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Peptides Displayed on the Capsid of an Infectious Oncolytic 
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ABSTRACT  As many tumor cells synthetize vascular endothelial growth factors (VEGF)  
that promote neo-vascularization and metastasis, frontline cancer therapies often admin- 
ister anti-VEGF ( -VEGF) antibodies. To target the oncolytic parvovirus minute virus of  
mice (MVM) to the tumor vasculature, we studied the functional tolerance, evasion of  
neutralization, and induction of -VEGF antibodies of chimeric viruses in which the foot-
print of a neutralizing monoclonal antibody within the 3-fold capsid spike was replaced 
by VEGF-blocking peptides: P6L (PQPRPL) and A7R (ATWLPPR). Both peptides allowed vi- 
ral genome replication and nuclear translocation of chimeric capsid subunits. MVM-P6L  
efficiently propagated in culture, exposing the heterologous peptide on the capsid sur- 
face, and evaded neutralization by the anti-spike monoclonal antibody. In contrast,  
MVM-A7R yielded low infectious titers and was poorly recognized by an -A7R mono- 
clonal antibody. MVM-A7R showed a deficient assembly pattern, suggesting that A7R  
impaired a transitional configuration that the subunits must undergo in the 3-fold axis  
to close up the capsid shell. The MVM-A7R chimeric virus consistently evolved in culture  
into a mutant carrying the P6Q amino acid substitution within the A7R sequence, which  
restored normal capsid assembly and infectivity. Consistent with this finding, anti-native  
VEGF antibodies were induced in mice by a single injection of MVM-A7R empty capsids,  
but not by MVM-A7R virions. This fundamental study provides insights to endow an in- 
fectious parvovirus with immune antineovascularization and evasion capacities by re- 
placing an antibody footprint in the capsid 3-fold axis with VEGF-blocking peptides, and  
it also illustrates the evolutionary capacity of single-stranded DNA (ssDNA) viruses to  
overcome engineered capsid structural restrictions. 
IMPORTANCE Targeting the VEGF signaling required for neovascularization by  
vaccination with chimeric capsids of oncolytic viruses may boost therapy for  
solid tumors. VEGF-blocking peptides (VEbp) engineered in the capsid 3-fold axis  
endowed the infectious parvovirus MVM with the ability to induce  -VEGF anti- 
bodies without adjuvant and to evade neutralization by MVM-specific antibodies.  
However, these properties may be compromised by structural restraints that the  
capsid imposes on the peptide configuration and by misassembly caused by the  
heterologous peptides. Significantly, chimeric MVM-VEbp resolved the structural  
restrictions by selecting mutations within the engineered peptides that restored  
efficient capsid assembly. These data show the promise of antineovascularization  
vaccines using chimeric VEbp-icosahedral capsids of oncolytic viruses but also  
raise safety concerns regarding the genetic stability of manipulated infectious  
parvoviruses in cancer and gene therapies. 

KEYWORDS VEGF, VEGF peptides, antibody footprint, capsid assembly, capsid  
engineering, immune evasion, infectious chimeras, parvovirus, tumor vascularization, 
virus evolution 
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any tumor cells synthetize vascular endothelial growth factors (VEGF) that pro- 

M mote the formation of new blood vessels (angiogenesis) that favor tumor growth 

and metastasis (1, 2). VEGF signals mainly through two receptor tyrosine kinases,  
VEGF-R1 (Flt-1) and VEGF-R2 (Flk-1/KDR), the latter being the primary mediator of VEGF  
angiogenic activity, in association with neuropilin-1 (3). Therefore, many cancer thera- 
pies target VEGF signaling, which may not only inhibit tumor growth but also reverse  
the immunosuppressive state in cancer patients by indirect mechanisms (4, 5). One  
successful therapy is administration of the anti-VEGF ( -VEGF) neutralizing monoclonal  
antibody (MAb) bevacizumab (Avastin) (6), which showed clinical benefit in different  
tumor types (7, 8). Methods to improve this passive immunotherapy, such as the  
induction of polyclonal -VEGF neutralizing antibodies by vaccination against peptides  
covering the bevacizumab binding site (9), are strategies under investigation. It should  
be mentioned, though, that the biosafety of prolonged anti-VEGF immune therapy is  
controversial, as systemic delivery of anti-VEGF antibodies in mice produced adverse  
effects in healthy vasculature (10), in contrast to the minor adverse effects observed in  
patients subjected to a long-term VEGF-based cancer therapeutic vaccine (11). Other  
peptides that also inhibit VEGF signaling and induce antiangiogenic and tumor growth  
inhibition (12) may reinforce this area of research. Among peptides with the capacity to  
block VEGF functions, the heptapeptide A7R (also named V1 [ATWLPPR]) was identified  
by screening a phage library against an -VEGF antibody (13). A7R binds neuropilin-1,  
inhibiting VEGF binding to the VEGF-R2 receptor, and it inhibited vascular density and  
tumor growth (14). The peptide P6L (PQPRPL) was selected to specifically bind VEGF-R1  
and neuropilin-1 after biopanning a phage display library (15). It is noteworthy that  
combined therapies that target VEGF-R1 and neurophilin-1 have additive effects in  
reducing tumor growth (16). 

Current nonconventional cancer therapies also include oncolytic viruses used in  
multiple ongoing experimental approaches and clinical trials (17, 18). Some members  
of the Parvoviridae (19) are among the viruses being developed as oncolytic agents on  
the basis of their preference for infection of human transformed cells and their lytic  
capacity (20-22). Adeno-associated virus (AAV) and parvovirus H-1 (H-1PV) are under- 
going clinical trials in cancer patients (22, 23), and minute virus of mice (MVM), a mouse  
pathogen (24, 25) that lacks pathogenicity for humans, is also being tested as an  
oncolytic agent because of its acute lytic effects on diverse human tumor types (26-30)  
and anticancer effect in animal models (31). Parvoviruses and other oncolytic viruses  
targeting the tumor vasculature are being developed through a variety of approaches  
pursuing indirect antitumor effects. For example, VEGF/VEGF-R2 signaling sensitizes  
endothelial cells to oncolytic vaccinia virus (32), many adenoviruses have been armed  
to suppress VEGF and other angiogenic factors (33, 34), and the bevacizumab antibody  
has been expressed from AAV vectors to suppress ovarian cancer growth and meta- 
static lung tumors (35, 36). However, to our knowledge, no infectious oncolytic virus  
has been genetically engineered to structurally display antiangiogenic VEGF-blocking  
peptides (VEbp). Such chimeric viruses, in addition to their inherent direct antitumor  
effects, could induce anti-VEGF immune responses with improved clinical benefits over  
current passive therapies. 

The parvovirus capsid is a powerful antigen-presenting vehicle that elicits long- 
lasting humoral and cellular immunity without adjuvant against inserted heterologous  
peptides (37-40). However, the tight structural organization of small icosahedral par- 
ticles imposes severe engineering restrictions when the functions of the inserted  
peptides, as well as virus infectivity, must both be preserved. The parvovirus capsid has  
been extensively manipulated with heterologous peptides for multiple immune appli- 
cations and retargeting purposes (41-47), although the causes of common failures of  
infectivity were generally not mechanistically determined. Insertions of heterologous  
peptides even at the most exposed loops may hamper virus-like-particle (VLP) assembly 

(48), but prominent loops of empty capsids and VLPs may be tolerant of the insertion  
of certain peptides (38, 49). However, empty capsids and VLPs markedly differed from  
mature DNA-filled parvovirus in both composition and posttranslational modifications 
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of the coat protein subunits (VPs) (50). Moreover, they do not recapitulate the multiple  
functions that the infectious capsid undertakes during the virus cycle, such as the  
cellular compartment of assembly (28) or intracellular trafficking to the nucleus for  
genome delivery (51). 

In a previous study, we showed that insertion of the antiangiogenic A7R peptide  
within the flexible VPs’ N-terminal domains yielded assembled noninfectious DNA-filled  
MVM particles, due to the failure of a VP2-Nt cleavage required to initiate infection (52).  
These findings prompted us to search for another capsid domain with different  
functional requirements and to assess substitutions of viral peptides instead of inser- 
tions into the MVM structure. The atomic structure of the MVM capsid (53, 54) showed  
the VP1 (83-kDa) and VP2 (64-kDa) protein subunits adopting a conformation in the 

-barrel constituting eight  -sheets, with large loops interposed between the sheets,  
which configure the topology of the surface (Fig. 1A). As in related parvoviruses (55-57),  
four loops from the three subunits intertwined at the 3-fold-symmetry axis to form the  
spike of the capsid (22 Å long and 70 Å wide). The structure of the MVM capsid in  
complex with the B7-MAb neutralizing monoclonal antibody determined at 7-Å reso- 
lution by cryo-electron microscopy (cryo-EM) (58) identified a conformational epitope  
on the spike engaging the three symmetry-related subunits. Some of the residues  
involved in the MVM-B7 contacts were mutated in B7-MAb-resistant viruses isolated in  
mice (59). These B7-MAb-resistant mutants maintained tropism and pathogenicity,  
consistent with the MVM tropism determinants that mapped to a depression on the  
capsid 2-fold axis (60-62). These studies identified the spike as an immunodominant  
domain potentially suitable for the manipulation of the MVM capsid without compro- 
mising infectivity. 

In the present work, the neutralizing B7-MAb epitope on the MVM capsid surface  
was replaced with two antiangiogenic VEbp, the VEGF mimic A7R and P6L peptides.  
This strategy aimed to produce chimeric parvoviruses to serve as (i) platforms for VEbp  
to develop antineovascularization vaccines inducing polyclonal antibodies and lasting  
immunity that may improve current passive tumor immunotherapy regimes, (ii) onco- 
lytic infectious agents to combat the -VEGF antibody resistance observed in some  
tumors, and (iii) infectious antigen vehicles capable of evading preexisting humoral  
immunity. Functions of the chimeric VEbp capsids were analyzed during the virus  
infection cycle and evasion of neutralizing antibodies, and the inserted peptides were  
studied for their surface exposure, immunogenicity, and genetic stability in prolonged  
cultures. 

 
RESULTS 
Chimeric MVM-VEbp engineered at the spike of the capsid. We rationally designed  

MVM chimeras by genetic engineering within the footprint of a neutralizing antibody  
resolved by cryo-electron microscopy on the 3-fold axis of the capsid (58). This epitope  
is formed by three intertwined subunits (54, 55) that tolerated the emergence of virus  
escape mutants (59). The 433-NPIGTKN-439 residues (VP2 numbering) in the three  
symmetry-related protein subunits that compose loop 4, are exposed on the capsid  
surface (Fig. 1A), and delineate the protruding B7-MAb neutralizing epitope (Fig. 1B)  
were replaced by either of two antiangiogenic VEbp (A7R and P6L) (Fig. 1C). The  
resulting chimeric viruses (MVM-A7R and MVM-P6L) were constructed in an infectious  
molecular clone of the prototype (p) strain of MVM (MVMp) (63), and plasmids and virus  
stocks were confirmed by sequencing (see Materials and Methods). 

Impact of heterologous VEbp on the MVM life cycle. To analyze the effects of  
VEbp on the viral infectious cycle, we first studied the capacities of the MVM-VEbp  
chimeras for productive infection in culture. Chimeric (pMVM-P6L and pMVM-A7R) and  
wild-type (wt) (pMVMp) genomic clones were transfected into permissive NB324K  
transformed fibroblasts, and the cultures were monitored for VP expression over time  
(Fig. 2A). The wt transfections produced virus that rapidly spread in culture, yielding  
close to 100% VP-positive (VP ) cells and patent cytopathic effect (CPE) by 120 h  
posttransfection (hpt). pMVM-P6L yielded similar albeit slower kinetics of cell infection 

 
October 2019 Volume 93 Issue 19 e00798-19 jvi.asm.org 3 

https://jvi.asm.org/


 

 
 

 
 
 
 
Grueso et al. Journal of Virology 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG 1 Engineering the MVM capsid spike with VEbp. (A) Structure of the VP2 subunit assembled in 

the  
MVMp capsid (54) showing loop 1 (red), loop 2 (green), loop 3 (dark blue), and loop 4 (yellow). The  
peptide within loop 4 replaced by the heterologous VEbp in chimeric viruses is shown in light blue and  
stick representation. (B) Configuration of the loop 4 residues replaced by VEbp. The color code and  
representations are as follows: balls, residues stablishing contacts with the B7-MAb (58); yellow, light  
blue, and pink, residues of each of the three subunits forming the spike of the capsid; and red, residues  
selected in MAR mutants (59) (illustrated in only one subunit). (C) Distribution of the amino acid residues  
in loop 4 of the three VP2 protein subunits forming the spike. Residues replaced by the VEbp are  
indicated (bottom). The color code is as in panel B, except that residues labeled in yellow and red are  
those in contact with the B7-MAb, as well as selected in MAR mutants. The software used was PyMol. The  
Protein Data Bank (PDB) accession number for VP2 of MVMp is 1z14 (see Movie S1 in the supplemental  
material). 

 
 
and CPE. Although pMVM-A7R cultures showed comparable percentages of VP  

cells at 48 hpt, no significant progression of the infection was demonstrated even at 
late times posttransfection. 

We next investigated whether the low yield of MVM-A7R could be due to an A7R  
sequence-mediated impairment of viral DNA replication. For this, low-molecular-weight  
DNA was isolated from NB324K cells transfected by the viral genomic clones and  
subjected to Southern blot analysis. As shown in Fig. 2B, wt and chimeric plasmids  
induced correct synthesis of viral intermediate replicative forms (RF-I and RF-II). Inter- 
estingly, the single-stranded DNA (ssDNA) species associated with genome packaging  
into maturing viral capsids (64) were resolved only in pMVMp- and pMVM-P6L-transfected  
cells. This experiment demonstrated that A7R impairs the yield of packaged viral genomes. 
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FIG 2 VEbp differentially impact the MVM infection cycle. (A) Progression of MVMp, MVM-P6L, and 
MVM-A7R infections in culture. Shown are the percentages of NB324K cells expressing capsid proteins 
(VPs) at the indicated times posttransfection by the genomic plasmids. (Inset) VP immunostaining for the 
wt and the pMVM-P6L plasmid. Shown is a representative experiment from three independent assays 
with similar outcomes. (B) MVMp, MVM-P6L, and MVM-A7R genome replication. Shown is Southern blot 
hybridization to low-molecular-weight DNA obtained at 48 hpt from 106 NB324K cells transfected by the 
indicated genomic plasmids. RF-I and RF-II, replicative intermediates; ss, single-stranded virus genomes. 
(C) EM analysis of purified empty and DNA-filled wt and VEbp chimeric viral particles. The images show 
representative fields from several purifications. The MVM-A7R full virus image is from a highly concen-
trated preparation. Scale bars, 100 nm. 

 
 
The production of viral particles was determined after large-scale transfection (52)  

by each of the three infectious clones at 48 hpt, with yields of purified empty and  
DNA-filled capsids from equivalent numbers of transfected cells inspected by EM (Fig.  
2C). Similar amounts of empty capsids and DNA-filled viruses were obtained from the  
pMVMp and pMVM-P6L transfections, with particles showing the characteristic parvo- 
viral 25-nm diameter and morphology at high resolution. In the pMVM-A7R transfec- 
tions, however, the recovery of viral particles was much lower, and fractions from CsCl  
gradients corresponding to the density of protein showed some MVM-A7R empty  
capsids and large amounts of nonparticulate aggregates. DNA-filled viruses were not  
detected in preliminary EM inspection of the fractions corresponding to ssDNA virus  
density, but they could be demonstrated at normal size and morphology upon con- 
centration by centrifugation (Fig. 2C, bottom right). 

Chimeric MVM displays VEbp on the capsid surface. The exposure and configu- 
ration of the heterologous VEbp were studied by their capacity to interact with specific  
antibodies in cells and in vitro. First, NB324K cells transfected with the wt and chimeric  
genomic clones were analyzed for the expression and subcellular localization of the VP  
viral structural proteins (Fig. 3A). Immunofluorescence (IF) staining with -MVM capsid  
polyclonal antiserum showed the chimeric proteins accumulated in the nucleus at an  
efficiency comparable to that of the wt, indicating that the VEbp did not impair VP  
nuclear translocation. B7-MAb labeled the MVMp nuclear capsid formation as described  
previously (65), whereas it failed to recognize chimeric viral particles, consistent with 

 
October 2019 Volume 93 Issue 19 e00798-19 jvi.asm.org 5 

https://jvi.asm.org/


 

 
 

 
 
 
 
Grueso et al. Journal of Virology 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG 3 Antibody recognition of the VEbp displayed on chimeric capsid surfaces. (A) Confocal IF of wt and chimeric VP protein expression and subcellular  
localization in transfected cells. Representative stainings with the indicated -MVM capsid, anti-3-fold wt epitope (B7-MAb), and -VEbp specific antibodies are  
shown. The pMVM-A7R images showing -MVM and -A7R staining show the same field of cells. (B) Slot-blot analysis of VEbp surface exposure on purified  
viral particles. Serial dilutions of purified virions or marker proteins were applied to nitrocellulose membranes in PBS and incubated with the indicated  
antibodies. Virion and protein amounts (in nanograms) are shown. (C) Immunogold labeling of chimeric MVM virions bearing VEbp. Shown are representative  
EM fields of purified virions stained with the indicated antibodies, followed by the addition of protein A or anti-mouse IgG conjugated to 5-nm gold particles.  
The antibody dilutions used were 1:5 for -MVM capsid, 1:25 for B7-MAb, and 1:2 for the -P6L and -A7R peptide antibodies. (Insets) The arrowheads indicate  
gold particles decorating viral particles. Scale bars, 100 nm. 

 

the genetic replacement of the B7 epitope (Fig. 1). The  -P6L polyclonal antibody  
recognized the VP subunits in the pMVM-P6L transfections without significant signals  
in the wt- and VPs-A7R-expressing cells. The recognition of VP-A7R subunits by the 

-A7R monoclonal antibody was significant and also specific, although the staining was  
detected in only a few VP-expressing cells using a high antibody concentration (Fig. 3A,  
bottom right). 

We next addressed the exposure of the VEbp on the surfaces of purified DNA-filled  
virions. It should be emphasized that wt and MVM-P6L virions could be purified in  
sufficient amounts from cultures at 4 dpt after large-scale transfection, but obtaining  
similar amounts of chimeric MVM-A7R virions for the analyses required subculturing  
of transfected cells for 2 weeks. Virions bound to nitrocellulose filters under native  
conditions were first analyzed (Fig. 3B), showing that wt and both chimeric viruses  
maintained conformational epitopes allowing similar recognition by the anti-MVM  
capsid polyclonal antiserum. Both VEbp were specifically detected by the correspond- 
ing antibodies, though the signal for detection of A7R was weaker. Native VEGF was  
barely recognized by the -P6L antibody but intensively by the -A7R antibody, in  
agreement with the distinct methodologies used to select these VEbp peptides (13, 15).  
To avoid misinterpretation of peptide exposure due to putative distortion of the viral  
capsids bound to filters, the specificity of the antibody recognition was supported by  
immunogold labeling of virions bound to grids (Fig. 3C). When visualized at the EM  
level, the MVMp particles were profusely decorated with gold by the -MVM and  
B7-MAb antibodies, while the latter antibody consistently failed to recognize chimeric  
virions. Importantly, MVM-P6L virions were again specifically recognized by the -P6L  
antibody, although the ratio of gold particles per virion was low. In contrast, the -A7R 
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FIG 4 Assembly pattern of the chimeric virus MVM-A7R. Extracts from NB3245K cells transfected by the  
indicated genomic plasmids harvested at 48 hpt were sedimented for 1 h at 4°C through 5% to 30%  
sucrose gradients to resolve normal MVM particles and supraviral assemblies. (A) Slot-blot analysis of the  
distribution of the capsid proteins (VPs) in fractions loaded in PBS with 0.1% SDS and developed with the 

-VP antibody. a.u., arbitrary units of densitometry. Samples were also studied for the distribution of  
infectivity (UIF). Shown are the average percentages of VP -expressing cells ( -VP antibody staining at 
24 h postinoculation) scored under a microscope from two independent replicates. (B) EM analysis of the  
presence of viral particles and MVM assemblies in selected fractions from the sucrose gradients subjected  
to immunogold staining. The primary antibody was rabbit -MVM capsid at 1:5 dilution. Scale bars,  
100 nm. 

 
 

antibody failed to decorate the MVM-A7R virions in multiple trials, even though the 
-MVM antibody strongly decorated them (Fig. 3C, bottom). In summary, these anal- 

yses confirmed the efficient exposure and immune recognition of the P6L peptide  
displayed on the infectious MVM virion and also suggested that the subunits  
intertwining at the 3-fold axis of the capsid impose structural distortion(s) on the  
peptide A7R. 

VEbp may impair MVM capsid assembly. We next investigated whether the  
restrictions imposed by the A7R peptide on virus genome packaging (Fig. 2B) and  
recovery of viral particles from transfections (Fig. 2C) could originate from a structural  
disturbance created in the MVM capsid. For this, the MVMp and MVM-A7R capsid  
assembly patterns were compared by sedimentation analysis through sucrose gradi- 
ents of extracts from cells transfected by the respective genomic infectious plasmids  
(Fig. 4A) under conditions that resolved MVM particles and assembly intermediates.  
MVMp assembly showed a normal pattern of VP distribution in fractions corresponding  
to the sedimentation of empty capsids (70S), which accumulated at an S value slightly 
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lower than that of the bulk infectivity corresponding to the DNA-filled virus (110S) (Fig.  
4A, bottom). In sharp contrast, the chimeric VP subunits and infectivity resulting from  
two independent pMVM-A7R transfections were consistently found distributed across  
a wide range of S values (Fig. 4A, top), with significant accumulation at fractions of  
normal viral size, but also at fractions of the 254S marker corresponding to molecular  
entities much larger than MVM particles. This unexpected pattern was carefully in- 
spected for the presence of MVM-A7R large supraviral particles and assemblies by EM  
immunogold staining with an anti-MVM antibody. As illustrated in Fig. 4B, samples from  
distinct S values across the MVM-A7R gradients showed no evidence of large capsids or  
regular assemblies. Instead, the gold particles were confined in all samples to viral  
particles of normal size embedded within protein aggregates or misassembled VPs. This  
analysis demonstrated that A7R impairs the ordered MVM nuclear capsid assembly. 

Antibody evasion and immunogenicity of MVM-VEbp chimeric viruses. We next  
analyzed whether the VEbp exposed on the capsid surface altered neutralization of the  
MVM chimeric viruses by specific antibodies (Fig. 5A). Infectious (UIF) MVMp and  
chimeric viruses were efficiently neutralized by the -MVM polyclonal antiserum at high  
concentration, whereas the B7-MAb blocked only infection by the wt, as described  
previously (58, 59), failing to neutralize the chimeric viruses even at a high concentra- 
tion. The capacity of MVM-P6L to absolutely evade B7-MAb neutralization was further  
confirmed by a PFU assay (Fig. 5B and C, left bars). Further PFU tests demonstrated that  
the MVM-P6L chimera indeed partially evaded neutralization by the -MVM polyclonal  
antiserum when used at lower concentration (Fig. 5C, right bars). While the -A7R  
antibody did not show neutralization capacity even against different stocks of MVM- 
A7R (Fig. 5A), the -P6L polyclonal antibody at high concentration specifically de- 
creased MVM-P6L infectivity. These results demonstrated the possibility of engineering  
an antibody footprint at the prominent 3-fold axis of the capsid with heterologous  
peptides that remain exposed on the surface and confer evasion of neutralization 
by -MVM antibodies. 

Another major aim of this research was the induction of  -VEGF antibodies using the  
MVM-VEbp as antigens. The -P6L antibody weakly recognized native VEGF immobi- 
lized in filters (Fig. 3B, middle), consistent with the absence of immune interaction in  
the method originally used to select peptide P6L (15). We therefore addressed this issue  
with the MVM-A7R chimera, because peptide A7R was selected by the -A7R MAb that  
efficiently binds (Fig. 3B, bottom) and neutralizes (13) native VEGF. To assay the  
immunogenicity of the VEbp presented in the context of the MVM capsid, we intra- 
peritoneally (i.p.) injected mice with purified empty MVM-A7R capsids without adju- 
vant, and the specificity of the antisera was tested by dot blotting (Fig. 5D). Mice were  
sensitized to MVM capsid epitopes, as their sera efficiently recognized the wt and  
MVM-A7R capsids. Importantly, empty MVM-A7R capsids induced specific anti-VEGF  
antibodies, reacting with native VEGF immobilized on filters (Fig. 5D). This result  
supports replacement of 3-fold residues by VEbp as a successful strategy to mount an 
-VEGF immune response with chimeric MVM capsids. Unexpectedly, repeated injec- 
tions of equivalent amounts of infectious chimeric MVM-A7R virions did not induce 
significant levels of anti-VEGF antibodies (data not shown). 

Genetic stability of chimeric MVM-VEbp. The capacity of MVM-A7R purified from  
passaged cultures to evade -A7R antibody recognition (Fig. 3C and 5A), in spite of the  
specific -A7R nuclear staining in pMVM-A7R-transfected cells (Fig. 3A) and the failure  
of MVM-A7R virions to induce -VEGF antibodies in mice, prompted us to address the  
genetic stability of the chimeric capsids. The nucleotide sequences of loop 4, which  
harbors the residues replaced by the VEbp, and the other three loops (1 to 3) of the VPs  
forming the spike (Fig. 6A and B) were determined in populations of wt and chimeric  
viruses after 2 weeks of growth in culture, as well as in molecular and infectious  
biological clones. The sequences of loops 1 to 3 in populations harvested from  
transfection and isolated plaques showed no changes in respect to the reference  
sequence in any of the wt or chimeric viruses, indicating that manipulation of loop 4 
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FIG 5 Evasion of antibody neutralization and immunogenicity of MVM-VEbp chimeras. (A) Neutralization  
assay of MVM-VEbp chimeras by specific antibodies. The viruses were incubated for 30 min in PBS with  
the indicated antibodies and inoculated onto NB342K cells, and their infectivity was determined by the  
number of VP-expressing cells (UIF) scored at 20 h postinoculation. The values are means and standard  
errors from five determinations. (B) MVM-P6L plaque-forming capacity evades B7-MAb neutralization.  
Shown are MVMp neutralization by B7-MAb in NB324K cells (top) and the lack of effect on chimeric  
MVM-P6L plaque-forming capacity at the same antibody dilution (bottom). C.S., control serum. (C)  
Comparison of neutralization of MVMp and MVM-P6L by the B7-MAb and -MVM antibodies at the  
specified dilutions. Note the partial resistance of MVM-P6L to neutralization by the -MVM antiserum. DL,  
detection limit of the assay. (D) Chimeric MVM-A7R capsids elicit anti-VEGF antibodies in BALB/c mice.  
(Left) Representative results of the antibody recognition (1:200 dilution) of the indicated amounts of each  
sample applied to nitrocellulose filters in PBS and developed by a chemiluminescence method. (Right)  
Antibody titers. Signals in the films were quantitated as for Fig. 4A. The values are means and standard  
errors from four independent immunizations (n 3 mice per sample). OD, optical density; UHA, hem- 
agglutination units. 

 
 

by the VEbp did not select for any genetic modification in the rest of the loops forming  
the spike. The sequence of loop 4 in the MVM-P6L populations, and several biological  
clones (PFU), remained identical to that of the original genomic clone, with no evidence  
of heterogeneity (Fig. 6C). However, the sequences of loop 4 in samples from the  
MVM-A7R populations reflected genetic heterogeneity at nucleotide position 4016 in 
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FIG 6 Genetic stability of the MVM-VEbp chimeras. (A) Icosahedral structure of the MVMp capsid (PyMol;  
PDB accession number 1z14) shown in stick representation (gray). The spike is shown as spheres colored  
at loop 1 (red), loop 2 (green), loop 3 (dark blue), and loop 4 (yellow). The locations of the 5-fold (5 ),  
3-fold (3 ), and 2-fold (2 ) symmetry axes are highlighted. (B) Enlarged top view of the topology of the  
loops forming the MVM spike. Substituted residues within loop 4 are shown in blue. (C) Genetic analysis  
of chimeric viruses grown in culture. The nucleotide sequences of the four loops were studied in the  
chimeric viruses grown in culture. The VP2 amino acid sequence forming loop 4 of the MVMp capsid is  
shown, and the residues replaced by the VEbp are highlighted. The average sequences of the MVM-P6L  
and MVM-A7R populations were obtained after 2 weeks in culture. The sequence of the initial MVM-A7R  
chimeric virus is outlined. PFU, virus biological clone; MC, molecular clone. 

 

the chromatograms. A cytosine-to-adenosine mutation was observed (Fig. 6C), corre- 
sponding to a change of the second proline of the A7R peptide into glutamine (P6Q).  
This single mutation was apparent in several molecular clones constructed from the  
MVM-A7R population (see Materials and Methods): seven clones maintained adenosine,  
but eight showed cytosine at this position, supporting the heterogeneity observed in  
the population (Fig. 6C). Of note, the genetic analysis performed with biological clones  
(PFU) isolated from the MVM-A7R population consistently showed the P6Q change in  
all cases (Fig. 6C). Thus, peptide A7R in loop 4 of the spike impaired MVM plaque- 
forming capacity, but the single P6Q amino acid change selected in culture restored  
efficient plaque formation and fitness of the chimeric MVM-A7R-P6Q in culture. 
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FIG 7 Pattern of chimeric empty-capsid assembly. Sedimentation analysis of VP assemblies expressed at 
48 hpt in NB324K cells transfected by the specified plasmids. Samples were resolved by parallel  
centrifugation at 4°C through 5% to 30% sucrose gradients, and the amounts of VPs in the fractions were  
analyzed by slot-blot analysis as described in the legend to Fig. 4. (Top) Wt and chimeric P6L structural  
protein assemblies. (Bottom) Chimeric A7R and A7R-P6Q structural protein assemblies. The S values of  
the sedimentation markers (19S, thyroglobulin; 70S, empty MVM capsids) are indicated at the top. a.u.,  
arbitrary units of densitometry. 

 
 
Finally, we studied whether the restored plaque-forming capacity of the MVM-A7R- 

P6Q mutant was related to rescue of capsid assembly functions. For this, we compared  
the profiles of velocity sedimentation across sucrose gradients of the wt, chimeric, and  
A7R-P6Q capsid proteins in cells transfected by the respective VP-expressing plasmids  
(Fig. 7). The wt and chimeric VP-P6L proteins efficiently assembled in capsids with  
normal sedimentation values (Fig. 7, top). While chimeric VP-A7R proteins formed some  
capsids of normal size, they mostly were found in large assemblies or aggregates  
sedimenting at the bottom of the gradients (Fig. 7, bottom). This pattern was consistent  
with that observed after transfection of the genomic clones (Fig. 4), supporting the  
notion that the assembly defect of the MVM-A7R chimera is inherent to its VP subunits.  
Remarkably, the assembly pattern of the VP-A7R-P6Q subunits was similar to that of the  
wt, confirming P6Q as a compensatory mutation that provides a structural solution to  
the defective capsid assembly exhibited by MVM-A7R. 

 
DISCUSSION 

Two parallel areas of current clinical significance in cancer therapy,  -VEGF anti- 
bodies and oncolytic viruses, were combined in the present work aimed at endowing  
the infectious parvovirus MVM with potential antineovascularization properties. Infec- 
tious oncolytic parvoviruses displaying VEbp on the capsid surface could eventually be  
used as therapeutic vaccines to induce anti-VEGF neutralizing antibodies and thereby 
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inhibit neovascularization and tumor growth. The MVM capsid was engineered with 
two high-affinity VEbp within a major immunogenic epitope, and chimeric viruses were 
tested for infectivity, peptide exposure on assembled capsids, evasion of neutralization, 
induction of anti-VEGF antibodies, and genetic stability. 

An infectious MVM-VEbp chimera. Replacement of viral sequences in loop 4 of the  
3-fold axis capsid spike with the P6L peptide allowed propagation of the resulting  
chimeric virus in culture (Fig. 2A and C), consistent with its efficient genome replication  
and packaging (Fig. 2B), and a pattern of capsid assembly similar to that of wt MVM (Fig.  
7, top). Preservation of major intracellular and extracellular capsid functions in the  
MVM-P6L life cycle was compatible with surface exposure of peptide P6L, allowing  
significant recognition (Fig. 3B and C) and neutralization (Fig. 5A) by the -P6L polyclonal  
antibody. The configuration(s) of peptide P6L on the spike would favor novel contacts  
among the residues of the three VP subunits forming the spike in a structural solution that  
was genetically stable upon extensive viral passages in culture (Fig. 6). These data support  
loop 4 as a suitable site for the surface display of heterologous peptides on infectious MVM  
and structurally related parvoviruses. 

VEbp may impair MVM nuclear capsid assembly. The infectivity of MVM-A7R,  
genome packaging, and capsid yield were severely hampered compared to wt MVM  
and MVM-P6L (Fig. 2). Genetic and biochemical analyses have shown that MVM  
assembly depends on translocation of trimeric intermediates across the nuclear enve- 
lope, driven by a structured nuclear localization motif (NLM) (28, 65-68). It was  
proposed that structured transport motifs may provide quality control for the capsid  
assembly pathway (67), which was also suggested for other parvoviruses (69, 70). The  
VP-A7R chimeric subunits accumulated in the nuclei of transfected cells (Fig. 3A),  
proving that the A7R peptide does not perturb NLM configuration and solvent expo- 
sure of the trimers. However, the VP-A7R subunits accumulated in the nucleus showed  
a patent assembly defect, composed of heterogeneous supraviral assemblies and/or  
aggregates with some viral particles embedded (Fig. 4). This pattern suggests that  
peptide A7R blocks the MVM assembly pathway at a structural switch that subunits  
must undergo to configure the 3-fold B7Mab binding epitope on the capsid surface 
(58), as this epitope is not formed by expressed (66) or isolated (28) trimers. Having two  
prolines in a row may impose high rigidity on peptide A7R, restricting the conforma- 
tional flexibility required for subunits intertwining at the 3-fold axis (55, 56) to close the  
capsid shell. Aberrant contacts between the side chains of neighboring A7R residues on  
the 3-fold axis may lead to the misassembly and aggregation of subunits found in  
sedimentation analyses (Fig. 4 and 7). Previous evidence of peptide A7R structural  
rigidity was obtained when studying the VP2 and VP1 N termini running through the  
capsid channel that is required for MVM to initiate infection (52). 

Immune interaction of MVM chimeras with the VEGF system. In our analysis of  
the constructed chimeras, VEbp-specific antibodies were used to demonstrate their  
exposure on the capsid and possible configuration restraints imposed by the folding  
and rearrangement of protein subunits accompanying capsid assembly. Peptide P6L  
was specifically recognized by the polyclonal anti-P6L antibody in chimeric VPs and  
purified viruses (Fig. 3 and 5A). P6L was selected as a VEGF mimic peptide binding  
neuropilin-1 and VEGF-R1 (15), but it has multiple interactive conformations and  
overlapping binding motifs (71). The recognition and partial neutralization of MVM-P6L  
by the polyclonal anti-P6L antibody indicates that capsid assembly does not mask all  
the P6L epitopes, although the precise configuration and immunogenicity of the  
remaining epitopes would require high-resolution structural analysis of the chimeric  
capsid. 

The structure of peptide A7R in solution showed a significant secondary structure of  
the backbone that mimics the C-terminal domain of VEGF (72), and its native config- 
uration could be traced with the -A7R MAb (13) used in this study. A7R could be  
recognized weakly but specifically by this antibody in cells expressing chimeric VPs and  
filter-bound viral particles (Fig. 3A and B), but not in MVM-A7R virions bound to EM 
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grids (Fig. 3C). Furthermore, the  -A7R antibody failed to neutralize MVM-A7R grown in  
culture (Fig. 5A), as culturing resulted in a P6Q shift in the A7R sequence (Fig. 6) (see  
below). These data indicate that the native configuration of peptide A7R is severely  
constrained by a structural distortion imposed by MVM capsid at the 3-fold axis.  
However, MVM-A7R empty capsids induced anti-VEGF antibodies in mice (Fig. 5D),  
indicating that the inserted peptide A7R retains some native immunogenic epitopes. As  
the -A7R MAb neutralized VEGF and showed antivascularization and tumor-inhibitory  
properties (14), it is expected that the anti-VEGF polyclonal antibodies induced in mice  
by the MVM-A7R chimeric capsid would harbor potent VEGF neutralization and tumor- 
inhibitory capacities, as well. The anticancer capacity of MVM-A7R-based vaccines,  
therefore, deserves further research. 

A crucial issue for the therapeutic application of parvoviruses is preexisting immu- 
nity (73). Since the parvovirus capsid is highly immunogenic, neutralizing antibodies are  
prevalent in human and animal populations following natural exposures. For example,  
humoral immune response against MVM in tumor-bearing mice was shown to prevent  
viral transcription (74), and prospective patients seeking to enroll in gene therapy trials  
with AAV vectors must have low neutralizing anti-AAV antibody titers (e.g., Clinical- 
Trials.gov registration no. NCT01620801). Importantly, the prominent 3-fold axis of  
symmetry forms the major immunogenic domain of the antigenically better-studied  
parvoviral capsids (75-80), and thus, 3-fold chimeras should presumably harbor en- 
hanced immune evasion capacity. Accordingly, in our study, the MVM-P6L and MVM- 
A7R chimeras were fully resistant to the B7-MAb that efficiently neutralized the wt (Fig. 
5), and MVM-PL6 further partly evaded a powerful polyclonal neutralizing anti-MVM  
capsid antibody (Fig. 5C). Replacing the epitopes of neutralizing antibodies with  
heterologous peptides may delineate a fundamental approach toward the develop- 
ment of therapeutic parvoviruses with privileged immune evasion properties. 

Parvovirus evolution can modify heterologous peptides. The genetic stability of  
chimeric capsids has received little attention during the extensive manipulation of  
parvovirus genomes and vectoring technology. We addressed the impact of evolution  
on the genetic stability of the MVM-VEbp chimeras, given the rapid MVM evolutionary  
response to other biological pressures exerted on the capsid, such as antibody neu- 
tralization (59, 81) and adaptive virulence (61, 62, 82). Replacement of wt residues  
within loop 4 by peptide A7R did not result in selection of compensatory mutations in  
the other loops forming the spike, which may reflect their lack of contact with the  
engineered region (Fig. 6B). However, extensive passaging of MVM-A7R in culture did  
select for the P6Q single-amino-acid change within the engineered peptide, which  
restored capsid assembly efficiency (Fig. 7) and plaque-forming capacity (Fig. 6). This  
evolutionary change explains the slow progression of MVM-A7R in culture compared to  
the wt and MVM-P6L (Fig. 2A), as it needs to undergo the P6Q selection process, and  
also may explain the poor recognition (Fig. 3C) and neutralization (Fig. 5A) by the  
anti-A7R antibody. The P6Q change was consistently found in two independent cul- 
tures of MVM-A7R, suggesting that it is a highly preferred structural solution to  
overcome its assembly defect. An MVM-A7R-P6Q capsid structure resolved at high  
resolution may explain how contacts driven by the disposition of the glutamine side  
chain stabilize the VP subunit interactions at the 3-fold axis of the chimeric spike.  
Further, the assembly-escape P6Q mutant may inspire minimal genetic interventions to  
successfully overcome structural restrictions imposed by manipulations of the 3-fold  
axis. These observations also raise biosafety concerns for the large-scale therapeutic  
delivery of infectious parvovirus chimeras and replicative vectors. 

Concluding remarks. This study shows that replacement of wt short amino acid  
sequences by heterologous peptides, and not merely insertions, is an optimal strategy  
to engineer the capsid of parvoviruses. The approach was illustrated in the engineering  
of oncolytic MVM with antiangiogenic VEbp, which endowed infectious chimeric  
viruses with the capacity to induce -VEGF antibodies and to evade neutralization by 
-MVM antibodies. Current efforts are focused on testing MVM-VEbp antineovascular- 
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ization and antitumor properties. These chimeric oncolytic viruses may bring important  
therapeutic benefits over passive -VEGF antibody regimes for immunocompetent  
cancer patients. We also demonstrated that the flexibility of introduced peptide  
sequences may impose severe structural restrictions on capsid assembly, which may  
lead to spontaneous selection of variants with enhanced viability. Conversely, subunit  
contact and intertwining at the 3-fold axis of the capsid may alter peptide configura- 
tions, partly disabling their immunogenic functions. These findings may be of para- 
mount relevance to ongoing development of parvoviral cancer and gene therapy  
applications. We speculate that peptides with fewer structural requirements, or inser- 
tions in other capsid domains with different surface topologies, might overcome these  
restrictions. However, on the basis of this study and the dynamic evolution of these  
ssDNA viruses, we anticipate that isolation of genetically stable replicative parvoviruses  
exposing heterologous peptides in immunodominant capsid domains will remain a  
challenging task. 

 
MATERIALS AND METHODS 

Cells and viruses. The NB324K simian virus 40 (SV40)-transformed human newborn kidney cell line 
(83) was maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented with 5% fetal calf 
serum (Gibco BRL). For routine transfections 3 106  cells were electroporated with 10 g of plasmid 
following a previously described method (84), but the growth of chimeric viruses usually required 
transfection at a large scale (52). 

The prototype (p) strain of the Protoparvovirus MVM (19, 24) was used in this study. Viral stocks of  
MVMp and chimeric viruses were harvested 48 hpt and purified from cellular pellets by sucrose cushions  
and cesium chloride equilibrium centrifugation, as previously described (50, 52, 85). Viral particles in  
fractions corresponding to the density of DNA-filled virus were pooled, dialyzed against phosphate- 
buffered saline (PBS), and kept at 70°C in aliquots. The MVM-A7R chimeric DNA-filled virus preparations  
were concentrated by centrifugation at 4°C in Amicon Ultra-15 filters (Millipore) as recommended by the  
manufacturer. The titers of infectious viruses were determined by a standard PFU assay (50) or by  
determining the number of VP-expressing cells (units of immunofluorescence; UIF) by inoculating  
NB324K cell monolayers grown on coverslips with duplicate serial dilutions, as previously described (52,  
84). The amounts of structural proteins in purified virus preparations (Fig. 3B) were determined by  
SDS-PAGE using bovine serum albumin (BSA) as a standard (52). The limiting amounts of MVM-A7R  
virions were determined by hemagglutination to mouse erythrocytes (86) using the homologous empty  
capsid as a reference. Virus genome replication was monitored by Southern blotting using 1% agarose  
gels loaded with low-molecular-weight DNA (84) obtained from electroporated NB324K cells. Samples  
were alkali blotted to filters and hybridized with an MVM full-length probe labeled by random priming  
using a DIG High Prime DNA-labeling and detection starter kit II (Roche Applied Science) according to the  
manufacturer’s protocol. 

Construction of MVM-VEbp chimeras. Spike virus chimeras were constructed by mutagenesis. The  
MVM-P6L chimera has the P434-N439 VP2 residues deleted and replaced by the peptide P6L residues  
PQPRPL (nucleotides 4093 to 4111 were replaced by 5=-CAGCCACGCCCACTG-3=). The MVM-A7R chimera  
has the VP2 residues N433 to N439 deleted and replaced by the peptide A7R residues ATWLPPR  
(nucleotides 4090 to 4111, 5=-AACCCTATTGGGACTAAAAAT-3=, were substituted by directed mutagenesis  
for 5=- GCCACGTGGCTGCCGCCGAGG-3=). The DNA template used in all the mutants was the pSVtk-VPs 
(87), which expresses the VP1 and VP2 proteins of MVMp under the control of the SV40-thymidine kinase  
enhancer-promoter. Flanking oligonucleotides used at the 5= and 3= extremes were S1 (5´-GGGGAATT  
CGCTCAAGGGAGCAGACATGG-3 )́ and S2 (5´-GTAACAATTCTAGAAAGTGTGGCTCCG-3´), corresponding to  
nucleotides 3721 to 3740 with an EcoRI site inserted upstream of nucleotide 3721, in the S1 primer, and  
nucleotides 4329 to 4355 of the MVM genome sequence in the S2 primer. To insert the different  
peptides, we used V3A (5´-CAGTGGGCGTGGCTGAGGGTTTGCATTTGTAAGAATG-3´) and V4A (5´-CCTCAG  
CCACGCCCACTGGACATTCATTTTTCAAATG-3´) for peptide P6L and V3C (5´-CCTCGGCGGCAGCCACGTGG  
CTGCATTTGTAAGAATGCC-3´) and V4C (5´-GCCACGTGGCTGCCGCCGAGGGACATTCATTTTTCAAATG-3´) to  
insert peptide A7R. High-fidelity Platinum Pfx (Invitrogen) and Pwo (Roche) polymerases were used with  
the PCR programs of the manufacturer. The amplified fragments were cloned into pUC19 by digestion  
with the EcoRI and XbaI restriction enzymes and then cloned into the pMM984 infectious plasmid (63)  
between the HpaI and XbaI restriction sites (nucleotides 3759 to 4342). Genomic plasmids were always  
grown from a single transformed colony of Escherichia coli JC8111, a bacterial strain that permits  
deletion-resistant propagation of MVM plasmid clones bearing terminal palindromes (88), and se- 
quenced to verify the absence of additional mutations. Plasmids were purified on a large scale with  
Plasmid Maxi kits (Qiagen) using the manufacturer’s protocol. 

The pSV-VP-P6L, pSV-VP-A7R, and pSV-VP-A7R-P6Q plasmid clones were constructed by replacing the  
respective amplified EcoRI-XbaI fragments mentioned above with the HpaI-XbaI fragment (nucleotides  
3759 to 4342) of the pSVtk-VPs plasmid (87). These plasmids were transformed into and purified from the 
E. coli DH5 bacteria. 

Antibodies. The MVM antibodies used in this work have been previously described: the  -VP rabbit  
polyclonal antiserum was raised in rabbit against denatured VP2 and used for the general localization of 
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the VP1 and VP2 proteins independently of the configuration (65); the B7 mouse monoclonal antibody  
(B7-MAb), which recognizes an epitope configured by an intact empty capsid and DNA-filled virus  
localized at the 3-fold axes (58, 59) but fails to react with isolated VP subunits or trimers (28, 66); and the 

-MVM antibody raised in rabbit against the native capsid and used to recognize mainly conformational 
epitopes (67, 89). 

Specific antibodies of the VEGF system were as follows: the  -P6L rabbit polyclonal antibody was  
raised against the 12-mer PQPRPLPQPRPL peptide sequence (a dimer of the P6L peptide) coupled to  
keyhole limpet hemocyanin (KLH) and administered by injection (100 g per dose) in a first dose  
emulsified in Freund´s complete adjuvant followed by two boost injections in incomplete adjuvant.  
Bleeding was done 10 days after the last injection, and the serum was affinity purified (NAb protein G;  
Thermo); the -A7R antibody corresponds to a commercial -VEGF mouse monoclonal antibody (Sigma;  
V4758) that binds human native VEGF and neutralizes its biological activity. This antibody was used to  
identify by phage display the 7-mer ATWLPPR anti-angiogenic A7R peptide binding neuropilin-1 (13).  
Recombinant biologically active human VEGF-A (Peprotech 100-20) was used to control the -A7R  
antibody activity. 

Immunological methods. Double-label indirect IF was performed with cells seeded onto glass  
coverslips following previously described protocols (65). Secondary antibodies (Jackson Immunore- 
search; used at 1/1,000 dilution) were an -rabbit IgG conjugated to Texas Red (TXRD) and an -mouse  
IgG conjugated to fluorescein isothiocyanate (FITC). Slot-dot analysis under vacuum was performed as  
recommended by the manufacturer (Hoeffer) with nitrocellulose membranes (Scheider and Schull) and  
applying samples under native conditions diluted in PBS (Fig. 3B and 5D) or in denatured configuration  
diluted in PBS with 0.1% SDS for best VP quantitation (Fig. 4A and 7). Filters were developed as described  
above with the primary antibodies indicated in the figures and secondary anti-rabbit or anti-mouse  
antibodies, IgGs conjugated with peroxidase. 

For mouse immunization, 8-week-old BALB/c mice were injected in the tail vein with wt MVMp and  
chimeric (MVM-P6L or MVM-A7R) purified capsids and DNA-filled virions. A single injection of 1 g of viral  
particles in 100 l of PBS without adjuvant was administered per mouse, and whole blood was collected 
1 month postinjection. The blood was coagulated at 37°C for 20 min and centrifuged at 2,000 g for 
10 min at 4°C, and the serum was heat inactivated at 55°C for 15 min and stored in aliquots at 70°C. 

Electron microscopy. Virus particles were adsorbed for 15 min to glow-discharged collodion/  
carbon-coated copper grids, washed with water, and negatively stained for 50 s with 2% uranyl acetate  
before visualization. For immunogold labeling, the grid-adsorbed particles were incubated for 30 min  
with the primary antibodies at dilutions indicated in the figure legends. Bound antibodies were labeled  
for 30 min with protein A conjugated to 5-nm gold particles (EM Laboratory, Utrecht University, Utrecht,  
The Netherlands) or a goat anti-mouse IgG conjugated to 5-nm gold particles (British Biocell Interna- 
tional). Finally, specimens were negatively stained with 2% uranyl acetate and visualized under a JEOL  
(Tokyo, Japan) JEM-1010 electron microscope equipped with a TVIPS F416 camera (Gauting, Germany). 

Genetic analyses. To study chimeric-virus evolution, low-molecular-weight DNA was prepared as  
described previously (87) from MVM-A7R stocks and infected cell cultures and used as a template to  
obtain molecular clones by PCR amplification with the primers vVP-3 (5=-CGCACTAGACCACCTGC-3=) and  
VPSeq-1 (5=-GTTTCCAGTAGCAGTTGG-3=). The product was digested with NspI restriction enzyme, the  
VP2 fragment encompassing the four loops of the spike was cloned into pUC19 at the SphI site and  
transformed into the DH5 strain of E. coli, and plasmids were purified from the bacterial clones (Wizard  
Plus SV minipreps; Promega). Infectious MVM, MVM-P6L, and MVM-A7R clones were isolated from  
plaques (PFU) formed in NB324K cell monolayers stained with phenyl red in low gelling point (LM-GCT)  
agarose. Each viral clone was incubated in 100 l of Tris (50 mM, pH 7.5) at 4°C overnight, clarified by  
centrifugation, and stored at 20°C. Samples were amplified using GoTaq Green Master Mix (Promega)  
and the vVP4 (2945 to 2961; 5=-CGCATTATAGATTCTTG-3=), vVP-3 (2704 to 2720; 5=-CGCACTAGACCACC  
TGC-3=), and VPSeq-2 (5=-CCATTTAGTGGTGGTGG-3=) primers to amplify the regions containing loops 1,  
2, and 3 and the vVP-8 (5=-GCCAATGGCAGTGTTAG-3=) and VPSeq-1 (4489 to 4506; 5=-GTTTCCAGTAGC  
AGTTGG-3=) primers for the region of loop 4. The amplified DNA fragments were cut off and purified  
(Wizard SV Gel and PCR Clean-Up System; Promega) from the agarose gels and sequenced by automated  
sequencing. Mutations were confirmed by two rounds of sequence analysis with DNAStar Lasergene  
v7.1.0 and BioEdit sequence alignment editor v7.0.9.0 software. 

Capsid assembly. To characterize capsid assembly patterns, genomic (wt or chimeric) plasmids, as  
well as plasmids expressing VPs only (pSVtk-VP derivatives), were transfected into NB324K cells, and  
protein extracts were subjected to sedimentation analysis performed as described previously (66). In  
brief, transfected cells washed with PBS were scraped in 50 mM HEPES, pH 8.0, 150 mM NaCl, 2 mM  
MgCl2, 1 mM EDTA (HNEM buffer) supplemented with protease (0.1 mM phenylmethylsulfonyl fluoride 
[PMSF], 10 g/ml leupeptin, 10 g/ml pepstatin, 10 g/ml aprotinin, 100 g/ml TPCK [tosylsulfonyl 
phenylalanyl chloromethyl ketone]) and phosphatase (20 mM glycerol phosphate, 5 mM NaF) inhibitors 
and disrupted in a cooled water bath sonicator. The cellular lysates were clarified by centrifugation at 
15,000 g and 4°C for 30 min in a benchtop centrifuge, layered onto 14 ml of 5% to 30% sucrose 
gradients prepared in HNEM, and ultracentrifuged at 160,000 g in a SW40 rotor (Beckman) at 5°C for 
6 h for the analysis of capsid formation or 1 h for supraviral assemblies and aggregates. The molecular  
size markers were thyroglobulin (669 kDa; 19S; Sigma) and the following gradient-purified viral particles: 
MVMp empty capsid (70S), MVMp DNA-filled virion (110S), and 29 (254S) and (390S) bacteriophages. 
Fractions were tested for infectivity (UIF), and VP amounts by slot-blotting (Hoefer) applying the samples 
under vacuum onto nitrocellulose membranes and developed with the -VP polyclonal antibody. For 
quantitation of VP signals, films were scanned with a densitometer (Bio-Rad GS-900), and the relative 
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band intensities were determined with Image Lab v.5.2 (Bio-Rad). For EM inspection, fractions were 
dialyzed against PBS and concentrated by centrifugation in Centricon Ultracel YM-30 filters (Millipore) at 
4°C, as recommended by the manufacturer, prior to immunogold labeling. 
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ABSTRACT 

Re-targeting oncolytic viruses to the tumour vasculature may enhance their anticancer potential and 

favour delivery of therapeutic genes. We have engineered by a peptide substitution approach the capsid 

of the parvovirus Minute Virus of Mice (MVM) attempting to re-target its oncolytic capacity against the 

neo-angiogenic process of tumours. Peptides (6-7 mer) at each of three MVM capsid functional domains 

(the dimple receptor-binding site at the 2x axis; the protruding spike, at the 3x axis; and the unordered 

VP2 n-terminus, at the 5x axis) were replaces by peptides (named A, N, and P) that functionally block 

the vascular endothelial growth factor (VEGF). Most substitutions impaired virus assembly or 

infectivity, but N at the dimple (Nd), P at the spike (Ps), and in combination (NdPs), yielded infectious 

chimeric virions. While the Ps substitution brought low infection significance, Nd-substituted virions 

remarkably showed increased specific infectivity as compared to wt for human U373MG glioblastoma 

cells. Chimeric virions failed to bind to or infect via VEGF-R1, suggesting structural distortions imposed 

by the orchestrated capsid assembly on the functional configuration of the inserted peptides. Instead, the 

Nd substitution drives the chimeric virion to bind sialic acid moieties with higher affinity than wt. 

Interestingly, mild alpha2,3 sialic acid removal of human cell surface with neuraminidase drastically 

increased Nd-virion infection, suggesting that extensive occupancy of the 2x receptor binding domain 

may impose capsid rigidity precluding the structural transitions required for infectious entry. This study 

illustrates structural constrains to re-target icosahedral viral capsids that have evolutionary adopted 

narrow grooves to allocate small receptors, although the type and abundancy of sialic acids on the cancer 

cell surface may offer opportunities to manipulate the tropism of oncolytic viruses. 

 

 

IMPORTANCE 

Shifting the tropism of parvovirus capsids to different cells and tissues is being extensively used in 

gene therapy protocols, but re-targeting to an specific receptor remains a major challenge. The anti-

tumour specificity of the oncolytic MVM parvovirus is hampered by the use as receptor of sialic acid 

types present on the surface of many physiological cells. Aiming at MVM re-targeting to the tumour 

vasculature, VEGF-R1 binding peptides were inserted replacing residues at three capsid functional 

domains including a dimple at the twofold axis binding the sialic acid receptor. Although icosahedral 

capsid assembly distorted the VEGF-R1 binding capacity of the exogeneous peptides, the specific 

infectivity of some chimeric virions for human glioblastoma could be greatly enhanced by controlled 

removal of sialic acid from the cell surface. Thus, viral oncotropism may be manipulated through 

changing the the binding affinity to sialic acid types, which composition and complexity are dependent 

on cell type. 

 



 

 
 

INTRODUCTION 

Inhibiting neovascularization is a major therapeutic choice against many solid tumors. Therefore, re-
targeting the tropism of oncolytic viruses to the tumor vasculature may enhance their anticancer 
capacities. 

Viruses are being studied as biological tools to combat cancer. One promising though challenging 
strategy being explored, is to decorate viral particles with heterologous peptides on protein domains, in 
order to retarget viruses at cancer cells. A rationale design of oncotropic viruses may be feasible for 
capsids of which a 3-D structure is available, so protein domains exposed at their surface can be 
genetically engineered for this purpose. Members of the Parvoviridae, which consit of a 25 nm-diameter 
T=1 icosahedral nonenveloped capsid packaging a 5kb single stranded DNA genome (29), are major 
candidates for this kind of research, as the structure of the capsid is available to high resolution for 
viruses from different genera (1, 32, 26, 76, 86). Main characteristic features of the parvoviral capsid 
surface are a -cylindrical projection encircled by a canyon-like depression that surrounds the fivefold 
symmetry axes, a spike-like protrusion in the threefold axis, and a dimple depression at the twofold axis 
(76). At the center of the -cylinder a pore runs between the surface and the interior of the virion. The 
n-terminal sequences (Nt) of the capsid proteins (VP) are not ordered in any parvovirus (PV) crystal 
structure (27). Genetic engineering of PV capsids is however restricted by their complex structure-
function relationship and the multiple roles that capsid proteins play in the parvoviral life cycle (3). 

 Modifications of the capsid of the Dependovirus genus members have been extensively reported 
with varying outcomes. Despite compromised yields and functional constraints, insertional mutagenesis 
of the capsid with heterologous peptides allowed the Adeno-Associated Virus (AAV) to be retargeted 
(85, 21, 51). The VP residue targeted by the inserted peptide influenced the exposure on the capsid 
surface and the effects on infectivity and viral tropism (reviewed in 57). Although the sequence of the 
heterologous peptides may be deleterious for particles formation, permissive sites for large insertions 
were identified in the Nt of the VP (84), generating recombinant AAV viruses for multiple currently 
ongoing gene therapy applications (reviewed in 81). 

 Among the autonomously replicating Parvoviridae of the Parvovirus genus, some members are 
of particular interest in anticancer therapies, since they exhibit oncosuppressive properties under 
experimental and natural settings (reviewed in 9). Although these viruses are endowed with genuine 
intracellular oncotropic and oncolytic features, it would be desirable if their uptake could be made 
specific for neoplastic cells, thereby avoiding their sequestration by normal tissues. A first attempt to 
retarget a member of this genus, the Feline Parvovirus (FPV), by the insertion of the RGD motif 
recognizing integrins at the loop 2 of the capsid surface severely impaired virus yield, although allowed 
moderate transduction of certain human tumor cells (47). Minute Virus of Mice (MVM), the prototype 
species of the Parvovirus genus (11), appears to be a prime candidate for the rational design of oncolytic 
virus on the basis of its antineoplastic activity (50), the extensive information accumulated on capsid 
determinants of tropism and pathogenicity (41, 12, 6, 58, 71) and life cycle (79), and the availability of 
the capsid crystal structure for the two best studied MVM strains (1, 32). The MVM native capsid is 
composed of about ten subunits of the larger VP-1 protein (83 kDa) and the rest of the major VP-2 
protein (63 kDa) (75, 73), and the crystal structure is kept by VP2-only virus like particles (VLPs) 
purified from insect cells (23, 32).  

 Insertions of heterologous peptides engineered in the most exposed ordered surface loops of 
VLPs of MVM, and of the related canine parvovirus (CPV) and porcine parvovirus (PPV), were found 
to partly or completely impair stability and assembly (24, 7). However, the insertion of heterologous 
peptides at some positions of loop 2 allowed chimeric VLPs of PPV and CPV be produced in amounts 
enough to induce specific antibodies against the inserted epitope (66, 67). Better tolerance for peptide 
insertions was found across the residues constituing the unordered VP2 n-terminal sequence of CPV 
and PPV, which elicit protective antiviral cytotoxic responses in vivo although not specific anti-peptide 
antibodies (69, 36, 70), suggesting that the inserted peptides were not exposed at the surface of the 
chimeric VLP particle (89). It should be noted however that VLPs are not adequate particle entities to 
study PV retargeting as they assemble in the cytoplasm of insect cells (88), disregarding the relevance 
of nuclear transport in PV native capsid assembly (38, 37, 64). 



 

 
 

 MVM has shown important oncolytic properties toward glioblastoma and other tumor cells 
(refss). To enhance its oncolytic specificity, this work describes the first attempt on MVM retargeting 
to tumour cells. A previously described approach (ref Esther) based on replacing short amino acid 
sequences by VEGF blocking peptides (VEbp) was extended here to other capsid domains and additional 
related peptides attempting to retarget MVM infection to human glioblastoma cells. The tackled 
domains were: (i) at the dimple of the MVM capsid (2x axis; Refss) a small set of residues exposed on 
the surface play a key functional role in virus infection as they are involved in contacts with the sialic 
acid receptor (ref). Changes at this domain altered tropism in vitro (ref) and pathogenicity in scid mice 
(refs). (ii) the spike, with interdiogitated residues…. the loop 4….(iii) the flexible VP2 Nt involved in 
entry function by exposing through a pore at the 5x axis….We proceeded to substitute resuidues at these 
MVMp capsid domains by VEbp of similar size to better preserve capsid integrity.  

we have addressed a peptide replacement strategy at functional domains of MVM capsid. 

 



 

 
 

RESULTS 

Pleiotropic phenotypic effects of VEbp engineered at three functional domains of MVM capsid. 

Substitution of wt sequences by heterologous peptides of similar size has been recently probed a 
better approach than mere insertions to engineer MVM capsid (Esther 2019). This peptide substitution 
approach was used in the present study to attempt re-targeting MVM infection to VEGF-R expressing 
cells. For the shake of simplicity in the nomenclature of the engineered chimeric virions, the three 
tackled functional functional domains of the capsid (Fig. 1A) and the three inserted VEGF-blocking 
peptides (VEbp; Fig. 1B) have been named with single letters. The entire set of genomic molecular 
clones containing single (e.g. Ad) or double (e.g. NdPs) peptide sequence substitutions were individually 
transfected in NB324K cells and analyzed for the subsequent stages of virus life cycle including VPs 
expression, nuclear translocation, capsid assembly, genome replication, viral genome encapsidation, 
virus yield, and ability to propagate infection to neighbouring cells. Representative results of these 
analyses are shown in Fig. 1 (panels C-H), and a summary of our findings is outlined in Table I. 
Expressed capsid proteins and DNA replicative intermediates accumulated in all transfections from the 
molecular chimeras (Fig. 1C, E). The VPs translocated to the nucleus and configured capsid epitopes, 
although the B7-Mab major spike conformational epitope was lost in chimeras carrying VEbp inserted 
at loop 4 as expected (Fig. 1D). 

Chimeras bearing any of the VEbp inserted at the VP2-Nt or replacing dimple residues remarkably 
yielded assembled capsids, but only peptide P was tolerated at the spike in this process. Most capsid 
forming chimeras packaged viral genomes (Table I) as judged by 2Nt-staining (Fig. 1D), ssDNA 
resolution in southern-blot (Fig. 1E), and slot-blot hybridization in CsCl fractions of virus-density (Fig. 
1F). Eleven chimeras fomed DNA-filled chimeric virions, but eight lacked capacity to propagate as 
infectious virus in culture (Fig. 1H) or to initiate infection as determined by the number of VP+ 
expressing cells (IFU) in highly permissive NB324K cells when inoculated as CsCl-purified particles 
(Fig. 2A). The hampered infectivity of the An-inserted series of virion may be accounted by a failed 
VP2-Nt externalization as described (refs), whereas the non-infectious dimple chimeras suggests 
binding or entry defects in cells otherwise expressing the VEGF-R1 (Fig 4?), and were therefore not 
further studied. In summary, chimeric MVM virions fulfilling infection criteria were the Nd (bearing 
the N peptide in the dimple), the Ps (bearing the P peptide in the spike), and the NdPs double chimera. 

 

VEbp substitution of dimple and spike residues impacts MVM specific infectivity. 

The three VEbp-MVM chimeric virions showing significant capacity to infect were studied in depth 
for infection and tropism features as compared to the wtMVMp. For this, highly purified DNA-filled 
virions were first tested in their hemagglutination and infection capacities. Normalized amounts of HAU 
were directly stained for protein content (Fig. 2B) and developed by western-blot (Fig. 2C). The specific 
hemagglutination capacity of the chimeric virions (Fig. 2E) was several folds lower than that of wt, 
suggesting that both dimple and spike may be involved in erythrocyte binding. To study infectivity 
features virions were inspected in their plaque morphology by Coomassie-blue and anti-VPs antibody 
stainings of inoculated monolayers (Fig. 2E). Although similar in lytic character, the plaque size was 
slightly smaller for the Nd in respect to that of the wt virion, whereas Ps plaques were significantly 
smaller, and NdPs formed tiny plaques only detectable by the anti-VPs antibody staining. Plaque 
phenotype reflects restriction in the capacity of the chimeras to spread to neighbouring cells, which 
presumably resulted from an additive impaired capsid assembly caused by the exogeneous peptide 
substitutions in the dimple and the spike. The specific infectivity of the chimeras, as determined by a 
PFU assay (using the anti-VPs antibody stainings method) with normalized amounts of virions, was 
twenty folds lower for the single chimeras (Ps and Nd), and two logartimic units for the double PsNd 
chimera, in respect to that of the wtMVM (Fig. 2F). The parallel binding defect and reduced plaque size 
(Fig. 2D, E) may contribute to the characteristic lower specific infectivity of the chimeras. As expected, 
the B7-Mab neutralized the infectivity (measured as non-structural NS1 protein expressing cells) of the 
Nd but not the Ps and PsNd chimeras harbouring substitutions at the epitope bound by this Mab (refs) 
(Fig. 2G). 



 

 
 

The N peptide inserted at the dimple increases MVM tropism for human glioblastoma cells.  

Human gliomas normally express VEGFR (refs), therefore it was of interest to study whether the 
VEbp substitutions alter the natural MVM tropism to glioblastoma (refs) by determining the specific 
infectivity of the chimeras towards the U373MG human glioblastoma cell line in respect to the reference 
NB324K human fibroblasts. For this, cell monolayers were inoculated in parallel with graded HAU 
amounts of purified virions and infection scored at 24 hpi by IF with specific antibody as the percentage 
of NS1 expressing cells. The results (Figure 3A, a representative example in panel 3B) showed a similar 
NB324K/U373MG relative infectivity of the wtMVM and of the Ps chimera, in sharp contrast to the Nd 
and NdPs chimeras which infected U373MG with substantially higher relative capacity. The study was 
supported by an analysis of virus progression days in cultures of both cell types infected at low MOI. A 
quantitative measurement of infection by IF-staining with the anti-VPs antibody showed that wtMVM 
progression in NB324K cells was several folds higher than that of the Nd chimera (Fig. 3c, upper), 
whereas in U373MG cells infection by the Nd chimera progressed to levels comparable to that of the 
wtMVM (Fig. 3c, lower). These experiments demonstrated an increased tropism of the Nd chimeric 
virus for human glioblastom cells in respect to that of the wtMVM. 

 

VEbp-MVM chimeric virus infection is not related to VEGF-R1 binding. 

We next sought whether the altered tropism of Nd for glioblastoma cells was related to the use of the 
VEGF-R1 as receptor for the virus through the N peptide inserted at the dimple. For this, we first 
analyzed the expression of VEGF-R1 in cells susceptible to MVMp infection. As shown in Fig. 4A, 
significant accumulated levels of VEGF-R1 were detected in human NB324K transformed fibroblasts 
and the U373MG glioblastoma cell line, but not in the A9 mouse fibroblast cell line. In spite of the 
VEGF-R1 null phenotype, the A9 mouse fibroblasts were susceptible to Nd infection to levels 
comparable to the fully permissive NB324K cell line (Fig. 4B). We therefore concluded that the Nd 
chimera does not use VEGF-R1 as receptor to infect. 

 A possible Nd/ VEGF-R1 non-productive binding was next sought using soluble VEGF-R1 
(sVER1) as competing decoy. In the conditions of the assay, purified wtMVM and chimeric virions 
quantitatively bound to NB324K and U373MG cells (Fig. 4C). A high excess of sVER1 added during 
virus adsorption did not significantly decrease the amount of wtMVM and Nd virion binding (Fig. 4C), 
in spite of the sVER1 effective binding capacity to VEGF in solution (Fig. 4D) and to cell surface (Fig. 
4E). In consistency with above, an excess of sVER1 neither prevent wt nor Nd infection (Fig. 4F) see 
when NA treatment in Fig. 4G is commented. A protein species (named VP*) detected in uninfected 
cells upon culturing in some sera batches originated from from Bovine Parvovirus capsid proteins 
(see…), but it did not affect MVM binding. Therefore VEbp-Nd and -Ps chimeric virions fail to bind to 
VEGF-R1 on the cell surface. 

 

wtMVM and Nd virions differ in the sialic acid requirement for binding to cell surface.  

As possible mediator of cell recognition by VEbp chimeric virions, we next focused on the 
involvement of sialic acid (sia), as MVM uses as primary receptor molecules with sia-terminal residues 
(Refs) being the dimple the binding domain of the capsid allocating this sugar (Lopez-Bueno et al., 
2006). As Nd virion carrying VEbp-substituted dimple retains the ability to infect different cell types, it 
was of interest to study first whether sia was involved in the Nd-cells interaction. This analysis was 
performed removing sia moities from the cell surface with graded amounts of two types of 
neuraminidases. Incubation NB324K cells with the α2-3 Neuraminidase S (2,3NA) catalyzing the 
hydrolysis of α2-3 linked N-acetylneuraminic acid residues (Ref), drastically reduced the binding 
capacity of the wtMVM virion in a dose dependent manner (Fig. 5A, left). Likewise, the Nd binding to 
NB324K cells was suppressed by this enzyme. Incubation with the α2-3,6,8 Neuraminidase (2,3,6,8NA) 
catalyzing the hydrolysis of α2-3, α2-6, and α2-8 linked sialic acid residues (ref) also efficiently 
prevented wt virion binding since the lower tested doses (Fig. 5A, right). In sharp contrast, the Nd virion 
efficiently bound to (2,3,6,8NA)-treated cells, and the binding only significantly declined at the highest 



 

 
 

tested dosis.  This analysis was supported by an assay performed with 35S-labeled purified empty 
capsids. Labeled capsids applied following incubation with graded amount of the 2,3,6,8NA confirmed 
the distinct binding properties of the wt and Nd virions to the surface of NB324K cells treated with this 
enzyme (Fig. 5B). 

 To extend the study to other cell type of higher oncolytic relevance, the binding assays were 
performed under similar conditions with U373MG human glioblastoma cell line. In this transformed 
cell type, the wtMVM and Nd virion binding was similarly impaired upon incubation with the 2,3NA 
(Fig. 5C, left), whereas Nd binding capacity remained at levels significantly higher than that of wt 
virions in cells treated with the 2,3,6,8NA (Fig. 5C, right). Therefore, the U373MG binding assays 
paralleled the findings obtained in NB324K cells. These experiments suggested that the wtMVM and 
the Nd chimera use different type(s) of sia-moities for binding to cell surfaces. 

 

Limited removal of sialic acid sharply increases Nd infection of human transformed cells. 

We finally analyzed the impact of sia removal of cell surface on wtMVM and Nd infection. Initial 
trials suggested that Nd infection was not sia-dependent, in accordance to the substitution of the wt 
residues conforming the major MVM tropism determinant in the dimple (ref). However, careful analysis 
of the Nd infection uncovered a more complex scenario. The progressive removal of alpha 2,3 linked 
sia from the NB324K cell surface with the 2,3NA determined a parallel decrease in the wtMVM 
infection capacity as quantitated by the level of NS1 expression (Fig. 6A). However, the two lower NA 
doses tested (0,6 and 1,3 U/microl) induced a remarkably twofold increase in the Nd infection levels. 
The treatment with the 2,3,6,8NA similarly hampered wtMVM and Nd infection in a dose-dependent 
manner as determined by NS1 western-blot (Fig. 6B, left) and supported by cytometry (Fig. 6C). But a 
careful analysis performed at mild NA treatment across the 0-40 U/microl interval uncovered, as above, 
a progressive increase in Nd infection up to ten folds at the lower tested doses (1,3 to 5 U/microl), before 
sharply declining since 10 U/microl (Fig. 6B, right). A benefit on wtMVM infection at the lower NA 
doses was however not appreciated. 

 Finally, the study on sia-dependence for infection was extended to U373MG glioblastoma cells. 
In this cell system, the wtMVM infection sharply declined as alpha-2,3 linked sia moities were removed 
by the 2,3NA. The Nd infection was also hampered at high doses to an apparent lower extent, but the 
low dosis 0,6 U/microl suggested a benefit for the infection (Fig. 6D, left). A careful analysis performed 
at across a range of low doses (0-1,2 U/microl) evidenced a remarkable distinct sensitivity to sia 
removal. While wt infection declined to background levels since the 0.15 U/microl dosis, the level of 
NS1 expression in Nd infection raised tenfold as cells were treated with increasing amounts of 2,3NA 
(Fig. 6D, right). The benefit on Nd infection at low NA doses was also consistently observed in U373MG 
cells treated with the 2,3,6,8NA (Fig.6E). The lower sensitivity to this NA of the Nd infection in respect 
to wt infection (Fig.6E, left), as well as the tenfold increase in Nd infcetion at low doses (Fig. 6E, right), 
confirmed a distinct usage of sia-linked receptor(s) by the wt and the Nd virions to infect U373MG cells 
as well. 



 

 
 

DISCUSSION 

The relevance of VEGF in neovascularization of tumours fundaments current clinical cancer 
therapies and is prompting multiple anti-VEGF experimental approaches including those based in viral 
oncolysis (ref). We have attempted to re-target the parvovirus MVM, a recently reputed oncolytic virus 
with inherent anti-glioblastoma and other tumours potency (Gil-Ranedo 2021), to the tumour 
vasculature by engineering its capsid with VEGF-R1 binding peptides. 

Peptide replacement as methodology to bypass capsid structural restrains. The exquisite 
structure-function properties of icosahedral capsids, configured through multiple inter and intra subunits 
contacts of residues, make uncertain the structural tolerance and biological consequences for the virus 
life cycle of a given exogeneous peptide sequence. Not surprising, the T1 parvovirus capsid showed 
severe restrictions to exogenous peptide insertions (ref), although some peptides were successfully 
inserted at certain capsid domains (refs). To circumvent this structural restriction, we undertook a 
peptide substitution approach, in which short peptides sequences at three MVM functional domains were 
replaced by VEGF-R1 binding peptides. This approach illustrated a remarkable tolerance of capsid 
assembly to substitutions of the dimple (a 2x axis) residues by the three (P,A,N) peptides, which may 
explain why this domain evolves in vivo to MVM pathogenic variants in the mouse infection (Ref). The 
tolerance to peptide substitution at the 3x axis however was narrower, as only the P peptide allowed 
efficient capsid assembly. The VP subunits interdigitate to configure the loop four of the spike (ref), and 
only the residues of peptide P including prolines may confer proper contacts at that domain. A previous 
report demonstrated though that the virus may evolve and overcome assembly defect caused by peptide 
A substitution at this site (ref). Finally the insertion (though not substitution) of peptide A at the Nt 
highly flexible domains of the VP1 and VP2 subunits, which indeed are not resolved in the crystal 
structure (ref), yielded assembled virions devoid of infectivity, as these flexible domains must be 
exposed through the 5x pore to initiate infection (Ref). This infection defect could not be rescued by 
any of the three (P, A, N) peptides substituing dimple residues (Table I). Importantly, virions carrying 
the P, N, or the A peptide in the dimple, as well as the P peptide in the spike, were unable to bind to 
VEGF-R1 in cells and added in solution (Fig. 4,5), in spite of the inherent high binding affinity to VEGF-
R1 of these peptides (ref). Therefore, the capsid assembly process distorts the functional configuration 
of these exogeneous peptides. This conclusion may well explain the common failure of re-targeting 
parvoviruses by rational design through exogeneous peptides. 

It is intriguing that none of the exogeneous peptides drove MVM to bing VEGF-R1. Chimeric Nd 
virus switched tropism and bound to cell surface by other unkonwn component, but infection was driven 
through sialic acid receptors. These data illustrate how parvovirus retargeting to different cell type or 
tissue may involve unsuspected receptors distinct from the original targeting purpose.  

For example the extensive engineering of tissue tropism variants of AAV with unclear receptor usage 
in vivo.  

MVM tropism shift was not due to an extended recognition of the VEGF-R1. Nd-virions bound to a 
cell-surface component distinct from the type of sialic acid(s) recognized by the wt virus. Thus, even 
after three different peptide combinations, the VEGF-blocking peptides were unable to drive an 
infectious binding to the VEGF-R1 receptor, suggesting that the narrow configuration of the dimple may 
strictly limit infectious binding through small sugar moieties.  

Perhaps the dimple, so narrow, can only bind sialic acid ... very difficult to predict the type of contact 
of amino acids with sialic, also sialic is everywhere, for both reasons re-targeting MVM may be 
enormously complicated through the dimple. 

Sialic acid complexity in productive and non-productive binding.  The complexity of sialic trees 
and productive infection. If you remove sialic acid, the wt virus continues to bind, but no longer infects. 
In the Nd interaction, most binding sites are already abortive, without the sialic being involved in those 
binding, and in both cell types. This suggests that both viruses share an independent sialic non-
productive route of entry. But the proportion of Nd virions that find the productive binding pathway are 
substantially increased by eliminating part of the complexity of the sialic trees, suggesting binding 



 

 
 

receptors and pseudo-receptors which composition may be cell-dependent. (to relate it to Polyomavirus 
binding to suggars; and moreover to mutant I362S (REf), which a lower affinity for sialic made it more 
infectious in vivo!). This phenomenon is specific to dimple, it is not observed in the Ps chimera, so the 
spike does not seem to be involved in determining the route of virus entry. 

Different sialic acid types for MVMp and MVMi viral strains (ref).  

But Nd infects U373 relatively better than NB324K, through sialic junctions. This suggests that it 
may be possible to modify the tropism in some way, although hardly rational design, so that the use of 
sialics alters the tropism of the virus. Random libraries, but not rational design, may have a chance to 
find functional peptides for a given receptor. 

Concluding Remarks. Our study lays the structural bases for future manipulations of the Parvovirus 
capsid by exogenous peptides substitutions. However, at certain domains and using certain peptides, 
with a degree of structural analogy of the domain to be replaced, for example P peptide has many 
prolines and it was well-tolerated in the loop 4 of the spike that also has them, while the dimple tolerates 
a greater diversity of residues (ver antes). Receptors other than sialic seem difficult to use through the 
dimple productive binding, but they could reduce the non-productive binding of many vectors, 
increasing their transduction efficiency. The tropism of icosahedral viruses may therefore be engineered 
through modulation of the natural receptor binding domain. The genetic manipulation of MVM capsid 
offers therefore promising avenues to explore a rational design of oncotropic icosahedral viruses. Our 
study illustrates the complexity of manipulating structured domains of icosahedral capsids for 
retargeting purpose and cancer cells infectious recognition 

 



 

 
 

MATERIALS AND METHODS 

Cells 

The NB324K simian virus 40-transformed human newborn kidney cell line (83) was maintained in 
Dulbecco’s modified Eagle medium (DMEM) suplemented with 5% (Gibco BRL). For routine 
transfections 3 x 106 cells were electroporated with 10 g of plasmid following a previously described 
method (84), but the growth of chimeric viruses usually required transfection at large scale (52).  

Construction of the MVM-VEbp chimeras. 

The prototype strain (p) of the Protoparvovirus Minute Virus of Mice (Refsss) was used in this study. 
The constructs were carried out in the common region of the VP1 and VP2 capsid proteins and involved 
the substitution of the corresponding wtMVMp sequence for that of small 6-7 mer VEbp peptides, with 
the exception of a deletion in the dimple and the N-terminus of VP2 and VP1 sequences into which the 
peptides were inserted without substituting wt sequences. (I) To contruct the chimeras at the 2fold-axis 
or dimple (the s series of chimeras) of the MVMp capsid, the peptides P (PQPRPLC), N (NIRRQG) and 
A7R (ATWLPPR) were inserted substituing the wt sequence between amino acids I362 and K368 of 
VP2 (both included). For this, the following oligonucleotides were designed (5´to 3´): VEG3  
(AACACTGCCATTGGCTTCATCTGCTGGAACTTTTGG), and VEG4 
(CCAAAAGTTCCAGCAGATGAAGCCAATGGCAGTGTT), were used to construct the delta dimple 
chimera (I362 to K368 residues, nt 3876-3898); VEG3A 
(CAGTGGGCGTGGCTGTGGATCTGCTGGAACTTTTGG) and VEG4A 
(CCACAGCCACGCCCACTGGAAGCCAATGGCAGTGTT) to insert the P peptide , VEG3B 
(GCCCTGGCGGCGGATGTTATCTGCTGGAACTTTTGG) and 4B 
(AACATCCGCCGCCAGGGCGAAGCCAATGGCAGTGTT) to insert the N peptide, and  VEG3C 
(CCTCGGCGGCAGCCACGTGGCATCTGCTGGAACTTTTGG) and 4C 
(GCCACGTGGCTGCCGCCGAGGGAAGCCAATGGCAGTG) to insert the A peptide at this domain 
of the capsid. (II) The construction of the chimeric viruses carrying substitutions at the spike and the 
insertion of the peptide A at the VP-Nt sequence has been previously described (Ref and Ref, 
respectively). (III) Double chimeras at the dimple and the spike were constructed using the modified 
oligonucleotides VEG5A (CAGTGGGCGTGGCTGAGGGTTTGCATTTGTAAGAATG) and 
VEG6A (CCTCAGCCACGCCCACTGGACATTCATTTTTCAAATG), in addition to the flanking 
VEG1 GGGGAATTCGCTCAAGGGAGCAGACATGG (3721-3740nt of MVM genome, containing 
an inserted EcoRI restriction site at the 5´end), and VEG2 
(GTAACAATTCTAGAAAGTGTGGCTCCG, 4329-4355 nt of MVM genome). The modified 
plasmids with the three exogeneous peptides at the dimple were used as template to perform the PCR. 
And (IV) double chimeras at the dimple and the VP-Nt sequence (An) were constructed by cloning the 
PCR fragment obtained with the A peptide in the pP, pA, pN plasmids, restricting with the XhoI y HpaI 
enzymes and ligated to obtained the pAP/AN/AA plasmids. 

 The pSVtk-VPs plasmid (ref) was used as template in the constructs replacing the corresponding 
wt sequences by digestion with appropiate restriction enzymes and then cloned into the pMM984 
infectious plasmid (ref). Flanking oligonucleotides used in 5’ and 3’ extremes were S1 
5´GGGGAATTCGCTCAAGGGAGCAGACATGG3´ and S2 5´GTAACAA-
TTCTAGAAAGTGTGGCTCCG3´, corresponding with 3721-3740 nucleotides with a EcoRI site 
inserted upstream to 3721 nucleotide, in the case of S1 primer, and nucleotides 4329-4355 of MVM 
genome sequence, in the case of S2 primer. High fidelity PlatinumPfx (Invitrogen) and Pwo (Roche) 
polymerases with the PCR programs according with manufacturer were used. Conditions were (in brief): 
en el caso de la Pwo, se utilizó 0,5 g de ADN plasmídico de molde, dNTPs (200 M), los 
oligonucleótidos modificados (2 M) y 2,5 U de polimerasa. Las condiciones de la primera PCR fueron: 
2´a 94 ºC (1 ciclo); 15´´ 94 ºC, 30´´ 55 ºC y 1´30´´ a 72 ºC (10 ciclos); 2´ 94 ºC (1 ciclo); 15´´ 94 ºC, 
30´´ 55 ºC y 1´30´´ a 72 ºC (con incrementos de 5´´ en cada ciclo) (20 ciclos); 7´ 72 ºC (1 ciclo) y 5 ºC. 
Tras esta primera PCR, se limpiaron las bandas (Wizard SV Gel and PCR Clean-Up System, Promega) 
y se usaron como molde (1l) para la segunda PCR: 2´ 94 ºC (1 ciclo); 15´´ 94 ºC, 30´´ 60 ºC y 1´30´´ 
72 ºC (10 ciclos) y se añadieron los oligonucleótidos flanqueantes (2 M) y de nuevo: 2´94 ºC (1 ciclo); 



 

 
 

15´´ 94 ºC, 30´´ 60 ºC, 1´5´´ 72 ºC (con incrementos de 5´´ en cada ciclo) (20 ciclos); 7´ 72 ºC (1 ciclo) 
y 5 ºC. Restriction enzymes (Roche) were used for 1h at 37 ºC, and Tu DNA ligase (New England 
Biolabs) for 14h at 15 ºC. Genomic plasmids were grown from a single transformed colony of 
Escherichia coli JC8111, a bacterial strain that permits deletion-resistant propagation of MVM plasmid 
clones bearing terminal palindromes (88), and sequenced in all cases by Sanger sequencing to verify the 
specific genetic constructions as well as to verify the absence of additional mutations. Plasmids were 
purified at large scale with Qiagen Plasmid Maxi kit (Qiagen) kits using the manufactured protocol.  

Wt and chimeric viral stocks. Viral stocks of MVMp and chimeric viruses were harvested 48 h 
post-transfection (hpt) and purified from cellular pellets by sucrose cushions and cesium chloride 
equilibrium centrifugation as previously described (REFFss). Viral particles in fractions corresponding 
to the density of DNA-filled virus were pooled, dialyzed against PBS, and kept at -70 C in aliquots. In 
case of limiting amounts, the chimeric DNA-filled virus preparations were concentrated by 
centrifugation at 4 ºC in Amicon Ultra-15 filters (Millipore) as recommended by the manufacturer. 

Virus titration.  

Infectious viruses were titrated by a standard PFU assay as described (ref). In brief, NB324K cell 
monolayers seeded 24 h before at a density of 220,000 cells/P60 plate were infected with serial virus in 
400 µl per P60, diluted in PBSc with 0.1% FCS. After one hour of virus adsorption at 37 °C with gentle 
shaking, the inoculum was removed and 7 ml of plating medium (DMEM 10% FCS, 0.6% LM-GQT 
agarose (Pronadisa) equilibrated at 37 ° C was added. The plates were fixed 6 days after incubation in 
10% formaldehyde (Panreac) in PBSi and stained with 0.2% crystal violet in 10% formaldehyde in 
PBSi.  

HAU. Adult mouse blood was used for the MVM haemagglutination (HA) assay as described (ref). 
The blood was washed three times with PBSi, collecting the erythrocytes by centrifugation at 1500 rpm 
for 5 min. After the washes, the 50% (v / v) erythrocyte pellet was resuspended in PBSi and stored at 4 
° C until use. HA was carried out in U-profile microtest plates (Nunc). The samples to be evaluated were 
applied in a final volume of 100 µl in PBSi and serial dilutions were made 1: 2 in PBSi. Finally 50 µl 
of 2% erythrocytes in PBSi were added to each well, the plate was gently shaken and kept at 4 ° C in 
the dark for at least two hours.  

IFU. An IF method was used to compare the tropism of the viruses. Monolayers of NB324K and 
U373MG grown on coverslips were inocucated in parallel with serial dilutions of the wt and chimeric 
viruses.  Cells were fixed 24 hpi and stained for NS1 expression by IF. The number of IFU was 
determined as described (ref) by determining the number of VP+ expressing cells (IFU) as previously 
described (REfss). 

Antibodies. 

The MVM antibodies used in this work have been previously described: the -VPs rabbit polyclonal 
antiserum was raised in rabbit against denatured VP2 and used for the general localization of the VP1 
and VP2 proteins independently of the configuration (65); the B7 mouse monoclonal antibody (B7-
Mab) that recognizes an epitope configured by intact empty capsid and DNA-filled virus localized at 
the 3-fold axes (58, 59) but fails to react with isolated VP subunits or trimers (28, 66); and the -MVM 
antibody raised in rabbit against native capsid and used to recognize mainly conformational epitopes 
(67, 89). 

 Specific antibodies of the VEGF system were: the -P6L rabbit polyclonal antibody was raised 
against the 12-mer PQPRPLPQPRPL peptide sequence (a dimer of the P6L peptide) coupled to KLH 
and administered by injection (100 g per dose) a first dose emulsified in Freund´s complete adjuvant 
followed by two boost injections in incomplete adjuvant. Bleeding was done ten days after the last 
injection, and the serum was affinity-purified (NAbTM protein G, Thermo); the -A7R antibody 
corresponds to a commercial -VEGF mouse monoclonal (Sigma, V4758) that binds human native 
VEGF and neutralizes its biological activity. This antibody was used to identify by phage display the 7-
mer ATWLPPR anti-angiogenic A7R peptide binding neuropilin-1 (13). Recombinant biologically 
active human VEGF-A (Peprotech 100-20) was used to control the -A7R antibody activity. 



 

 
 

Immunological methods.  

Double-label indirect immunofluorescence (IF) was performed with cells seeded onto glass cover 
slips following described protocols (ref). Secondary antibodies (Invitrogen, 1/1000 dilution) were a -
rabbit IgG conjugated to Texas red (TXRD), and an mouse IgG conjugated to fluorescein 
isothiocyanate (FITC). Samples were inspected by epifluorescence in a …..Quatitative data were scored 
from multiple fields of cells in independent infections…. For Western-blotting, protein samples were 
denatured by boiling for five minutes in loading buffer (glycerol 10% v / v (Merck), SDS 2.3% w / v, 
β-mercaptoethanol 5% (Merck), bromophenol blue 0.002 % (Merck) in 0.5 M Tris-HCl pH 6.3 with 
0.4% SDS), and separated by electrophoresis on denaturing gels of 8% polyacrylamide (SDS-PAGE). 
Electrophoresis were carried out in Tris-Glycine buffer four three hours at 85 V in minigels (10x10x0.1 
cm) with molecular weight markers (precision plus protein dual color standards, Biorad). Samples were 
transferred to nitrocellulose (Schleicher and Schuel) in transfer buffer (25 mM Tris base, 192 mM 
Glycine, 0.1% SDS and 20% methanol) for one hour at 100 V (Trans-blot Electroforetictransfer Cell, 
Biorad). The membrane was hydrated in TBS-T buffer (Tris pH 7.5 20 mM, 140 mM NaCl, 0.1% Tween 
20), blocked in TBS-T 10 % FCS, and incubated with the primary and secondary specific antibodies 
diluted in TBS-T 1%FCS, 1%NP40 overnight in the cold room. After thorough washing, samoples were 
developed with the ECL system (Enhanced Chemiluminiscence, Amersham) following the 
manufacturer's recommendations. For quantitation of VPs signals, films were scanned with a 
densitometer (Bio-Rad GS-900TM), and the relative band intensities determined with Image Lab (Bio-
Rad vs.5.2). For immunoprecipitation (IP), samples were prepared in …. the corresponding antibody 
was added and samples were incubated at 4 ºC overnight. ….150 µl of 10% Sepharose in PBS was added 
and upon 2h incubation at 4 ° C under shaking the sepharose was washed three times with excess PBS, 
…….and Laemli buffer was added on the pellets to be analyzed by western blot. 

Viral DNA analysis. 

A DNA slot-blot method was used to quantitate the number of viral particles in purified stocks of wt 
and chimeric viruses as described (ref). In brief, samples were applied over nitrocellulose filters using 
slot blot filtration manifolds (Hoeffer) and DNA was denatured by alkaline treatments and it was bound 
to the membrane by heating at 80 ºC for 2h. Filters were hybridized under high stringency conditions 
(ref) with a full-lenght MVM probe 32p-labeled by random priming as described (ref). For the analysis 
of viral DNA replicative intermediate intermediates, a Southern-blot was used. Low molecular weight 
DNA was obtained by the modified method of Hirt (28) with carrier tRNA to ensure recovery (ref), 
electrophoresed 2-3 hours at 60V on a 0.8% agarose gel (Gibco) in Tris-Boric-EDTA buffer (45mM 
Tris-borate, 1mM EDTA) and transferred to Nylon membranes (Hybond-N +, Amersham Pharmacia) 
by means of the semi-dry system (Bio-Rad) at 3.5mA / cm2 for 15 minutes. The membranes were 
washed with sodium citrate buffer (0.3M NaCl and 0.03M sodium citrate), denatured with 0.5N NaOH 
for 5 minutes and neutralized with 0.5M Tris-HCl pH 7.5, and the DNA fixed with UV light (GS Gene 
Linker, Bio-Rad) or by heating at 80 ºC for 2 hours in oven. DNA in the membranes was hybridized to 
a specific probe for the viral genome constructed with the DIG High Prime DNA Labeling and Detection 
Starter Kit II from Roche, following the protocol according to the manufacturer's recommendations. 

Virus genome replication was monitored by Southern-blot using 1% agarose gels loaded with low-
molecular DNA (84) obtained from electroporated NB324K cells. Samples were alkali-blotted to filters 
and hybrized with a MVM full-length probe labeled by random priming using DIG High Prime DNA 
Labeling and Detection Starter kit II (Roche Applied Science) according with manufactured protocol. 

Flow Cytometry. Cells were fixed in suspension with 4% PFA for 10 min in the dark with regular 
shaking, and then permeabilized for 10 min with PBS- 0.1%. Triton X-100. Cells were blocked in PBS, 
0.1% Triton X-100 and 1% FBS for 20 min at room temperature under stirring, and subsequently stained 
with the primary and secondary antibodies in the same buffer for one hour and at 37 °C each. After 
extensive washing in PBS, the cells were resuspended in PBS supplemented with 20% FBS and analyzed 
through a FACSCanto II Flow Cytometer using a minimum of 20,000 events for each sample. Cell 
debris was excluded from the analysis after delimiting cell regions based on FSC and SSC parameters 
indicating cell size and complexity respectively. The data obtained were analyzed with the help of the 
FlowJo software (vs) 
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FIG. 1. Phenotypes of MVMp chimeric viruses engineered with VEGF-blocking peptides at three capsid 
domains. (A) Structure of the MVMp virus capsid (PDB….) highlighting the precise manipulated domains at the 
dimple (2x), spike (3x), and VP2- N-terminus (5x). (B) Sequence of the VEGF-blocking peptides used in this 
study. Common names are shown to the right, and single letter code used here in bold. (C) Western-blot analysis 
of the VPs protein expression accumulated at 4 dpt with the indicated molecular clones. Primary antibody was 
anti-VPs. (D) IF-staining of the same cultures at 4 dpt with the indicated antibodies. Representative fields are 
shown. (E) Genomic replication and ssDNA encapsidation capacity of chimeric viruses. Southern-blot analysis 
performed at 2 dpt with NB324K transfected by the indicated molecular clones. The positions of the single-
stranded DNA (ss) virus genome, and that of the monomeric (RF-I) and dimeric (RF-II) replicative forms, are 
indicated. (F, G) Slot-blot analysis of chimeric virus assembly performed in samples harvested at 2 dpt and 
fractionated by cesium chloride gradients. (F) VP proteins detected by anti-VPs staining in fractions corresponding 
to the position of empty capsid sedimentation. (G) Virus DNA detected by hybridization in fractions of the same 
gradient. (H) Analysis of infectivity of chimeric viruses by progression in culture. NB324K cells were transfected 
with the indicated molecular genomic clones and cells expressing VPs protein stained by IF at 2 and 4 days post-
transfection (dpt). 

 



 

 
 

 

 

FIG. 2. Specific infectivity of MVM VERb-chimeric virions. (A) Specific infectivity of the outlined purified 
virions determined by IF staining of VP expressing cells at 24 hpi. (B) Quantitative analysis of the mass of CsCl-
gradient purified DNA-filled wt and VERb-MVM chimeric virions by SDS-PAGE coomassie staining. The 
amount of HAUs loaded for each of the viruses are indicated. BSA was used as mass loading control. (C) Similar 
analysis performed by western-blot with the anti-VPs antibody (bottom). The amount of HAUs loaded for each of 
the viruses are indicated. (D) Specific HA capacity obtained for the indicated viruses from the analysis outlined in 
C-E. Values were scored from at least two independent virion preparations. (E) Plaque morphology. The figure 
illustrates the size and lytic character of the plaques formed in NB324K cells by the indicated wt and chimeric 
MVMp viruses. Letft half, crystal violet staining; right half, -VPs antibody staining. (F) Specific infectivity 
outlined by the ratio of PFUs (developed by -VPs antibody staining) scored in NB324K monolayers inoculated 
with measured amounts of purified virus particles. Value are the means with standard errors. (G) Cytometric 
analysis of NS1 protein expression in cultured inoculated with normalized amounts of infectious viruses either in 
PBS (-B7) or upon incubation with the B7-Mab neutralizing antibody (+B7). Cell extracts harvested at 20 hpi were 
analyzed by flow cytometry with the anti-NS1 rabbit antibody. 

 



 

 
 

 

FIG. 3. Peptide N inserted in the dimple enhances MVM tropism for human glioblastoma cells. (A) Relative 
infectivity of wtMVMp and chimeric Nd, Ps and NdPs virions in NB324K (gray bars) and U373MG (black bars) 
human cells. The monolayers were inoculated with the indicated graded amounts of purified virions quantitated as 
hemagglutination units (HAU) per 106 cells.  Outlined data are the percentage of NS1+ expressing cells determined 
by IF-confocal and scored as the mean with standard errors from at least three fields (n^103). (B) Example of IF-
staining showing a relative higher proportion of NS1+ in U373MG vs NB324K cells upon inoculations with the 
Nd and NdPs virions. (C) Progression of wt and Nd viral infection in cultures inoculated at low multiplicity.  

 

 

FIG. 4. Analysis of the use of VEGF-R1 for binding and infection by chimeric virions. (A) Differential 
expression of VEGF-R1 in cell lines detected by western-blot. (B) NB324K/A9 relative infection capacity of 
wtMVMp and the Nd chimera analyzed by NS1 expression in western-blot. (C) Binding analysis of MVMp, Nd 
and Ps chimeric virions to NB324K and U373MG cells in the absence of presence of the indicated amounts of 
sVEGF-R1. Detection by western-blotting of the viral structural proteins (VP1, VP2, VP3) are shown in the bound 
(b) and unbound (ub) samples. * VP-like protein present in uninfected cells of uncertain origin. (D) Western-
blotting detection of VEGF-R1 in the b and ub samples from the binding assay shown in (C) performed at the high 
dose (4.15µg) of sVEGF-R1. (E) Analysis of VEGF/sVEGF-R1 binding. The factor and soluble receptor were 
incubated at a concentration of 5 ng/ml followed by IP- sepharose and western-blotting with specific antibodies. 
(F) NS1 expression upon a binding assay performed as in (A), with wt and chimeric virions inoculated onto 
NB324K cell monolayers in the presence of graded amounts of sVEGF-R1. Shown are western-blots performed 
at 20 hpi. (G) NS1 protein expression at 20 hpi in NB324K cells inoculated at 4 ºC with MVMp and Nd virions in 
the presence of of sVEGF-R1 previously incubated with α-2-3 and α-2-3,6,8 sia-cleaving neuraminidases. 
Numbers below the panels are relative arbitrary units (a.u.) of densitometry. 



 

 
 

 

 

 

FIG. 5. Role of sialic acid binding in the wt and Nd infection of NB324K human transformed fibroblasts. 
Upper part of the figure: binding assays of the MVMp and the chimeric Nd viruses to NB324K fibroblasts in the 
presence of (A) α-2-3 and (B) α-2-3,6,8 sia-cleaving neuraminidases performed at high (left graphs) and low (right 
graphs) neuraminidase doses. Bound viral structural proteins (VP1, VP2, VP3) were detected and quantitated by 
western-blotting. (*) VP-like protein of uncertain origin. Representative results from at least two independent 
experiments yielding similar outcome are shown. a.u. relative arbitrary units of densitometry. Lower part of the 
figure: analysis performed in parallel on the capacity of the wt and chimeric Nd virions to infect NB324K cells in 
the presence of the indicated concentrations of the (C) α-2-3- and (D) α-2-3,6,8-sia cleaving neuraminidases. Cells 
were inoculated with equivalent amounts of MVMp (blue) and Nd (orange) purified virions, and productive 
infection was quantitated by the level of the viral NS1 protein expression measured in western-blots performed at 
20 hpi. The relative density of each band has been illustrated in the respective graphs. One representative 
experiment from at least two independent assays performed per condition has been illustrated.  

  



 

 
 

 

 

FIG. 6. Role of sialic acid binding in the wt and Nd infection of U373MG human glioblastoma cells. The 
figure illustrates similar analysis as described in FIG.5 on the capacity of the wt and Nd virions to bind (A, B) and 
infect (C, D) U373MG glioblastoma cells in the presence of the indicated amounts of α-2-3- and α-2-3,6,8-sia 
cleaving neuraminidases. One representative experiment from at least two independent assays performed per 
condition has been illustrated.  

 



 

 
 

 

FIG. 7. Affinity of sia binding in the infectious entry of the wt and Nd virions. Data are the percentage of the 
mean +/- standard error of bound capsids expressed as a.u. of densitometry from three independent experiments. 

 

 

FIG. S5. Cytometric analysis of NS1 expression in NB324K cells treatred with the indicated dosis of α-2-
3,6,8-sia cleaving neuraminidase. Upper, relative NS1 expression values at the indicated dosis of NA in extracts 
collected at 20 hpi are shown; Lower, example of the cytometric results obtained for both viruses with samples 
treated with the 18 units dosis.   
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