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Intracellular virion traffic to the
endosome driven by cell type
specific sialic acid receptors
determines parvovirus tropism

Tania Calvo-Lépez'?, Esther Grueso'?,
Cristina Sdnchez-Martinez*#"* and José M. Almendral*#*

!Centro de Biologia Molecular Severo Ochoa (CSIC-UAM), Madrid, Spain, ?Departamento de Biologia
Molecular, Universidad Autonoma de Madrid, Madrid, Spain

Parvoviruses are promising anticancer and gene therapy agents, but a deep
knowledge of the entry process is crucial to exploit their therapeutic potential. We
addressed this issue while attempting to retarget the oncolytic parvovirus minute virus
of mice (MVMp) to the tumor vasculature. Residues at three functional domains of the
icosahedral capsid were substituted by rational design with peptides competing with
the vascular endothelial growth factor. Most substitutions impaired virus maturation,
though some yielded infectious chimeric virions, and substitutions in a dimple at
the twofold axis that allocates sialic acid (SIA) receptors altered viral tropism. One
dimple-modified chimeric virion was efficiently attached as MVMp to a2-linked
SIA moieties, but the infection was impaired by the binding to some inhibitory
a2-3,-6,-8 SIA pseudoreceptors, which hampers intracellular virus traffic to the
endosome in a cell type-dependent manner. Infectious from nonproductive traffic
could be mechanistically discriminated by an endosomal drastic capsid structural
transition comprising the cleavage of some VP2-Nt sequences and its associated
VP1-Nt exposure. Correspondingly, neuraminidase removal of inhibitory SIA moieties
enhanced the infection quantitatively, correlating to the restored virus traffic to the
endosome and the extent of VP2-Nt cleavage/VP1-Nt exposure. This study illustrates
(i) structural constraints to retarget parvoviruses with evolutionary adopted narrow
grooves allocating small SIA receptors, (i) the possibility to enhance parvovirus
oncolysis by relaxing the glycan network on the cancer cell surface, and (i) the major
role played by the attachment to cell type-specific SIAs in the intracellular virus traffic
to the endosome, which may determine parvovirus tropism and host range.

KEYWORDS

icosahedral capsid engineering, parvovirus, VEGF, tropism, sialic acid, virus entry and traffic,
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Introduction

Engineering capsids is a common strategy to attempt retargeting viral vectors, but it may also
provide valuable insights into the complex process of virus entry. Some genetic manipulations
pursue enhancing the specificity of oncolytic viruses (Bell and McFadden, 2014; Miest and
Cattaneo, 2014), particularly retargeting their anticancer capacity to the tumor vasculature
(Rhim and Tosato, 2007; Arulanandam et al., 2015). Neo-angiogenesis, the formation of
new blood vessels from existing ones, is involved in tumor progression, and its inhibition
is a major current therapeutic choice (Carmeliet and Jain, 2011). Most anti-neo-angiogenesis
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FIGURE 6

Significance: “p < 0.01; ™p < 0.001. Scale bar, 50 um.

Capsid contacts with sia(s) modulate intracellular parvovirus traffic to the endosome. Effect of capsid—sia contacts in viral traffic to the endosome. The
figure illustrates confocal IF staining of MVM capsid (a-MVM capsid polyclonal antibody) and the early endosomal (mouse anti-EEA1 antibody) of cells
inoculated with equivalent amounts of purified virions (8 x 10° viral particles per 10° cells) adsorpted at 4°C (0 hpi) and further incubated 1 h at 37°C (1
hpi). Treatments were performed with 2.5 x 102 U/l of a-2-3-NA and 10 x 102 U/pl of a-2-3,6,8-NA sia cleaving neuraminidases. The number of
endosomes showing accumulation as clusters of MVM capsid was quantitated as explained in Materials and Methods. Values correspond to the mean
with standard errors obtained from three fields (N = 102 cells). Statistics was obtained comparing the untreated to the NA-treated cell monolayers.

higher for Nd than for the MVMp virion (Figure 7A, right), fairly
correlating with the relative tropism of both viruses in these cell types
(Figure 3). This experiment showed the relevance of the endosomal
VP2/3 capsid cleavage in MVM cell type-dependent infection.

A possible effect of capsid-sia contacts on the VP2/3 cleavage
was explored with NAs. In NB324K cells, whereas the NA «-2,3S
did not increase VP2/3 cleavage, the NA «-2,3,6,8 did induce a
significant VP2/3 cleavage which was higher in the Nd interaction
(Figure 7B, left), correlating with the levels of NS1 expression in
these experimental conditions (Figure 5C). In U373MG cells, both
the a-2,3 S and the a-2,3,6,8 NAs did significantly increase the VP2/3
cleavage to higher values for the Nd than for the MVMp virion
(Figure 7B, right), in tight correlation with the respective benefits
observed in the NSI gene expression of both viruses by NAs in GBM
cells (Figure 5D). These results consistently demonstrated that the
modulation of MVM tropism by capsid-sia contacts quantitatively
correlates with the extent of the VP2 to VP3 cleavage required for
infection onset.

The endosomal VP2/3 cleavage can be traced in vivo by the
associated externalization of the VP1-Nt sequence out of the
coat (Farr et al., 2006; Mani et al., 2006). Figure 7C shows viral
capsids dispersed in the cytosol, in contrast to the VP1-Nt staining
exclusively localized in the capsids accumulated as endosomal
clusters; thereby, VP1-Nt exposure was evident in the productive
interaction of both virions with NB324K but severely restricted
in U373MG. In consistency with the above, the NAs treatments
increased VP1-Nt staining, particularly the o-2,3,6,8 NA in the Nd
infection of U373MG cells (Figure 7C, below right). Collectively,
these experiments demonstrated that capsid contacts with cell
surface sia moieties may hamper the traffic of intracellular virions,
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which precludes a capsid structural rearrangement in endosomal
clusters—comprising a de novo VP2/3 cleavage and associated VP1-
Nt exposure—required to onset infection, but this sia-mediated
inhibition may be relieved by mild neuraminidase treatments.

Discussion

A better understanding of the effect of receptor usage on
infectious entry may greatly benefit retargeting vectors and oncolytic
parvoviruses to the desired physiological and cancer cell types. This
issue was addressed here by attempting to retarget the oncolytic
parvovirus MVM (Gil-Ranedo et al., 2021 and references therein), to
the tumor vasculature by rationally designing three capsid functional
domains with heterologous VEbp. The chimeric MVM-VEbp capsids
and DNA-filled virions obtained were analyzed for infectivity,
tropism, and receptor usage in two human-transformed cell lines.
The approach, aiming at endowing MVM with antiangiogenic
properties, uncovers the key effect of sia—capsid contacts on
parvovirus cell entry.

VEbp replacement of capsid residues in MVM
assembly and infection

The exquisite structure-function properties of the T1 icosahedral
parvovirus capsid impose severe restrictions on exogenous peptide
insertions (Carreira et al,, 2004), although some insertions were
successful (reviewed in Grueso et al., 2019). To circumvent this
structural restriction, we replaced short sequences at three MVM
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Capsid binding to surface sia moieties influences the extent of endocytic VP2 cleavage and VP1 externalization. (A) Different VP2 to VP3 processing of
MVMp and the Nd chimera in NB324K and U373 MG cells. Left: Representative Western blot analysis of the VP2 to VP3 processing at 4 hpi. Viral structural
proteins (VP1, VP2, and VP3) are indicated. Right: Quantitative values of the VP2/VP3 processing in each cell type. (B) Influence of cell type-dependent sia
contacts in VP2/VP3 processing at 4 hpi. Upper: Representative Western blot analysis of the VP2 to VP3 processing in the presence of the indicated U/pl
of NA. Below: VP2/VP3 ratio obtained under the indicated NA treatments. Numbers in parenthesis are fold increase. Independent viral stocks with distinct
VP2/VP3 ratio were used in the experiments outlined in (A, B). Values were obtained by densitometry and normalized with respect to the VP2/VP3 ratio of
the respective input virions (1) in (A), or with respect to the untreated samples in (B). Shown are the means with standard error from three to five
independent experiments. Significance: **p < 0.01; ***p < 0.001. (C) Sia contacts influence the endosomal exposure of VP1-Nter. Cells were inoculated
with purified virions and subcellular localization of viral capsids (B7-mAb antibody), and VP1-Nt exposure at 4 hpi was determined by confocal IF. Viral
inoculations and NA treatments were performed as in Figure 6. Arrowheads mark VP1-Nt staining in virions clustering in endosomes. Scale bar, 50 pm.
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functional domains with VEGF-R1 binding peptides, an approach
that respected the tight requirements of folding and stoichiometry of
VP subunits for the nuclear translocation competence of the assembly
intermediates (Lombardo et al., 2000; Riolobos et al., 2006). This
rational design approach further illustrated a remarkable tolerance of
nuclear capsid assembly to substitutions of residues in the dimple (2x
axis) by the three exogenous peptides (P, A, N), whereas the tolerance
in the spike (3x axis) was limited to peptide P. The interdigitation
of the VP subunits in the spike (Agbandje-McKenna et al., 1998;
Kontou et al., 2005) may impair functional insertions, although the
virus may evolve by overcoming assembly defects at this site (Grueso
etal., 2019).

Despite capsid assembly tolerance, the VEbp peptides may
impair infectivity at various stages of the virus life cycle (see
Table 1). Some VEbp substitutions (e.g., Ns and PdAs) hampered
virus maturation, a defect referring to the process of ssDNA
packaging into virions deserving further research. Other VEbp
insertions at the Nt domains of the VP1 and VP2 subunits
yielded virions devoid of infectivity (e.g., AnNd), a defect that
can be accounted for by the requirement of exposure of both
Nt sequences through the 5x pore to initiate infection (Sanchez-
Martinez et al, 2012). To sum up, the genetic engineering of
MVM with VEbp provided valuable insights into capsid structure—
function properties including assembly, maturation, and entry.
Furthermore, the viable NdPs harboring simultaneously manipulated
tropism determinant and immunogenic domains illustrates the
possibility to develop infectious chimeric parvoviruses that allow
retargeting attempts while evading antibody neutralization in
systemic therapies.

Structural restrains to retarget parvovirus
tropism

The VEbp substitution approach eventually yielded the infectious
Nd, Ps, and NdPs chimeric virions (Figure 2) which analyze tropism.
The identical NB324K/U373MG infectivity ratio of the Nd and NdPs
chimeras and that of the Ps and MVMp, respectively, suggest that
the spike of the capsid does not determine tropism. In contrast, the
Nd and NdPs virions carrying substituted the 362-368 VP2 residues
by VEbp showed altered tropism characterized by their relative
specific infectivity and toxicity in these cell lines (Figure 3). This is in
consistency with the localization of these residues within the dimple,
a domain at the 2x axis of the capsid acting as the major determinant
of MVM tropism in mice (Lopez-Bueno et al., 2006, 2008). However,
none of these chimeric viruses used VEGFR-1 neither for binding nor
to infect MVM permissive cells (Figure 4), despite the high inherent
binding affinity to VEGFR-1 of the P and N peptides (Giordano
etal., 2001), indicating that the depressed configuration of the dimple
distorts the functional configuration of the exogenous peptides.

Our study on the Nd tropism for glioblastoma cells has
limitations worth mentioning. First, whereas the NB324K/U373MG
infection ratio points at Nd as a more specific anti-glioblastoma
oncolytic virus than MVMp, the latter harbors a higher absolute
infection capacity than Nd to infect the U373MG glioblastoma cell
line (Figure 3). Thus, tropism as well as absolute lytic capacity would
be key features when considering the development of the Nd virus
in cancer therapy in place of MVMp. Second, our study was limited
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to one GBM cell line, the U373MG, which does not recapitulate
the genetic heterogeneity of human primary GBM stem cells and
their complex responses to the MVM infection that we have recently
described (Gil-Ranedo et al.,, 2021). Therefore, further research is
required with primary GBM cultures and cell lines at the preclinical
level to further analyze in depth the anticancer features of the
Nd virus.

However, the restriction to retarget MVM with exogenous
VEbp is consistent with the encountered difficulties to retarget the
parvovirus adeno-associated virus (AAV) with exogenous peptides
(Allaume et al., 2012; Castle et al., 2016). The technology of modifying
AAV capsid has generated a wide range of vectors with altered tissue
tropism or antigenic profile (Li and Samulski, 2020; Liu et al., 2020),
which are currently involved in multiple clinical trials. Rational
design (Miinch et al., 2013; Frederick et al., 2020), directed evolution
(Deverman et al., 2016; Korbelin et al., 2016; Davidsson et al., 2019;
Tabebordbar et al., 2021), or recombination of serotypes (Grimm
et al., 2008; Asuri et al., 2012) are major strategies used to alter AAV
tropism. However, experimental evidence on direct AAV capsid-
receptor interactions is rare, and therefore, it is unclear whether
the actual receptor used in vivo matches the originally intended
target. With the exceptions of those AAV vectors carrying peptides
containing the short RGD motif that recognizes integrins (Girod
et al., 1999; Shi and Bartlett, 2003; Tabebordbar et al., 2021) or are
tolerated in certain domains (Shi et al., 2001), heterologous peptides
inserted in the AAV capsid fail retargeting transduction through the
desired receptors (Grifman et al., 2001; Asokan et al., 2010; Biining
and Srivastava, 2019). Thus, retargeting MVM to a particular protein
receptor remains a difficult aim, and the narrow configuration of
the dimple evolutionarily adapted to recognize small glycans as
attachment factors and receptors would most likely disrupt those
contacts involved in a particular ligand-receptor interaction.

Attachment to sia pseudoreceptors hampers
parvovirus infectious entry

Regardless of their different tropism, the chimeric Nd as the
MVMp virion uses only sialic acid receptors, since binding and
infection of both virions were fully sensitive to high doses of NAs in
the NB324K and U373MG cell types (Figure 5). However, the distinct
responses in these extensive quantitative assays performed with a
wide range of doses of ®-2,3 S and «-2,3,6,8 NAs indicate that these
virions use different types of sia glycans for binding and infection,
which may account for the relatively higher tropism of Nd for the
U373MG cells (Figure 3) since GBM cell surfaces express high levels
of aberrant sialylated glycolipids (Yeh et al., 2016; Fabris et al., 2017).
Thereby, a major insight derived from these quantitative analyses
was the demonstration of the involvement of sia pseudoreceptors for
attachment but not for infectious entry. This was clearly evidenced
in the Nd/U373MG interaction, where the level of infection could be
significantly induced with moderate doses of NAs, a treatment which
paradoxically did not increase attachment (Figure 5B vs. Figure 5D),
strongly suggesting that 2,3, but mainly a2,6- and 2,8-linked sia(s),
may act as pseudoreceptors for the Nd virion. In NB324K cells, only
a2,6- and «2,8-linked sia(s) pseudoreceptors impair Nd infection
(Figure 5A vs. Figure 5C). Importantly, the relief of nonproductive
binding by lowering the complexity of the sia pseudoreceptor
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The role of capsid-sia interaction on parvovirus tropism. The figure illustrates a general model on parvovirus entry on the basis of the MVMp and chimeric
MVM-Nd infection of human permissive (fibroblasts) and restrictive (GBM)-transformed cells, harboring different surface composition of pro-traffic a2-3
and inhibitory a2-3 and a2-6/02-8-linked sia. (Upper) Both virions similarly bind to sia on the permissive cell surface, but the repertoire of sia moieties
recognized by the specific residues of the rbd impacts the traffic to the endosome of the internalized virion. (Lower) Nonpermissive cells with higher
proportion of inhibitory sia inhibit infection by precluding viral traffic to the endosome, which can be relieved by NA removal of inhibitory sia(s). For
simplicity, only the Nd interaction has been illustrated here. In the productive infectious entry, viral capsids reach the low endosomal pH undergoing a
drastic structural rearrangement that involves a de novo exposure and cleavage of the VP2-Nter of some protein subunits, which triggers the exposure of
the VP1-Nter sequence. The VP1-Nter sequence harbors endosomal breaching membrane and nuclear localization sequences. rbd, Receptor binding
domain in a dimple at the 2x axis; PLA2, phospholipase; NLS, nuclear localization sequence.
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network on cancer cell surfaces may enhance parvovirus oncolytic
properties. Yet, extensive delivery trials into solid tumors of free or
matrix-embedded virus neuraminidase mixtures will be required to
bring this treatment to the clinical context.

A basic sia receptor was resolved to high resolution allocated
in the dimple of the MVM capsid (Lépez-Bueno et al., 2006), and
correspondingly, MVM strains with changes in dimple residues
bound to different types of sia in glycan microarrays (Nam et al,
2006), although the main recognition of the 3’SIA-LN glycan motif
did not explain the viral tropism for susceptible cells (Halder et al.,
2014). The present study suggests that the characterization of the
sia(s) binding capsids in vitro may not inform on their role in the
infectious entry, as an efficient viral attachment to some types of
sia may instead inhibit infection (Figure 5). Many parvoviruses used
different types of sia as attachment factors and receptors (Walters
etal,, 2001; Di Pasquale et al., 2003; Schmidt et al., 2006; Weller et al.,
2010; Allaume et al., 2012; Pillay et al., 2016; Pillay and Carette, 2017;
Kulkarni et al., 2021), and a failed correspondence between capsid
binding and virus infection has been reported in several systems
(Schmidt and Chiorini, 2006; Wasik et al., 2016; Callaway et al., 2017),
suggesting that sia pseudoreceptors may play relevant common roles
in the biology of parvovirus infections.

A major viral tropism determination: Sia
guidance of the incoming virion to the
endosome

It could be hypothesized that functional receptors leading to
infection are masked by NA-sensitive pseudoreceptors that establish
a profusion of contacts with the capsid on the cell surface restricting
virion uptake. This possibility was ruled out because the Nd virion
was internalized in cells as efficiently as the MVMp, since it could not
be removed by NAs upon 1 h adsorption (Supplementary Figure S3B)
and also because the IF confocal staining consistently localized the
adsorpted Nd and MVMp virions inside the cells (Figures 6, 7C,
Supplementary Figures S4, S5). Therefore, the restrictions on the
infection by capsid contacts with inhibitory sia pseudoreceptors are
exerted intracellularly.

In the restrictive infections, as those performed with Nd, most
internalized virions were visualized, scattered across the cytosol with
no apparent traffic fate (Figure 6, Supplementary Figure S4, upper
panels). In contrast, in those permissive infections leading to high
gene expression, as MVMp in NB324K and Nd in U373MG upon
treatment with low doses of «2-3S or «2-3,6,8 NAs, the virions
showed a striking pattern of accumulation in clusters that could be
localized by confocal IF within the endosomal contour delineated
by the EEA-1 early marker (Figure 6, Supplementary Figure S4, lower
panels). This Nd phenotype resulting from the NA treatments
implies that a lower density in the sia glycan network on the cell
surface facilitates the virus traffic to, and its accumulation in, the
endosome. The characterization of the endosomal compartment
where the incoming MVM virions cluster along the infectious
entry route deserves further research. Furthermore, deciphering the
precise composition of the glycans acting as functional sia receptors
or inhibitory sia pseudoreceptors may provide a mechanistic
explanation for the phenomenon of virion clustering that triggers
the infection. It is worth mentioning that our findings relate to
the capacity of gangliosides, with terminally attached sia, to classify
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extracellular cargos for uptake and trafficking early in the endocytic
pathway (Ravindran et al., 2013). Based on our experimental
observations, it could be hypothesized that the neuraminidase activity
carried as a structural component by influenza (McAuley et al., 2019)
and many other viruses entering by endocytosis may be required to
cleave interacting gangliosides and sia glycans to facilitate virus traffic
to the endosome.

Several reports indicated that, despite the small size and
simple T1 icosahedral structure, the MVM virion is a functionally
complex macromolecular entity which undertakes essential capsid
configuration rearrangements along the entry process to infect,
including a de novo externalization of some VP2-Nt sequences
through the 5x channel, their quantitative endosomal cleavage,
and the subsequent externalization of the long VP1-specific Nt
sequence (Farr et al., 2006; Mani et al., 2006; Sanchez-Martinez
et al., 2012; Castellanos et al., 2013; reviewed in Ros et al., 2017).
In tight consistency, the increased infection of the Nd virion
by the NAs treatments (Figure 5) that significantly enhanced the
endosomal accumulation of the incoming virion (Figure 6 and
Supplementary Figure S5C) quantitatively correlated with the extent
of VP2-Nt cleavage (Figure 7B) and the VPI-Nt exposure in the
endosomal clusters (Figure 7C). Thus, the type of occupancy of the 2x
receptor binding domain (rbd) of MVM capsid by sia moieties, which
may act as functional receptors or nonproductive attachment factors
or pseudoreceptors, impacts the capsid structural rearrangement
required for the infectious entry (modeled in Figure 8).

In summary, our rational approach to replacing peptides in
functional domains of the MVM icosahedral capsids yielded novel
insights into the complex parvovirus-receptor interaction. The
finding that an attachment to inhibitory glycans impacts the
intracellular viral access to the endosome, where a drastic structural
capsid transition onset infection opens the possibility to manipulate
parvovirus tropism through intervening the cell type-dependent sia
networks. This newly recognized determinant of MVM tropism may
also enlighten the understanding of other viral systems in which the
modulation of intracellular traffic by sia moieties may regulate cell
entry, tropism, and host range.
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SUPPLEMENTARY FIGURE S1

Tropism of the MVMp and Nd virions for NB324K and U373MG cells. The
figure shows representative examples of IF staining showing a relative higher
proportion of NS1+ in U373MG vs. NB324K cells upon inoculations with the
Nd and NdPs virions. Numbers in parenthesis show the amount of virion
inoculated as HAU. Scale bar, 50 um.

SUPPLEMENTARY FIGURE $2

Cytometric analysis of NS1 expression in NB324K cells treated with
a-2-3,6,8-sia cleaving neuraminidase. (Upper) relative NS1 expression values
at the indicated doses of NA in MVMp- and Nd-infected cells sampled at 20
hpi; (Lower) example of the cytometric results obtained for both viruses with
the 0.18 units NA doses. Infections and NA treatments were performed as in
Figure 5.

SUPPLEMENTARY FIGURE S3

Affinity of attachment and internalization of the MVMp and Nd virions in
human-transformed cells. (A) Binding affinity to the cell surface. MVMp and
Nd adsorption kinetics to human NB324K fibroblast and U373MG glioblastoma
cells analyzed by WB at the indicated time points. The binding at 4°C of
8x102 purified MVMp or Nd viral particles in 100 ul of PBST™ inoculated onto
10° cells in a M24 well is shown. Left: bound structural proteins (VP1, VP2, and
VP3). Right: quantitative binding values obtained from the WB corresponding
to the means with standard error from three independent experiments. M,
Mock; I, input virus. (B) Analysis of virion uptake. Purified MVMp and Nd virions
attached to both cell types at 4°C were treated (+) or not treated (-) with the
indicated neuraminidases at 37°C for 1 h (two left lanes), or infection allowed
to proceed for 1 h at 37°C prior NA treatments (two right lanes). Samples from
both types of experiments were subjected to WB developing with the a-VPs
antibody. Representative results of the amount of VP proteins bound to cells
quantitatively determined by densitometry are shown.

SUPPLEMENTARY FIGURE S4

Endocytic accumulation of virions at 4 hpi may be increased by
neuraminidase. Confocal IF staining of MVM capsid (a-MVM capsid polyclonal
antibody) and the early endosomal (mouse anti-EEA1 antibody) of cells
inoculated with 8x10'2 purified MVMp or Nd virions per 10° cells at 37 °C.
Neuraminidase treatments were performed with 2.5x102 U/pul of a-2-3-NA
and 10 x102 U/ul of a-2-3,6,8-NA. Samples were fixed at 4 hpi, and
endosomes showing clusters of MVM capsid were quantitated as explained in
Materials and Methods. Values correspond to the mean with standard errors
from at least three fields of cells (N = 10?). Statistics is comparing the
untreated to the NA-treated cells for each type of virion. Significance: *p <
0.05; **p < 0.01; **p < 0.001. Scale bar, 50 pm.

SUPPLEMENTARY FIGURE S5

High-resolution confocal analysis of virion endocytic accumulation.
Representative analysis of the distribution of viral capsids by sum projections
of confocal image slices (z-tacks) in orthogonal views. The figure illustrates
the clustering of incoming viral capsids in the endosome at 4 hpi in the MVMp
infection of NB324K cells (A) and provoked by the NA treatment in
Nd-infected U2373MG cells (C), or capsids scattered across the cytosol in the
respective negative controls (B, D). Scale bar, 10 um.
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