temecula,
CA): (i) 1:50 dilution of mouse IgG,-FITC isotype control,
clone Ci4; (ii) 4 pg/ml mouse oyPB3~-FITC, clone LM609; and (iii)
4 ng/ml mouse oyBs-FITC, clone PlF6. Cells were washed twice
with 1 ml FACS buffer and finally resuspended in 700 pl FACS
buffer. Cells were analyzed by flow cytometry (FACSort, Becton
Dickinson, Franklin Lakes, NI) and data was evaluated using

FCS Express Version 3 (De Novo Software, Los Angeles, CA).

Example 2
In silico modeling of H-1PV capsid

As the crystal structure of H-1PV capsid has been not yet been
resolved, we constructed an in silico 3D model of the H-1
capsid by homology with the resolved crystal structure of the
closely related MVM parvovirus. We first modelled the
structure of the H-1PV VP2 capsid protein. As shown in Fig. 1,
the topology of the modelled H-1PV VP2 1is similar to other
parvovirus capsid proteins. An eight-stranded p-barrel motif
(BB to PI) forms the core contiguous capsid, decorated by loop
insertions between the pf-strands. Other smaller [ secondary
structures can also be found inside the loops, like in CPV or
MVM, but in differeﬁt places. According to ourmodel, the H-1PV
VP2 protein containsa small «o-helix (aA) domain spanning
residues 126 to 137 in the vicinity of the icosahedral twofold
axis, a sequence that is conserved in all the parvovirus

structures determined so far (69) (Fig. 1).

The VP2 protein represents more than 90% of the 60 H-1 VP

units. In the case of MVM, it has been described that virus-
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like particles only made of VP2 were not significantly
different from models obtained from full wild-type virions
(43). Therefore, we decided to model the H-1PV capsid based on
VP2 only. In order to form the complete H-1 capsid 3D model,
60 copies of the VP2 model were cloned in PyMol and aligned on
the MVMpb crystal structure model (see Example 1 for a
detailed description of the parameters adopted for the
modelling). The resulting T=1 icosahedral capsid model
displays all the main structural features of a characteristic
mammalian autonomous parvovirus capsid such as: (i) a fivefold
axis pore surrounded by a canyon formed by the clustering of
five symmetry-related -ribbons; (ii) a threefold axis spike,
resulting from the clustering of six large surface loops, two
from each threefold-symmetry-related VP2 subunit and (iii) a
twofold axis dimple (Fig. 2A). H-1 and MVM capsids are very
similar in this respect, with comparable geometries. In both
capsids, the 5-fold axis pore structure is approximately 130 A
distant from the hypothetical center of the capsid (Fig. 2B),
while the 3-fold axis spike (Fig. 2C) and the 2-fold axis
dimple (Fig. 2D) are respectively 145 and 100 A far from the
center, respectively. The center of the threefold axis spikes
seems slightly less protruding in H-1 compared to MVM (~130 A
vs. ~135 A), and it is surrounded by three off-cantered

apexes due to the exposed side chain of GLU 233.

Example 3
Sialic acid is involved in H-1PV cell membrane recognition and

entry

Analysis of the model suggests that the two-fold axis dimple,
is conserved in MVM and H-1PV (Fig. 3). In MVM, this region
binds to sialic acid, which appears to be important for
cellular entry (10). In particular two residues of the MVM

capsomers have been shown to bind to sialic acid at the
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su;face of this region (40-42). Treatment with neuraminidase,
which cleaves the sialic acid from surface proteins, was shown
to greatly impair MVM cellular entry. Sialic acid is also
involved in the binding of the H-1 capsid to the cell
membrane: two highly H-1PV permissive cell lines, HeLa and NBK
were grown in the presence or absence of neurominidase before
H-1PV infection. Pretreatment with neuraminidase dramatically
decreased (approximately 95%) the capacity of of both HelLa and
NB324K cells to take up the virus, indicating that, similar to
MVM, H-1PV interacts with sialic acid and this binding is
important for parvovirus infection (Fig. 4 and data not

shown) .

Example 4

H-1PV detargeting by in situ mutagenesis

To redirect wviral tropism at the level of receptor
recognition, it is first important to ablate the binding of
the virus to its natural receptor(s) (de-~-targeting). As sialic
acid seems to mediate cell surface recognition of both MVM and
H-1PV, we hypothesized that similarly to MVM, the dimple
region of H-1PV may be also involved in the interaction with
the sugar. In MVM, both I362 and K368 are involved in the
binding to sialic acid. Based on mass and charge properties
and in silico modeling, we decided to singly substitute I367
and H373 with S and R, respectively, thus generating the H-1PV
I367S and H1PV H373R mutants. After viral DNA transfection in
HEK293T cells, viral particles with apparent normal morphology
were formed (Fig 5A).

The mutations did however strongly affect viral binding and
entry in both NBK and Hela cells (Fig. 5B) with more than 90%
reduction observed for the virus carrying the modification at

the residue 373. Infection unit and plaque assays confirmed a
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reduction in the number of infectious particles that entered
the cells as a result of the mutations introduced (Fig. 5C).

Furthermore, although mutant viruses were produced at lower
titres in comparison to wild-type H-1PV (Fig. 5D), no
differences in terms of stability were observed between the
different viral Dbatches (data not shown). In addition,
similarly to NB324K cells, the mutations did strongly affect
viral binding and entry into HelLa cells (Fig. 5E) with more
than 90% reduction observed for the virus carrying the
modification at residue 373. Viral DNA hybridization assays
performed in NB324K, HeLa and HEK293T cells confirmed that as
a result of the introduced substitutions the number of mutant
particles being able to enter the cells in order to initiate
their replication cycle was strongly reduced (Fig. 5F). 1In
agreement with previous results, inhibition was much more
evident for the H373R than for the I367S mutant. Consistently,
both mutations also impaired the capacity of the virus to form
plaques in NB324K with a strong effect observed for the H373R
substitution (Fig. 5G). The two mutant viruses also displayed
a reduced ability to lyse cells and halt their proliferation,
as measured by LDH and MTT assays respectively (data not

shown) .

Example 5
Retargeting of entry defective H-1PV H373R mutant to
alphaSbeta5 integrins by insertion of a cyclic RGD peptide

into its capsid

The results presented above indicated that the H373R
substitution within the VP proteins dramatically reduced both
virus cell membrane recognition and entry while maintaining
the capacity of the proteins to properly assemble and form the
capsid. The second step of the genetic reprogramming of H-1PV,

was to further modify this entry-defective mutant by inserting
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cancer-specific retargeting peptides into its <capsid that
could confer the virus a distinct oncotropism at the level of

viral-entry.

avB3 and ovf5 integrins are often over-expressed in cancer
cells. These integrins are efficiently recognized by peptides
containing a RGD motif. In particular, a cyclic RGD-containing
peptide (amino acid sequence: CDCRGDCFC) known .as RGD-4C,
composed of a central RGD motif surrounded by four cystein
residues (that structurally stabilize the peptide by forming
two disulfite bounds) is one of the most potent in recognizing
avB3 and ovpf5 integrins (48, 49) and has been successfully
used for the retargeting of Adenoviruses and AAVs (52-54). We
started by identifying a position within the viral capsid that
would ensure exposure of the peptide at the outer surface of
the capsid while preserving its retargeting characteristics.
We relied on our in silico capsid model to screen for
potential insertion sites, paying special attention to two
aspects of the capsid surface: (i) the 1level of protrusion;
and (ii) the hydrophilic nature increasing the chances of the
peptide being exposed to the outside. There were two VP
residues (depicted as S1 and S2 sites in Fig. 6) that met
these criteria in particular. They correspond to Gly 234 and
Ala 441 in the VP2 sequence and are located in two loops
present at the spikes of the threefold axis of symmetry (Fig.
6A and B). We predicted that the RGD-4C peptide inserted in
these positions would be well exposed at the outer surface
(Fig. 6C) and inserted the RGD-4C next to a nitro carboxy
group of Ala 441 of VP2 protein sequence (S2 site) to generate
the H-1PV H373R-RGD-4C mutant (abbreviated to H-1RGD).

After transfection of the wviral DNA in HEK293 cells, virions
were formed in similar amounts and had the same morphological
appearance of wild-type virions indicating that the insertion

at this position did not impair virus assembly nor packaging
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(Fig. 7A and B). We then tested the capacity of H-1RGD to
infect NB324K in comparison to the wild-type virus. Expression
of oyf3 and oyfs integrins was under our detection 1limit in
these cells (Fig. 7C). Consistent with the lack of oyBfs and oyfs
integrins on the surface of NB324K <cells, H-1RGD behaved
similarly to the H373R de-targeted virus and did not
efficiently infect these cells (Fig. 7D).

Then, cell entry assays were performed using SK-MEL-28 skin
melanoma cells which are known to over-express oyfps and oyfs
integrins (70, 71). As shown in Fig. 7E, the wild type virus
was able to enter these cells, but viral entry was almost
completely abolished by pre-treating the cells with
neuraminidase, suggesting that, as in HeLa and NBK cells, the
virus needs surface cellular sialic acid to enter SK-MEL-28
cells. As expected, the entry defective H-1PV H373R mutant was
unable to infect SK-MEL-28 cells. Remarkably, the insertion
of the RGD-4C peptide into this mutant, rescued its entry into
the cells to a great extent. Importantly, viral entry was only
partially sensitive to neuraminidase treatment, indicating
that the RGD-4C containing virus infects the cells through an
alternative pathway, independent of sialic acid (Fig. 7E). It
was also investigated whether the anti-neoplastic features of
the virus were affected by capsid modification by assessing
the efficacy of the RGD-4C containing wvirus to kill SK-MEL-28
cells. Cell viability assays showed that the inability of H-
1PV H373R to 1infect <cells correlated very well with its
failure to kill them. On the contrary, RGD-4C containing virus
effectively killed SK-MEL-28 cells (Fig. 7F). Altogether these
experiments demonstrate that the H-1PV viral capsid can be
modified according to the invention to increase its affinity

for cancer cells at the level of viral entry.
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Example 6

H-1RGD specificity for melanoma cells expressing a.ps integrins

In this example similar results as in example 5 are shown with

additional controls.

It was tested whether the RGD-4C insertion 1led to wvirus
retargeting onto human cancer <cells versus normal human
primary cells. Internalization assays were performed using SK-
MEL-28 skin melanoma cells which over-express oyf33 and oyfs
integrins (70, 71). For comparison, HeLa cells were also
tested together with primary cultures of non-transformed human
melanocytes and keratinocytes. Flow cytometric analysis
confirmed the high expression of oyf3 and oyffs integrins in SK-
MEL-28. It was also found that primary melanocytes expressed
preferentially oyPf3 integrins while almost no expression of
both oyB3 and afs integrins was detected in primary
keratynocytes and Hela cells (Fig. 11A). As shown in Fig. 11B,
the wild-type virus was taken up by all these different
cultures in a sialic acid-dependent way, as viral entry was
dramatically reduced by pre-treating cultures with
neuraminidase. These results further confirmed the previous
data obtained in HelLa and NB324K cells, showing that wild-type
virus uptake is dependent on surface sialic acid. As expected,
the H373R detargeted virus was unable to bind to the membrane
and enter HelLa cells. Similar inefficiency was also found in
SK-MEL-28 and normal cell cultures. Remarkably, the insertion
of the RGD-4C peptide into the detargeted virus, rescued its
entry into the oeP3’ /'aVBJ melanoma cells to a great extent.
Binding and entry of H-1RGD was only partially sensitive to
neuraminidase treatment indicating that the H-1RGD virus
infected the cells through an alternative route independent of
sialic acid. The RGD peptide displayed on H-1RGD virus also
correlated with some rescue of oyP3’ normal melanocytes but at a

much lower level compared with melanoma cells. In contrast,
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RGD insertion dependent rescue was not significant in
integrins-negative Hela cells and ‘'normal keratinocytes.
Altogether, these data show that the presence of oyf3 and oyfs
integrins at the cell surface allows H-1RGD uptake with low

and high efficiency respectively (Fig. 11A and B).

Next, it was investigated whether the RGD-mediated retargeting
of H-1RGD onto integrin-positive melanoma (SK-MEL-28) cells
was reflected in an enhanced oncolytic capacity of this virus
compared with the detargeted H373R mutant. As shown in Fig. 12
(left panel), normal melanocytes resisted infection with both
modified viruses as well as wild-type H-1PV, in keeping with
the tumour specificity of parvovirus cytotoxicity. In
contrast, the H-1RGD and parental viruses could be
distinguished from the H373R mutant by their capacity to
effectively kill melanoma cells (Fig. 12, right panel). Thus,
the RGD insertion into the H373R mutant rescued not only the
entry (see above), but also the cytopathic effect of this
virus in melanoma cells, suggesting that after
internalization, H-1RGD was competent for the expression of
viral toxic proteins. Indeed, production of NS1, known to be
the main effector of parvovirus-induced cell disturbances,
could be detected at high levels in melanoma cells infected
with H-1RGD (and wild-type) virus, but not H373R mutant (data
not shown). In conclusion, these experiments demonstrate that
the H-1PV capsid can be genetically modified to direct this
virus at the surface of distinct cancer cells, while

preserving the viral oncolytic potential.
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Claims

1. An H-1 rat parvovirus (H-1PV) comprising a mutation in
the polypeptide sequence of the VP proteins, wherein the
mutation is at position I367 and/or H373 of H-1PV.

2. The H-1 rat parvovirus according to claim 1, wherein the

mutation is an I367S mutation.

3. The H-1 rat parvovirus according to claim 1, wherein the

mutation is an H373R mutation.

4. The H-1 rat parvovirus according to any one of the claims
1 to 3, wherein the parvovirus further comprises a foreign
peptide or protein with high-affinity for a receptor expressed

in a tumor cell.

5. The H-1 rat parvovirus according to claim 4, wherein the
foreign peptide or protein comprises the amino acid sequence

RGD.

6. The H-1 rat parvovirus according to claim 4 or 5, wherein
the foreign peptide or protein 1s inserted at position A 441
of the VP2 protein (corresponding to A583 of the VPl protein)

of the parvovirus.

7. Pharmaceutical composition containing an H-1 rat parvovirus

according to any one of claims 1 to 6.

8. The H-1 rat parvovirus according to any one of claims 1 to

6 for use in treating cancer.

9. The H-1 rat parvovirus according to any one of claims 1 to
6 for the use according to claim 8 characterized in that the

use 1is for treating a melanoma, a brain tumor, mammary
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carcinoma or cervix carcinoma.

10. The H-1 rat parvovirus according to any one of claims 1 to
6 for the use according to claim 9 characterized in that the

use is for treating a glioblastoma.
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Fig. 1

In silico modelling of H-1PV VP2
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Fig. 2

In silico modelling of H-1PV viral capsid
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Fig. 3

Sequence alignment of H-1PV and MVM VP2
“dimple” region:
identification of putative aminoacids involved in
sialic acid binding
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Fig. 4

Sialic acid is involved in viral-cell membrane
recognition and viral entry
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Fig. 5A Electron microscopy
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Fig. 5D Virus production via transfection

1.0E+05
3
Q
2 1.0E+04 |-
v
[+]
Q
72}
v 1.0E+03 |-
Q.
©
]
S 1.0E+02 -S| |-
C
o
Q.
» 1.0E+01 - -
]
]
5
& 1.0E+00
2 205
T 8 5
r = 2
Fig. 5E Binding entry assays
—~ 40
% 25 1h at4°C I 2hat37°C
ié 30
3 25
£ 20
o 15 -
g 10 1
=
H-1PV 1367S H373R H-1WT 1367S H373R
NA: .+ . &+ _ 4 -+ -+ -+

6{A%



PCT/EP2011/005229

WO 2012/052158
Fig. 5F Infection unit assay
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Analysis of the model for the identification of
putative insertional sites




WO 2012/052158 PCT/EP2011/005229

Re-targeting H-1PV: insertion of RGD-4C peptide

Fig. 7A
Electron microscopy
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Fig. 7E Entry assay
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Fig. 8
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Fig. 9
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Fig. 10
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Re-targeting H-1PV: insertion of RGD-4C peptide
confers a new tropism to the virus

Fig. 11A FACS analysis for integrin content
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Fig. 11B Binding entry assays
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Fig. 12

PCT/EP2011/005229

Re-targeting H-1PV: insertion of RGD-4C peptide
does not impair the capacity of the virus to kill
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