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Abstract: The family Parvoviridae includes an ample and most diverse collection of viruses. Exploring
the biological diversity and the inherent complexity in these apparently simple viruses has been
a continuous commitment for the scientific community since their first discovery more than fifty
years ago. The Special Issue of ‘Viruses’ dedicated to the ‘New Insights into Parvovirus Research’
aimed at presenting a ‘state of the art’ in many aspects of research in the field, at collecting the
newest contributions on unresolved issues, and at presenting new approaches exploiting systemic
(-omic) methodologies.

Keywords: parvovirus; structural biology; genetics; oncolytic viruses; antivirals

1. Introduction

The family Parvoviridae includes an ample and most diverse collection of viruses. According to
formal taxonomy [1], viruses in the family are all characterised by a linear ssDNA genome, 5–6 kb, and
a small icosahedral capsid, 20–25 nm. The host range comprise both invertebrate and vertebrate hosts,
giving rise to the main division into the two subfamilies, respectively Densovirinae and Parvovirinae.
Further, different genera are recognised within these subfamilies, based on sequence homologies,
reflective of evolutionary relationships. In fact, apart from the more general shared properties, a
prominent feature is the ample diversity that can be observed between the members of the different
genera regarding structure, genome organization and expression, virus–cell interaction, and impact on
the host.

Exploring the biological diversity and the inherent complexity in these apparently simple viruses
has been a continuous commitment for the scientific community since their first discovery more than
fifty years ago. In addition, the translational implications of research on parvoviruses are relevant.
Within the family, some viruses are important human and veterinary pathogens, in need of reliable
diagnostic methods and efficient therapeutic, antiviral strategies. Rodent parvoviruses have long
been studied not only as model systems, but also as tools for oncolytic therapy. Adeno-associated
viruses (AAV) have found their way as sophisticated gene delivery vectors and begin now to display
successfully their wide and expanding applicative potential.

The Special Issue of ‘Viruses’ dedicated to the ‘New Insights into Parvovirus Research’ aimed
at presenting a ‘state of the art’ in many aspects of research in the field, at collecting the newest
contributions on unresolved issues, and at presenting new approaches exploiting systemic (-omic)
methodologies. Evolution, structural biology, viral replication, virus–host interaction, pathogenesis
and immunity, gene therapy, and viral oncotherapy are a selection of topics that have been addressed
in articles collected in this Special Issue.

2. The Articles in the Special Issue

Studies on the structural biology of viruses in the family can now collect the results of more than
twenty-five years of active research, and about 100 structures resolved at high-resolution level are
deposited and available. In this Special Issue, all related information is summarised and discussed in a

Viruses 2019, 11, 1053; doi:10.3390/v11111053 www.mdpi.com/journal/viruses1
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landmark review paper [2]. Presently, the structures of representative viruses of all the different genera
in the family are known, and information on capsid–receptor and capsid–antibodies interactions is
accumulating. The importance of knowing at atomic level the topology of the capsid shells of these
viruses allows for structure–function studies and has critical implications in several instances. First,
when considering the tropism of viruses, this allows studying in detail the virus–host cell interactions,
also, as a basis for a rational engineering of viruses as oncolytic agents or transduction vectors. Then,
such information allows dissecting the capacity of the immune system to recognise and neutralise
viruses, a protective effect against viral diseases but a potential problem when considering the use of
virus-derived biologics. The common limitation to these studies is the still-unresolved structure of the
VP1 unique region, a fractional moiety in the capsid, with a likely flexible and disordered structure,
critical for viral infectivity because of the associated phospholipase activity. A novel enzymatic activity
associated with this moiety in AAV2 is now presented in a paper in this collection [3].

Next-generation sequencing (NGS) technologies are now frequently in use and contribute
effectively to the discovery of novel viruses in the family, as well as to the definition of their
evolutionary relationships. Actually, the family picture of viruses in the family is continuously
expanding, and new contributions are presented in this issue too. A most intriguing topic is the
growing identification of members in the Chappaparvovirus genus, and chiefly the resulting inference of
an ancient evolutionary divergence of members of this genus from other genera in the family, based
both on genomic and structural comparative data [4]. A taxonomic reassessment of subdivisions in the
family will be required to incorporate this novel information, and more upcoming work will certainly
elucidate the characteristics of this group of viruses. Additionally, metagenomics sequencing led to
the identification of a novel bocavirus in ungulates [5], a chappaparvovirus species in dogs [6] and a
densovirus infecting acari [7]. On the other hand, molecular phylodynamics continues to yield valuable
information, as in the study on spread and evolution of Carnivore protoparvovirus 1 reconstructed
based on NS1/NS2 protein sequences [8]. As is always the case, metagenomics identification of viral
sequences in biological samples tells us little about the ecology and potential pathogenetic role of a
newly discovered virus, so that epidemiological and correlation studies should be required. In this
issue, such a question has been addressed about the recently identified equine parvovirus-hepatitis,
raising a concern about its possible transmission through contaminated human and veterinary medical
products [9].

Novel technologies also allow a deeper and systemic inspection of the genetics and expression
profile of viruses within infected cells. The methylation status of the AAV2 genome is presented
in [10], showing a difference between packaged or integrated genomes and an inverse correlation with
the capability of integrated genomes to be rescued. Epigenetic regulation of parvoviruses is a topic
only rarely addressed, but that possibly would merit more attention when considering the long-term
relationship of these viruses to their hosts. The transcription map of Bombyx mori bidensovirus has been
thoroughly investigated and presented [11]. The transcriptome of Human Bocavirus 1 in polarised
airway epithelial cells [12] has been analysed by comprehensive RNAseq, and, in this case, the use of
NGS and combination of transcript mapping and quantitative analysis could yield a full insight into
viral replication dynamics and expression. The aim now at hand by the application of next generation
techniques is to obtain comprehensive paradigms to characterize a viral lifecycle and to interpret the
effects of the virus within infected cells, possibly at single-cell level.

The initial phases of virus–cell interaction are a relevant matter of investigation. The interaction of
Junonia coenia densovirus with the midgut barriers of caterpillars has been analysed in detail, to yield a
picture of the initial phases of infection that involve binding to host glycans and later disruption of the
peritrophic matrix, as presented in [13]. Concerning the human pathogenic parvovirus B19, its very
selective tropism for erythroid progenitor cells critically depends on the presence of a specific receptor
for the VP1 unique region, but the subsequent steps that are also critical to the outcome of infection still
need to be further characterised. The contribution in this issue [14] provides evidence for a coordinated
translocation of viral nucleocapsids and genome uncoating in the nucleus of infected cells.
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Regarding translational issues, in addition to the engineering of AAVs as very successful gene
transduction vectors, there is a long record of studies on the use of protoparvoviruses as oncolytic
agents. Two excellent reviews summarise and address the complex issues [15,16] of the potential of
protoparvoviruses as oncolytic viruses, describing their characteristics, the known mechanisms of
oncolytic and oncosuppressive activity and in particular, how the interplay and cooperation with the
host immune system can affect the control of tumours. After so many years of basic research, the first
clinical applications of oncolytic parvovirus begin to yield promising results, this in turn prompting for
further research to improve the anticancer profile of these agents. A different experimental approach
is presented in [17], where the cytolytic properties of parvovirus B19 NS1 protein towards erythroid
progenitor cells are exploited in a context of an Adenovirus-derived transduction vector, to obtain a
selective oncolytic activity against megakaryocytic leukaemia cells.

The pathogenetic role and clinical implications of human parvoviruses are addressed in two
studies presented in this collection, about the role of human bocaviruses and parvovirus B19. In an
observational study [18], a significant association of human bocaviruses to gastroenteritis is reported,
thus further expanding their clinical involvement in addition to the established association with
respiratory tract infections. In a systematic review and meta-analysis study [19], the significance of
the detection of parvovirus B19 genomes in endomyocardial biopsies of patients presenting with
myocarditis or dilated cardiomyopathy is discussed. This review should be regarded as a very useful
contribution to a long debated and far from settled issue. From such meta-analysis, the conclusion is
that the mere detection of viral genomes is just indicative of the propensity of B19 to establish long-term
persistence in tissues [20], and that implication as a causative agent in cardiomyopathies needs to be
supported by some reliable evidence of biological activity of the virus.

Furthermore, concerning a role of parvovirus B19 in the development of cardiomyopathies,
the possible effect of telbivudine in reducing the damage to endothelial progenitor cells caused
by the presence of B19 is presented [21]. Telbivudine is an RT-enzyme inhibitor used as an
antiviral in treating HBV, thus the protective effect against B19-derived cell damage is an unexpected,
cell-targeted, and non-selective activity, a result prompting for further research in this field. More
in general, parvovirus B19 is the most pathogenic virus to humans, responsible for a wide spectrum
of clinical manifestations whose outcomes depend on a close interaction between the virus and the
physiological and immunological condition of the infected individuals. Apart from the need for
reliable diagnostics [22], there is an urgent need for antiviral treatments that might go beyond simple
supportive or replacement strategies. The review in this issue [23] presents the recent results in this
field, that led to the first identification of compounds with antiviral activity against parvovirus B19.
These comprise retargeted drugs such as hydroxyurea, broad range antivirals such as cidofovir or its
derivative brincidofovir, and novel compounds identified in drug-discovery screening experiments,
such as some coumarin or flavonoid derivatives. This research, aimed at closing the gap with respect
to antivirals available against other DNA viruses, thus, begins to yield interesting results, prompting
for further discoveries meeting clinical needs.

3. Conclusions

As a conclusive remark, the collection of articles in this Special Issue devoted to ‘New Insights into
Parvovirus Research’ and contributed by distinguished researchers should be regarded as significant
for two main reasons, among others. First, some of the articles effectively present a ‘state-of-the-art’
overview in some main topics. Then, many articles show how the application of new methodologies,
including but not limited to NGS, can be functional to the establishment of novel and more general
paradigms in the field. In the near future, research on parvoviruses will certainly yield more answers
to still-unresolved issues.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Parvoviruses, infecting vertebrates and invertebrates, are a family of single-stranded DNA
viruses with small, non-enveloped capsids with T = 1 icosahedral symmetry. A quarter of a century
after the first parvovirus capsid structure was published, approximately 100 additional structures
have been analyzed. This first structure was that of Canine Parvovirus, and it initiated the practice
of structure-to-function correlation for the family. Despite high diversity in the capsid viral protein
(VP) sequence, the structural topologies of all parvoviral capsids are conserved. However, surface
loops inserted between the core secondary structure elements vary in conformation that enables the
assembly of unique capsid surface morphologies within individual genera. These variations enable
each virus to establish host niches by allowing host receptor attachment, specific tissue tropism,
and antigenic diversity. This review focuses on the diversity among the parvoviruses with respect to
the transcriptional strategy of the encoded VPs, the advances in capsid structure-function annotation,
and therapeutic developments facilitated by the available structures.

Keywords: parvovirus; densovirus; single stranded DNA virus; X-ray crystallography; Cryo-EM;
antibody interactions; receptor interactions

1. Introduction

The Parvoviridae are linear, single-stranded DNA packaging viruses with genomes of ~4 to
6 kb. They have a large host spectrum, spanning members of the phylum Cnidaria to amniote
vertebrates. Currently the Parvoviridae is divided into two subfamilies based on their ability to
infect either vertebrates or invertebrates [1]. Viruses infecting vertebrate and invertebrate hosts are
assigned to Parvovirinae and Densovirinae subfamilies, respectively, although the monophyly of the
latter is questioned due to the diversity of members, and new emerging vertebrate viruses close to the
Densovirinae may require a new subfamily (Figure 1).

Viruses 2019, 11, 362; doi:10.3390/v11040362 www.mdpi.com/journal/viruses7
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Figure 1. Evolutionary relationships of members of family Parvoviridae based on the conserved
NS1 tripartite helicase domain. Branches of lineages highlighted in blue indicate the absence of a
phospholipase A2 (PLA2) domain in the minor capsid viral protein, VP1. Capsid protein encoding gene
homology is mapped as circles of different colors, where same colored circles indicate homologous
genes (homology search defined, without the incorporation of the PLA2 sequence, as whether a protein
sequence gives a hit out of targeted 5000 sequences at an expectation value of 100 by the BlastP
algorithm of the NCBI Blast application [2]). The size of the circle indicates the size of VP1 based on the
scale to the left.

Parvovirus virions possess small non-enveloped capsids with a diameter of 200 to 280 Å [3–9].
Their T = 1 icosahedral capsids are assembled from 60 viral proteins (VPs) encoded from the right-hand
side open reading frame (ORF) (Figures 2 and 3). This ORF, also known as cap, encodes up to four
different VPs, depending on genus, of varying length, which all share a common C-terminal region [1].
Generally, the smallest VP, which comprises the common C-terminal region, is expressed at a higher rate
compared to the larger VP forms and is, therefore, considered the major VP. The larger, less abundant
VPs are N-terminal extended forms that contain regions important for the viral life cycle. Among
these are a phospholipase A2 (PLA2) domain, a calcium-binding domain, and nuclear localization
signals that are highly conserved in some genera [10–13]. The larger VPs are also incorporated into
the capsid, albeit at low copy number, with the common C-terminus responsible for assembling the
parvoviral capsid. In the different parvoviruses, the shared VP region varies between ~40 to 70 kDa
in size (Figures 2 and 3). This review focuses on the transcription mechanism, and the sequence-
and structure-based homology of the parvovirus VPs, as well as the characteristic features of the
parvoviral capsids. We also discuss structure-function annotation and the use of structure to guide the
development of gene delivery vectors.
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Figure 2. Cladogram of the subfamily Parvovirinae. The eight genera are shown. The general genome
organization of each genus is shown in the middle with their ORF. The non-structural (NS) protein
expressing genes ns or rep are simplified and only the ORF is shown. Below the cap ORF the transcripts
for the expression of the individual VP are shown. On the right side the size and weight of the VPs are
given. Note that the transcription profiles of the Aveparvovirus and Copiparvovirus genera have not
been determined, and thus the sizes of the VPs are based on in silico predictions.
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Figure 3. Cladogram of denso- and chapparvoviruses. The general genome organization and capsid
protein expression strategy are shown. The ns genes are simplified and only the ORF is shown. The
transcription strategy of members of genus Hepandensovirus, as well as of the new, unclassified starfish
densoviruses, have not been determined, thus the sizes of the VPs are based on in silico predictions.

2. Parvovirinae

The Parvovirinae is subdivided into eight genera: Amdoparvovirus, Aveparvovirus, Bocaparvovirus,
Dependoparvovirus, Erythroparvovirus, Copiparvovirus, Protoparvovirus, and Tetraparvovirus (Figures 1
and 2) [1]. As the genus name suggests, the dependoparvoviruses require helper virus functions
for replication [14–18]. All other genera contain members capable of autonomous replication. The
Parvovirinae viral genomes contain two or three ORFs (Figure 2). The left ORF, the ns or rep gene,
encodes a series of regulatory proteins that are indispensable for viral replication. Due to its higher
level of conservation, this gene is used for the classification of parvoviruses into different genera
(Figure 1). The right ORF, the cap gene, encodes up to three VPs that assemble the capsid (Figure 2) [1].
In addition, multiple genera express smaller regulatory proteins, such as nucleoprotein 1 (NP1) by the
Aveparvovirus and Bocaparvovirus encoded near the middle of their genome, or the assembly activating
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protein (AAP) by the Dependoparvovirus, and the small alternatively translated (SAT) and non-structural
protein 2 (NS2) by the Protoparvovirus, encoded within alternative reading frames of the main ORFs.

2.1. Expression of the Parvovirinae VPs Utilizes Different Transcription Strategies

The VPs of the Parvovirinae are encoded in the same orientation as the ns or rep gene. Members of
the Amdoparvovirus, Bocaparvovirus, and Erythroparvovirus use the same promoter for the expression
of the NSs and VPs (Figure 2). The Dependoparvovirus, Protoparvovirus, and Tetraparvovirus utilize an
additional promoter located at the 3’ end of the ns/rep gene for the expression of the cap ORF [19,20].
The transcription profiles for Aveparvovirus and Copiparvovirus are unknown. For the expression of the
different VPs, most Parvovirinae members perform alternative splicing of their transcripts or utilize
alternative start codons (Figure 2) [19–25]. Differences in splicing efficiency and leaky scanning during
translation initiation, as well as the utilization of non-canonical start codons, result in the higher
expression of the smallest VP form over the larger N-terminal extended forms (Figure 2) [20–25]. The
translated VPs are translocated to the nucleus, where they assemble into the 60 mer capsid [26,27].
Based on their expression levels, the minor and major capsid VPs are reported to be incorporated at
ratios of 1:10 for VP1:VP2 in capsids containing two VPs, for example, human parvovirus B19, and 1:1:10
for VP1:VP2:VP3 in capsids with three VPs, such as the Adeno-associated viruses (AAVs) [28–31]. For
some Parvovirinae members this process is assisted by additional proteins, such as the AAP of the
dependoparvoviruses or NS2 of the protoparvoviruses [27,32]. The viral genome is reportedly translocated
into pre-assembled empty capsids utilizing the helicase function of NS/Rep proteins [33]. For some
protoparvoviruses, proteolytic cleavage of VP2 following DNA packaging removes ~20 to 25 amino
acids from the N-terminus to create VP3 (Figure 2) [34–37].

2.2. Parvovirinae Genera Display Distinct Capsid Surface Morphologies

The first structure of a parvovirus, that of wild type (wt) canine parvovirus (CPV), a member of
Protoparvovirus, was published in 1991, with the VP structure coordinates deposited in 1993, a quarter
of a century ago [6,38]. Since then numerous other capsid structures, >100, have been determined for
the protoparvoviruses, as well as members of three other (of the eight) Parvovirinae genera, including
complexes with receptors or antibodies (Table 1, Section 2.5, and Section 2.6). The structures of capsids
alone include those of wt as well as variants. The studies have primarily utilized X-ray crystallography,
and in recent years increasingly cryo-electron microscopy and 3-dimensional image reconstruction
(cryo-EM) as the method began to generate atomic resolution structures. The most capsid (no ligand)
structures determined have been for the dependoparvoviruses and protoparvoviruses, for which more
than 20 structures are available, followed by four for the bocaparvoviruses, and one for Erythroparvovirus
(Table 1).
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In all the structures, the N-terminal regions of the larger VP (e.g., VP1u), as well as the N-terminal
20-40 amino acids of the major VP, are not resolved. The N-termini of the larger VPs are believed to be
located on the inside of the capsid and were shown not to affect the overall capsid structure [70]. The
inability to determine the structure of these N-termini is likely due to their flexibility and their low copy
numbers within the capsid. The exception to this was human parvovirus B19, for which low resolution
cryo-EM maps showed density interpreted as the VP2 N-termini [71]. The flexibility resulting in the
N-termini disorder arises from a glycine-rich N-terminal region present in most Parvovirinae (Figure 4).
Furthermore, the low copy number of the minor VPs or a different positioning of the N-terminus of the
different VPs is incompatible with the icosahedral averaging applied during structure determination.
A disorder prediction indicates that the glycine-rich stretch is highly disordered in all analyzed
Parvovirinae, while the VP1u and the overlapping C-terminal VP region are generally more ordered
(Figure 5).

Figure 4. The N-termini of the major VPs of the Parvovirinae. For each genus a selection of available VP
sequences are shown for the N-terminal 20–50 amino acids. All glycine residues are shown in red.
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Figure 5. Disorder prediction for type members MVMp (red), BPV (pink), AAV2 (blue), and Parvovirus
B19 (orange) VP1 by the PONDR_fit application [72]. Regions above 0.5 on the Y-axis are predicted to
be disordered. Gray line drawings above the images indicate the approximate positions of the VPs.
The regions highlighted in light blue indicate the locations of the surface exposed loops, the tops of
which are defined as variable regions.

The cluster of glycines and associated flexibility likely serve to enable the externalization of VP1u
for the PLA2 function contained within [10]. Consistently, in reported Parvovirinae structures, the
first ordered N-terminal residue of the overlapping VP region is located after the glycine-rich region,
and inside the capsid under the only channel in the capsid. This channel, located at the icosahedral
5-fold axis, connects the inside and outside of the capsid (see below) [38,39,47,73,74]. The remainder of
the VP is ordered to the C-terminus in all Parvovirinae structures determined to date.

The CPV structure confirmed the icosahedral nature of the parvovirus capsids with sixty VPs
assembling one capsid via 2-, 3-, and 5-fold symmetry related interactions [6,38,75]. The Parvovirinae
VP structures display significant similarity despite low sequence identities (Table 2). The ordered VP
monomer region consists of a core eight-stranded (βB to βI) anti-parallel β-barrel motif, also known
as a jelly roll motif, with a BIDG sheet that forms the inner surface of the capsid (Figure 6) [76]. This
β-barrel is conserved in all parvoviral capsid structures determined to date, as has been reported for
many other viruses. In addition, a βA strand that runs anti-parallel to the βB strand of the BIDG
sheet, and a conserved helix, αA, located between strands βC and βD, are also part of conserved
Parvovirinae core structure (Figure 6). Loops inserted between the β-strands of the β-barrel form
the surface of the capsid. These loops are named after the β-strands that they connect, for example,
the DE loop connects the βD and βE strands. The GH loop that connects the βG and βH strands is
the largest surface loop consisting of multiple sub-loops (Figure 6). The surface loops contain the
highest amino acid sequence and structural diversity among members of the same genus and between
different parvoviruses in general (Figure 7). Differences at the apexes of these loops are termed variable
regions (VRs), defined as two or more amino acids with Cα positions greater than 1 Å apart (for the
dependoparvoviruses) [60] or 2 Å apart (for the other Parvovirinae) [46] when their VPs are superposed.
For the VPs of protoparvoviruses, bocaparvoviruses, and dependoparvoviruses nine to ten VRs have
been defined (Figure 7).

Table 2. Sequence identity and structural similarity among Parvovirinae type members.
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Figure 6. The structure of a VP monomer of CPV (PDB-ID: 2CAS). A cartoon ribbon diagram is shown.
The beta strands (βA to βI, gray), α-helix A (red), interconnecting surface loops (with all secondary
structure elements removed, green), and the N- and C-terminus are indicated. The approximate
icosahedral 2-fold, 3-fold, and 5-fold axis are indicated by an oval, triangle, and pentagon, respectively.
This image was generated using PyMOL [77].

Figure 7. The VRs of the Parvovirinae. (A) Structural superposition of VP monomers from different
members of Protoparvovirus (left), Bocaparvovirus (center), and Dependoparvovirus. Individual colors for
the ribbons are as indicated. The VRs: VR-I to VR-IX (or VR0 to VR8 for the protoparvoviruses), the DE,
and HI loops are shown. (B) Location of the VRs, colored as indicated, on the capsid surface of MVMp
as an example for Protoparvovirus (left), BPV for Bocaparvovirus (center), and AAV2 for Dependoparvovirus
(right). The figures were generated using PyMOL [77].
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The locations of the VRs as well as the overall structure of the VP monomer within each genus
and among the Parvovirinae are similar despite sequence identities as low as 15% (Table 2, Figure 7).
The different VR conformations create distinct genus level morphologies for the capsids, although
the capsids have the same overall characteristic features (Figure 8). These include a channel at the
icosahedral 5-fold symmetry axes, assembled by five DE loops, surrounded by a depression, described
as canyon-like, lined by the HI loop located above the neighboring VP’s βCHEF strands. The channel at
the 5-fold axes connects the interior of the capsid to the exterior and is believed to play an important role
in most parvoviruses during the viral replication cycle by serving as the route of viral genome packaging,
genome release, and the externalization of VP1u for its PLA2 function [70,73]. Secondly, protrusions are
located at or surrounding the icosahedral 3-fold axes assembled by loop/VR contributions from two or
three VP monomers depending on genus (Figure 8). Variable regions IV, VR-V, and VR-VIII from two
3-fold related VP monomers contribute to the three separate protrusions of the dependoparvoviruses
(Figures 7 and 8). Similarly, VR-IV, VR-V, and VR-VIII contribute to the 3-fold protrusions in the
bocaparvoviruses, along with VR-I generating several dispersed peaks. In B19, two separate protrusions
surround the icosahedral 3-fold axes (Figure 8). One of these protrusions is formed by VR-I and VR-III,
the other by VR-VIII. However, the B19 structure lacks 13 residues within VR-V, which is located
between both protrusions [4]. This region (aa 528–540, VP1 numbering) is predicted to be highly
disordered (Figure 5) and could potentially merge both protrusions. In the animal protoparvoviruses,
where the VRs are defined by Arabic numerals, VR0 (VR-I in the dependoparvoviruses), VR2 (VR-III),
and VR4b (VR-VIII) form the single pinwheel 3-fold protrusions (Figures 7 and 8) [46,50,60]. In contrast,
a deletion in VR4b near the 3-fold symmetry axis results in separated 3-fold protrusions for the
bufaviruses (BuVs) (Figures 7 and 8) [39]. Within and among genera, the shape and size of the 3-fold
protrusions vary because of sequence length and conformational loop differences. The variable surface
loops at the 3-fold are reported to mediate the interactions of parvoviruses with different host factors,
including receptors and antibodies (see Sections 2.6 and 2.7) [74]. Thirdly, a second depression is
located at the 2-fold symmetry axes of the capsid (Figure 8). The floor of the depression is lined by a
conserved (within genus) stretch of residues C-terminus of the βI strand. The shape of the depression,
however, is variable in depth and width within and between genera (Figure 8) due to differences in
side-chain orientations. The 2- and 5-fold depressions are separated by a raised capsid region, termed
the 2-/5-fold wall, which displays structural variability among the Parvovirinae due to conformational
differences in VR-VII and VR-IX. The 2-fold depression serves as a site for glycan receptor interaction
for members of the protoparvoviruses, while the 2-/5-fold wall serves to bind receptors as well as
antibodies for different genera (see Sections 2.6 and 2.7) [74].

Unique to the structure of bocaviruses is a “basket-like” feature underneath the 5-fold axis that
extends the channel further into the interior of the capsid [5,54]. The basket arises from density located
at the N-terminus of the observable VP structure and includes parts of the glycine-rich region [54]. This
ordered density under the 5-fold channel poses a problem with the proposed infection mechanism. The
hypothesis is that at low pH conditions, similar to the environment in the late endosome, structural
rearrangements of the basket occur that open up the 5-fold channel for VP1u externalization for its PLA2

function. Interestingly, the structures of AAV8, CPV, and feline panleukopenia virus (FPV) determined
at low pH conditions show structural changes at residues and capsid surface loops, although the 5-fold
channel was not reported to be altered [42,64].
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Figure 8. Capsid structures of the Parvovirinae subfamily. A selection of capsid structures is shown
for Protoparvovirus, Bocaparvovirus, Dependoparvovirus, and Erythroparvovirus. The capsid surfaces are
viewed down the icosahedral 2-fold axes and are colored according to radial distance from the particle
center (blue to red), as indicated by the scale bar. The capsid images were generated using Chimera [78].
In the lower right hand side, a symmetry diagram illustrating the positions of the icosahedral symmetry
axes on the capsid surfaces is shown.

2.3. Nucleotides Are Ordered Inside Parvovirinae Capsids Despite Lack of Icosahedral Symmetry

The ordering of nucleotides (nts) inside the capsids of some Parvovirinae is observed despite
the lack of adherence of the single copy of the packaged genome or reporter gene to icosahedral
symmetry. This has been observed for virus-like particles (VLPs) and DNA packaged (full) members of
the dependoparvoviruses and full protoparvoviruses. A conserved pocket under the 3-fold symmetry
axis shows the ordering of one or two nts for multiple AAV serotypes [59,60,63,64,68,69]. Low pH
conditions reduced the ordered DNA density [64]. The loss of the nt density at pH 4.0 suggested
loss of capsid-DNA interaction that serves as one of the steps leading to release of the genome from
the capsid following endosomal trafficking during infection [64]. The ordering of an nt in VLPs
in absence of Rep protein suggests that capsid assembly may require nucleation by an nt for the
dependoparvoviruses [63]. For the protoparvoviruses, large stretches of ordered DNA, 11 nt in CPV [6],
19 nt in minute virus of mice strain i (MVMi) [49,50], and 10 nt in H-1PV [46], have been reported.
The ordering of more nt compared to the dependoparvoviruses may be due to the packaging of only
the negative sense genome in the protoparvoviruses, while the AAV packaging both polarities. The
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ordered protoparvoviruses nts are located within a pocket inside the capsid adjacent to the icosahedral
2-fold axes in all the viruses. This was suggestive of a recognition motif, but a search through the wt
genome of CPV identified matches only when 2–3 nt mismatches were allowed [79]. Thus, the role of
this organized DNA beyond a common binding site in the Parvovirinae is yet to be determined.

2.4. The Structure of Capsid Variants Provide Insight into Function

As listed in Table 1, the structures of several variants have been determined for the Parvovirinae.
The aims of these studies were structure-function understanding of observed biological phenotypes.
The majority of variant structures studied are for AAV2, CPV, and MVM, which are among the best
functionally characterized members of this subfamily. Currently, the highest resolution virus structure
is that of an AAV2 variant with the leucine at position 336 (VP1 numbering) mutated to a cysteine,
AAV2-L336C, at 1.9 Å, obtained by cryo-EM [57]. This mutant has a genome packaging defect and
altered VP1u externalization properties [80]. A comparison of this structure to wt AAV2 identified
a destabilization of the VP N-terminus inside the capsid and the widening of the base of the 5-fold
channel in the variant [57]. This observation supports previous claims that the 5-fold region functions
as a portal of genome packaging and VP1u externalization, and that the correct arrangement of the
residues in the channel plays a crucial role in these functions. The structure of a similar variant
with the equivalent leucine mutated to a tryptophan, was analyzed for MVM, MVM-L172W (VP2
numbering), by X-ray crystallography (Table 1) [51]. This variant was also reported to have a DNA
packaging defect and altered VP1u externalization dynamics phenotype [81]. In the MVM-L172W
structure, the tryptophan blocked the channel and also induced a reorganization of the N-terminus of
VP2 [51]. This suggests that different perturbations in the same structural location can result in a similar
inhibitory phenotype. A second AAV2 variant, AAV2-R432A, also characterized the determinant of
another genome packaging defective virus resulting from a single residue change [82]. In the wt AAV2
structure, this residue is located within the capsid, neither on the inside nor the outside surface, and at
the 3-fold axes. Its side-chain interacts with the main-chain of a surface loop [56]. The AAV2-R432A
structure, also determined by cryo-EM, detailed the propagation of capsid destabilization to distant
sites from R432, including the rearrangement of the βA strand and movement of residue side-chains
at the base of the 5-fold channel inside the capsid. The capsid was also less thermally stable than
wt AAV2 [56]. Together, the data suggested that the structure rearrangements and destabilization
resulted in packaging incompetence. The crystal structures of CPV variants, CPV-N93D, CPV-N93R,
and CPV-A300D (VP2 numbering) in Table 1 were studied to understand the juxtaposition of amino
acids controlling tissue tropism and antigenicity [41–43]. These residues form the footprint of the
transferrin receptor and several antibody epitopes [43,83,84]. Furthermore, these studies showed that
amino acid determinants could be localized far apart but function together [41,85].

2.5. Capsid-Receptor Complex Structures

The role of the parvoviral capsid is to protect the packaged genome and to deliver it to the nucleus
of the target cells for the next replication cycle. For the Parvovirinae, glycan receptors, for example
terminal sialic acid (SIA), galactoses, heparan sulfate proteoglycans, P-antigen, and various proteins,
including AAVR, transferrin, laminin, fibroblast growth factor receptor, hepatocyte growth factor
receptor, and epidermal growth factor receptor, serve as receptors [83,86–94]. The structures of several
of the ligands bound to their capsids have been determined. Presently, the number of published
capsid-receptor complex structures at atomic resolution is low (Table 3), but due the recent advancement
of cryo-EM this number will increase. In capsid-glycan complex structures, the receptors are bound at
or around the 3-fold protrusion (AAV2:heparin, AAV-DJ:heparin) [95–97], at the center of the 3-fold
symmetry axis (AAV3:sucrose octasulfate, AAV5:SIA) [98,99], at the base of the 3-fold protrusion
(AAV1:SIA) [100], and in a pocket near the 2-fold symmetry axis (MVM:SIA) [101]. The MVM-SIA
structure was the first to be determined for a receptor complex. Similar to glycans, cellular protein
receptors can bind symmetrical to the capsid, as has been shown recently for the PKD2 domain of AAVR
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to the capsid of AAV2 that interacts with the 3-fold protrusion and the 2-/5-fold wall [102]. However,
larger protein receptors might bind with lower copy number to the capsid surface as observed for
the transferrin receptor to CPV capsids [83]. The CPV-transferrin complex was the first structure
determined for a protein receptor on a parvovirus capsid. The transferrin footprint is located on the
2-/5-fold wall and includes residues 93, 299, and 301 [83,85].

Table 3. Summary of published Parvovirinae capsid-receptor complex structures.

Virus Receptor
Structure

Determination
Method

Year Resolution in Å Reference

AAV2 AAVR Cryo-EM 2019 2.8 Zhang et al. [102]

AAV-DJ heparinoid
pentasaccharide Cryo-EM 2017 2.8 Xie et al. [97]

AAV1 SIA X-Ray
Crystallography 2016 3.0 Huang et al. [100]

AAV5 SIA X-Ray
Crystallography 2015 3.5 Afione et al. [98]

AAV3 sucrose
octasulfate

X-Ray
Crystallography 2012 6.5 Lerch et al. [99]

AAV2 heparin Cryo-EM 2009 8.3 O’Donnell et al. [95]
AAV2 heparin Cryo-EM 2009 18.0 Levy et al. [96]

CPV transferrin
receptor Cryo-EM 2007 25.0 Hafenstein et al. [83]

MVMp SIA X-Ray
Crystallography 2006 3.5 López-Bueno et al. [101]

2.6. Capsid-Antibody Complex Structures

The infection by members of the Parvovirinae elicits the host immune response, resulting in both
neutralizing and non-neutralizing antibodies raised against their capsids. In the human population,
the seroprevalence against different members of the Parvovirinae can be high. For example, while the
seroprevalence varies in different regions of the world, up to 80% of adults have antibodies against
B19 [103]. Similar percentages of positivity exist against capsids of different AAV serotypes [104], up to
70% against the human bocaviruses [105], up to 85% against the different BuVs [106], and up to 40%
against human parvovirus 4 [107]. In order to understand the antigenicity of these viruses, the structures
of capsid antibodies (whole IgG or FAb) have been determined using cryo-EM (Table 4, Figure 9).
The resolutions of these structures range from 23 to 3.1 Å (Table 4). The lower resolution structures
are sufficient for the identification of epitopes on the capsid surface to confirm by mutagenesis. The
higher resolution structures, e.g., AAV5-HL2476 and B19-human antibody complex, enables analysis
of the capsid–antibody interaction for direct identification of contact residues on both sides, namely
the capsid surface and residues in the CDRs of the antibody if the antibody sequence is available [108].
The complex structures have shown that almost the entire surface of these capsids can be bound
by antibodies, with epitopes across the 2-fold, the 2-/5-fold wall, 3-fold protrusions, and around the
5-fold channel (Table 4, Figure 9). This information can inform the engineering of the capsids variants
(Section 2.7), the development of vaccines against pathogenic members of the Parvovirinae, and for a
better understanding of the viral life cycles, as some antibodies do not neutralize infection or can even
further enhance their infection, as reported for B19 and for Aleutian mink disease parvovirus [109,110].
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Figure 9. Parvovirinae-antibody complex structures. The highest resolution complex structures available
for Protoparvovirus, Bocaparvovirus, Dependoparvovirus, and Erythroparvovirus are shown. The cryo-EM
density maps are viewed down the icosahedral 2-fold axis and are colored according to radial distance
from the particle center (blue to red), as indicated by the scale bar. The FAbs decorating the capsid
surface are in red. The FAbs bind across the icosahedral 2-fold (e.g., CPV:FAbE), the 2-/5-fold wall
(HBoV1:9G12), the 3-fold (AAV5:HL2476), and 5-fold depression (B19:hFab). The images were generated
using Chimera [78]. (CPV: EMD-6629, B19: EMD-9110).

2.7. Engineering of Parvovirus Capsids to Create Biologics

The development of Parvovirinae members as biologics is primarily focused on the engineering
of capsids of members that can be used as viral vectors in gene delivery applications, such as the
AAVs [121], or more recently also bocaviral vectors [122]. For such vectors, a transgene expression
cassette is packaged into the capsids instead of the wt viral genome [123]. These vectors are used to infect
a desired target tissue to achieve long-term expression of the transgene to correct monogenetic diseases.

Following the discovery that AAV capsids become phosphorylated at tyrosine residues after
cell entry subsequently leading to their degradation following lysine ubiquitination, reducing the
transgene expression [124,125], the structural information of the AAV capsids was used to identify
surface exposed tyrosines for modification [126]. Mutational analysis of these tyrosine residues to
phenylalanine led to the development of engineered capsids that showed improved transduction
efficiencies compared to vectors packaged into wt capsids [126]. Subsequent mutation of capsid surface
serine, threonine, and lysines further improved transduction efficiency [127,128]. Another application
of structure information for vector engineering is the modification of AAV capsids to escape pre-existing
neutralizing antibodies utilizing the footprints mapped by cryo-EM. As mentioned above, a large
percentage of the human population possesses anti-capsid antibodies against one or more AAV serotype
due to natural exposures. These pre-existing antibodies bind to the capsids of administered AAV vectors
and disrupt multiple steps required for successful transgene delivery, including receptor attachment,
post-entry trafficking, and capsid uncoating events [129]. To circumvent these inhibitory events,
different strategies have been developed, including the utilization of immunosuppressants [130–133],
the utilization of alternative natural AAV capsids that are not detected by the pre-existing human
antibodies [68], the use of empty capsids as decoys [134], and the structure-guided modification of
the antigenic sites on the surface of the capsids [135]. For the latter strategy, the antigenic sites are
identified using monoclonal antibodies, as mentioned in Section 2.6. By rational design or directed
evolution, these sites can be changed to obtain new variants with escape phenotypes while maintaining
infectivity [108,135,136]. While the majority of capsid engineering has been with AAVs, because of
their high seroprevalence, vectors based on bocaviruses will face similar obstacles and require solutions
to escape pre-existing immunity in the human population.

Another purpose for capsid engineering is the retargeting of vectors to specific receptors or
tissues to restrict the broad tissue tropism of some AAV serotypes [137,138]. This can be achieved by
insertion of specific targeting peptides into capsid surface loops, especially in the apexes of VR-IV and
VR-VIII (Figure 7), e.g., for AAV2 variants 7m8 or r1c3 [138–140], directed evolution for a specific cell
type [141], or structure guided approaches [142]. For some of these engineered AAVs, the structures of
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the modified capsids have been determined, e.g., AAV2.5, the first structure-guided in silico designed
AAV gene delivery vector [58], AAV-DJ, a chimera created through random homologous recombination
followed by directed evolution [67], and AAV9-L001, an AAV9 variant with a peptide lock to prevent
off-target delivery [66].

3. Densovirinae

The Densovirinae encompasses members infecting exclusively invertebrates [143]. Currently,
the subfamily consists of five genera, clustering into two separate lineages; Ambi- and Iteradensovirus
infecting arthropods and echinoderms in the first, and Brevi-, Hepan-, and Penstyldensovirus infecting
various arthropods, e.g., decapod crustaceans and insects in the second lineage (Figure 1) [1].
However, as the number of invertebrate-infecting parvoviruses from diverse host species has increased,
the heterogeneity of the subfamily has become apparent, questioning the monophyly of prior genera,
such as Ambidensovirus [1,13] (Figure 1). The second lineage includes additional, yet unclassified virus
species. These viruses comprise the recently discovered starfish densoviruses of the species Aster rubens
and a vertebrate-infecting parvovirus clade named Chapparvovirus after the Chiroptera-Aves-Porcine
acronym based on the host species where these viruses were first discovered (Figure 1) [144]. Densoviral
genomes vary in organization, unlike the subfamily Parvovirinae, and have a wider size range at
between 3.9 and 6.3 kb. They also have either ambisense or monosense transcription. The left-hand
side ORF contains the ns gene and expresses up to five proteins [145]. The right-hand side ORF is cap
and encodes up to four VPs (Figure 3). All densoviruses discovered to date are capable of autonomous
replication and pathogenic [1].

3.1. The Densovirinae Utilize Diverse Strategies for VP Expression

Densoviruses, like their vertebrate counterparts, have evolved diverse expression strategies to
overcome the limitation of the coding capacity imposed by their small genome size (Figure 3) [146].
The transcription strategy has been determined for four of the five densovirus genera, and has not been
experimentally derived for the Hepandensovirus or the new starfish densoviruses (GenBank accession
numbers: MF190038 and MF190039). Overall, densoviral transcription relies more on leaky scanning
than the alternative splicing utilized by the Parvovirinae (compare Figure 2 to Figure 3) [143]. This
difference is an adaption to the host because invertebrates possess a lower percentage of alternatively
spliced genes compared to vertebrates [147]. Consistently, the chapparvoviruses mentioned above
(Figures 1 and 3) utilize alternative splicing as the major strategy to express their VPs [148]. As for the
Parvovirinae, the smallest VP is the one with the largest incorporation into the capsid for densoviruses.

The Ambidensovirus display the most variable VP expression strategies, likely because the genus
currently also contains the most members. Because of their unique ambisense genome organization,
the cap gene is located on the opposite strand relative to the ns gene, both driven by the furthest
upstream promoter embedded in the partially double-stranded region of the ITRs (Figure 3). There are
three different VP expression strategies established for this genus [1]. Members of the first group, e.g.,
Galleria mellonella densovirus (GmDV), express a minor capsid VP1 from an unspliced transcript of the
p93 promoter. Three additional VPs, VP2, VP3, and VP4 (major capsid VP), are expressed by leaky
scanning [7,149]. These are reported to be incorporated into the capsid at a 1:9:9:41 ratio [7]. The second
group, including Periplaneta fulliginosa densovirus (PfDV) and Acheta domestica densovirus (AdDV),
has a split cap ORF for the minor capsid VPs joined by splicing of transcripts, with VP2, VP3, and VP4
expressed from leaky scanning of the unspliced transcript in case of AdDV. This results in both VP1
and VP2 having unique N-terminal regions. These VPs are reportedly incorporated into the AdDV
capsid at a 1:11:18:30 ratio. In comparison, both VP1 and VP2 are translated from spliced transcripts
in PfDV (Figure 3) [8,150,151]. The third group, represented by Culex pipiens densovirus of Dipteran
ambidensovirus 1, has four VPs expressed from one unspliced transcript by leaky scanning, giving rise
to a VP1, VP2, VP3, and a small 12 kDa VP4, which is a minor capsid protein with approximately the
same incorporation as VP1. VP2 and VP3 are reportedly equally abundant in the capsid [145].
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The Iteradensoviruses are related to the ambidensoviruses and have a similar VP expression strategy
despite packaging monosense genomes. Although the exact number of VPs expressed is unknown, they
use leaky scanning from the same unspliced transcript (Figure 3) [152]. SDS-PAGE analysis of Bombyx
mori densovirus 1 (BmDV1) show three VPs, VP1, VP2, and VP3 [153]. Penstyl- and Brevidensovirus
transcribe only a single unspliced VP transcript resulting in a single VP that is among the smallest in
the Parvoviridae at 329 aa and 358 aa, respectively [154,155]. In contrast, the Hepandensovirus cap ORF
encodes a large VP1, e.g., with hepatopancreatic necrosis virus having a VP1 of 830 aa from the largest
Parvoviridae genome of 6.3 kb [146,156]. The two recently discovered densoviruses from the starfish
species Aster rubens, closely related to the Hepandensovirus (Figure 3), both encode the largest VPs of
the family, with 983 and 988 aa (GenBank accession numbers: MF190038 and MF190039).

3.2. Densovirinae Capsid Structures Display Distinct Surface Morphology

In contrast to the Parvovirinae, for which numerous capsid structures have been determined
(Table 1), only four crystal structures are available for Densovirinae (Table 5). In addition, two low
resolution structures have been determined using cryo-EM (Table 5). The high-resolution structures
are for Ambidensovirus members GmDV at 3.7 Å [7] and AdDV 3.5 Å resolution [8]; Iteradensovirus
member BmDV1 at 3.1 Å resolution [9]; and Penstyldensovirus member Penaeus stylirostris densovirus
(PstDV) at 2.5 Å [157]. Two of these structures, GmDV and AdDV, were determined for DNA packaged
(full) infectious virions. AdDV showed three pyrimindine bases ordered within the luminal surface
at the 3-fold symmetry axis [8]. As previously stated, this ordering is unexpected given the lack of
icosahedral symmetry for the single copy of the packaged genome. The cryo-EM structures are for
Ambidensovirus member Junonia coenia densovirus (JcDV) at 8.7 Å resolution [158] and Brevidensovirus
member Aedes albopictus densovirus (AalDV2) at 15.6 Å resolution [159].

Table 5. Capsid structures of Densovirinae determined to date.

Virus Empty / Full
Structure

Determination
Method

Year
Resolution

in Å
PDB-ID Reference

Ambidensovirus

AdDV Full X-Ray
Crystallography 2013 3.5 4MGU Meng et al. [8]

GmDV Full X-Ray
Crystallography 1998 3.6 1DNV Simpson et al. [7]

JcDV Empty Cryo-EM 2005 8.7 N/A Bruemmer et al. [158]

Brevidensovirus

AalDV2 Full Cryo-EM 2004 15.6 N/A Chen et al. [159]

Iteradensovirus

BmDV1 Empty X-Ray
Crystallography 2011 3.1 3P0S Kaufmann et al. [9]

Penstyldensovirus

PstDV Empty X-Ray
Crystallography 2010 2.5 3N7X Kaufmann et al. [157]

Similarly to the Parvovirinae VP structures, a significant portion of the N-terminal region of the
major capsid VP is also disordered in the densoviruses, e.g., 23 aa in GmDV and AdDV, 10 31 aa
in PstDV, and 42 in BmDV1 [7–9,157]. Again, as for the Parvovirinae, disorder predictions for these
viruses show disorder between the N and C-terminus at the glycine-rich region (Figures 10 and 11).
The glycine-rich region is significantly shorter in the densoviruses, e.g., 6 aa in GmDV and 7 aa in
AdDV compared to 12 aa in CPV, but still results in a lack of structure order (Figures 10 and 11).
Interestingly, the BmDV1 structure currently represents the only parvoviral VP structure, where the last
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40 C-terminal residues are also disordered. The C-terminal residue of densoviral VP structures, with
the exception of BmDV1, are positioned near the 2-fold symmetry axis, similarly to the VP structures
of the Parvovirinae, and exposed on the capsid surface [7–9,157].

 

Figure 10. Disorder prediction for densoviruses. AdDV (blue), BmDV1 (pink), GmDV (green),
and PstDV (black) VP1. The PONDR_fit application was utilized [72]. Regions above 0.5 on the Y-axis
are predicted to be disordered. The approximate locations of the VPs are indicated in the grey bars
above. In case of AdDV, both VP1 and VP2 have unique N-terminal regions. The regions highlighted in
light blue in the disorder plot indicate the locations of the surface exposed loops, their apexes are VRs.

Figure 11. The N-termini of the major VPs of the Densovirinae. For each genus a selection of available
VP sequences are shown for the N-terminal 20–50 amino acids. All glycine residues are in red.

The core of the densoviral VP is an eight-stranded jelly roll fold with an additional N-terminal
strand, βA, and with large loops connecting the strands, as described above for the Parvovirinae
(Figure 12). In the GmDV VP structure, considered the Densovirinae prototype, the EF and GH loops
are further divided into five and four sub-loops, respectively (Figure 12). While the GH loop is the
longest and forms most of the surface features, its length is significantly shorter compared to the
corresponding loop in the Parvovirinae at 97 aa compared to 226 aa in CPV. Similar to the Parvovirinae,
the GH loop is the most variable among ambidensoviruses, although VRs have not been defined,
as has been done for the former viruses [7]. At the 2-fold symmetry axis, similarly to vertebrate
parvovirus VPs, the densovirus structures have an alpha helix (αA). As a common feature for these
viruses, a second α-helix is contained within the EF loop, with PstDV containing a third helix in the
CD loop (Figure 12) [7–9,157].

An important and differentiating feature of the densoviral VP is the domain swapping observed
at their N-terminus [7–9,157] (Figure 13). The βA strand of the swapped domain interacts with the
2-fold symmetry related VP’s βB strand rather than the intra VP βA and βB interaction observed in
the Parvovirinae (Figure 13). Thus, the luminal βBIDG sheet of the jelly roll core is still extended into
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a βABIDG sheet, as in the Parvovirinae, and the first observed N-terminal residue is also positioned
underneath the 5-fold axis, but in this case, under that of the neighboring VP subunit (Figure 13).
In the case of the GmDV VPs, the domain swapping is proposed to create additional hydrogen
bonds with the 2-fold related VP’s βB imparting increased stability [7]. A re-arrangement into an
unswapped conformation is proposed to be required for VP1u externalization, although there is no
experimental proof that this occurs [7]. In contrast to GmDV, in PstDV the distance between the
swapped N-terminus and the βB of the neighboring VP is too large to form hydrogen bonds [157],
while in AdDV, the βA contains three proline substitutions compared to GmDV, P24, P26, and P28,
which makes such interactions impossible. In these two viruses, divalent cations observed at the
N-terminus are hypothesized to confer stability [7,157].

Figure 12. The densovirus VP structure. (A) Cartoon ribbon diagrams of the ordered common VP
structures of GmDV and AdDV (top), BmDV1 and PstDV (bottom). The first ordered N-terminal residue
and C-terminal residue are labeled. The conserved β-core and αA helix are colored in black and labeled
in GmDV. Loops and subloops within the large loops are as colored in the key at the bottom and EF and
GH sub-loops are labeled. The approximate 5-fold symmetry axis is marked by a pentagon, the 3-fold
by a triangle, and the 2-fold by an ellipsoid. (B) A GmDV VP structure (Ambidensovirus) superimposed
on the VPs of AdDV (left), BmDV1 (middle), and PstDV (right). Conformational diversity on the
surface loops is evident, especially between GmDV and BmDV, and GmDV and PstDV.
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Figure 13. Multimeric interactions of densoviral and parvoviral VPs. (A) Ribbon cartoon diagrams of
the interactions between βA and βB at the 2-fold symmetry axis of GmDV and CPV. The eight-stranded
core, with the additional βA, which performs the domain swapping, are colored blue and black. (B)
Interaction of three 3-fold symmetry related VPs for GmDV and CPV. The open annulus-like structure
at the 3-fold axis of the densovirus trimer compared to the more closed arrangement in the vertebrate
parvoviruses is evident. The triangle indicates the 3-fold axis and the pentagon the 5-fold axis.

The sequence identity among the VP monomers of the Densovirinae ranges from ~7% to 20%
(Table 6). The structural similarity is higher and ranges from the value anticipated from the
eight-strandedβ-barrel core andαA helix at 20% to ~70% (calculated by DALI pairwise alignments [160])
between the PstDV and GmDV from different genera, and GmDV and AdDV from the same genus,
respectively (Table 6). The structural diversity of densoviruses is mostly attributable to the CD, EF,
and GH loops (Figure 12). In the PstDV VP structure, all loops are shorter than in the other three
high-resolution structures due to the smaller size of the VP (Figures 3 and 12). When the GmDV VP
structure is superimposed to that of CPV, up to 148 Cα atoms (36%) are similarly positioned (not shown).
This is remarkable given the lower structure similarities between members of the subfamily (Table 6).
The majority of the residues are located in the core [7].
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Table 6. Sequence identity and structural similarity for densoviruses.

Structural Similarity [%] Derived from DALI Z-Scores 
 GmDV AdDV BmDV1 PstDV 

GmDV  68.2 45.6 20.4 
AdDV 20  44.2 20 

BmDV1 11 10  24.4 
PstDV 9.2 9 7  

Sequence identity on superposed C-alphas atoms [%] 

The overall capsid morphology of densoviruses can be divided into two types: One is a large,
with diameter of ~235 to ~260 Å in the depressions and protrusions, respectively, while the other one is
215 to 250 Å, being the smallest capsids so far described for the Parvoviridae (Figure 14). For the larger
capsids, including GmDV, AdDV, and BmDV1, the capsid surface is smooth with small spike-like
protrusions surrounding the 5-fold axes. In GmDV the spikes, formed by the EF4 sub-loop, appear
to be smaller compared to BmDV1 and AdDV, due to the protruding GH2 sub-loop filling up the
depression surrounding them. In GmDV, a smaller second protrusion is formed by the BC loop. There
is a depression at the 2-fold axes (Figure 14). In the second group, containing PstDV and AalDV2
(not shown), there are prominent protrusions surrounding the 5-fold axis, forming two rim-like
concentric circles. The 2- and 3-fold symmetry axes have depressions (Figure 14). Approximating
with capsid size, there is a variance among luminal volume and surface area of densovirus particles
consistent with the range of packaged genome (Table 7).

Figure 14. Densoviral capsid structures. The capsid surface images of GmDV, AdDV, BmDV1,
and PstDV. The resolution of each structure is in parenthesis. The AAV2 and CPV capsid images are
shown for comparison. The scale bar shows the radial distance (from the capsid center) used for the
images. An icosahedral symmetry diagram indicating the positions of the visible symmetry axes on the
capsid images are shown at the bottom right hand side.
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Table 7. Dimensions, DNA content, and taxonomy of densovirus capsid structures.

Inner Radius
(Å)

Inner Surface
Area (nm2)

Inner Volume
(nm3)

Genome Size
(nt)

Genus

GmDV 98.7 1223.2 4022.6 6039 Ambidensovirus
AdDV 91.7 1056.2 3227.8 5425 Ambidensovirus

BmDV1 98.7 1224 4027.5 5076 Iteradensovirus
PstDV 87.6 963.3 2811.5 3914 Penstyldensovirus

CPV 92.9 1084.8 3359.5 5323 Protoparvovirus
AAV2 89.9 1014.9 3040.4 4679 Dependoparvovirus

The 5-fold symmetry axis of the Densovirinae, similar to the Parvovirinae, contains a channel with
a direct opening to the surface [7–9,157]. Its size is also similar, at 9 Å in diameter in GmDV, which
is the same as for CPV. The inner wall of the channel is lined by large hydrophobic residues in all
four structures, proposed to provide an interacting surface to the glycine-rich stretch of residues
when the N-terminus is externalized. So far, the only densovirus for which PLA2 externalization has
been investigated is AdDV. Meng et al. [8] found that heating of infectious AdDV particles to 70 ◦C
resulted in increased PLA2 activity accompanied by genome ejection, while capsids remained intact.
Both Simpson et al. and Meng et al. [7,8] speculated that the channel might also become occupied by
stretches of VP2 and VP3 amino acids, although the role of these is currently unknown.

At the 3-fold symmetry axes, a β-annulus-like structure is present in densoviruses instead of the
protrusions at or surrounding this region observed in the Parvovirinae (Figures 13 and 14). This is similar
to the 3-fold region of (+)ssRNA viruses, such as Tomato Stunt Mosaic Virus of Tomubusviridae [161]
and Southern Bean Mosaic Virus of Solemoviridae [162]. The annulus is formed by charged and flexible
residues, with an ~10-Å wide opening in GmDV. This opening is less pronounced in BmDV1 and
shows even less annulus-like appearance in the case of PstDV, where the shorter GH loops do not
interdigitate between neighboring monomers [157].

3.3. Functions Associated with Densoviral Capsid Proteins

Compared to members of the Parvovirinae, little is known about the functions of densovirus VPs
and the available information is mostly based on studies of members of Ambidensovirus. By comparing
the VP4s of two closely related lepidopteran ambidensoviruses, GmDV and JcDV, eight variable,
exposed regions were identified [158]. One of these was located at the 5-fold symmetry axis, in the DE
loop, five in vicinity of the protrusions surrounding it, i.e., the EF1, EF2, and the GH1 sub-loops, one at
the 3-fold axis, and one in the depression at the 2-fold axis. Attempts to mutate residues in JcDV to
their counterpart in GmDV showed that mutated residues in the GH loop resulted in a decrease of the
ability to cross the host midgut epithelium and a reduction of JcDV virulence if introduced through the
natural, gastro-intestinal pathway [163]. When ex vivo infecting Spodoptera frugiperda hosts, the mutated
virus became mis-targeted and accumulated in subcellular compartments of midgut epithelial cells
instead of reaching their target receptors in the basal tight junctions [164].

Recent experiments on Blattella germanica densovirus 1 (BgDV1) of the genus ambidensovirus
have shown that an in silico predicted, bipartite nuclear localization signal (NLS) in the C-terminus
of all four VPs has an effect on the import of VP monomers to the assembly site located within the
nucleus. In the same viral particles a nuclear export signal (NES) was also identified that is located
in the VP2 unique N-terminal region (VP2u) and was proven to function during nuclear egress of
assembled BgDV1 particles. These results imply that the ambidensoviral VP2u possesses an important
function for intracellular trafficking of assembled progeny virions. For this purpose the VP2u domain
likely needs to be externalized, similarly to VP1u [165]. Interestingly, a functional NLS has been
described at the N-terminus of hepatopancreatic parvovirus (HPV) [166]. Recently the Helicoverpa
armigera densovirus 2 (HaDV2) VPs were shown to enhance the structural promoter activity by 35-fold
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compared to the activation by NS [167]. A similar role in transcriptional regulation by capsids has
been proposed for the AAVs of the Parvovirinae [168].

4. Summary

By the end of 2018, more than 100 capsid structures were published for the Parvoviridae (Figure 15).
This includes lower resolution cryo-EM capsid structures alone or in complex with receptor or antibody
molecules, and near-atomic and atomic resolution cryo-EM and crystal structures (Table 1, Table 3,
Table 4, and Table 5). The VP coordinates for the first parvovirus capsid structure, CPV, was determined
by X-ray crystallography [38]. In the following two decades, X-ray crystallography remained the
method of choice to determine high-resolution capsid structures. The first parvoviral capsid structure
determined by cryo-EM was for the Aleutian Mink Disease Virus (ADV) and displayed the general
features of the surface of the parvoviral capsid at 22 Å resolution [169]. The first boost in the use of
cryo-EM in structural parvovirology occurred after its utility for mapping the epitopes of monoclonal
antibodies onto the capsid became evident. A second boost occurred with the development of direct
electron detectors and their ability to record movie frames that can subsequently be aligned, which
resulted in atomic resolution structures, for example, the structure of the AAV2-L336C variant at 1.86 Å
resolution. This structure is currently the highest resolution parvovirus capsid structure, as well as
all viruses (Figure 15). The most important aspect of the advances made in structural parvovirology
is the ability to use the information obtained to functionally annotate the life cycle of these viruses.
This ability provides the tools required to develop biologics in the form of vaccines or inhibitors for
pathogenic members, for example, B19 and densoviruses, or gene delivery vehicles with improved
efficacy for non-pathogenic members, such as the AAVs.

Figure 15. Overview of published parvoviral capsid structures since 1990. Structures determined by
X-ray crystallography are shown in red and structures determined by cryo-EM in blue. Important
milestones of structural parvovirology are indicated.

Funding: This work was supported by NIH R01 grants GM109524 and GM082946, and the University of Florida
College of Medicine.

Conflicts of Interest: MAM is a SAB member for Voyager Therapeutics, Inc., and AGTC, has a sponsored
research agreement with AGTC, Voyager Therapeutics, and Intima Biosciences, Inc., and is a consultant for Intima
Biosciences, Inc. MAM is a co-founder of StrideBio, Inc. This is a biopharmaceutical company with interest in

31



Viruses 2019, 11, 362

developing AAV vectors for gene delivery application. MAM and MM have IP in AAV technology, some licensed
to Biotechnology companies.

References

1. Cotmore, S.F.; Agbandje-McKenna, M.; Canuti, M.; Chiorini, J.A.; Eis-Hubinger, A.M.; Hughes, J.; Mietzsch, M.;
Modha, S.; Ogliastro, M.; Penzes, J.J.; et al. ICTV virus taxonomy profile: Parvoviridae. J. Gen. Virol. 2019,
100, 367–368. [CrossRef] [PubMed]

2. Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.; Bealer, K.; Madden, T.L. BLAST+:
Architecture and applications. BMC Bioinform. 2009, 10, 421. [CrossRef] [PubMed]

3. Xie, Q.; Bu, W.; Bhatia, S.; Hare, J.; Somasundaram, T.; Azzi, A.; Chapman, M.S. The atomic structure of
adeno-associated virus (AAV-2), a vector for human gene therapy. Proc. Natl. Acad. Sci. USA 2002, 99,
10405–10410. [CrossRef] [PubMed]

4. Kaufmann, B.; Simpson, A.A.; Rossmann, M.G. The structure of human parvovirus B19. Proc. Natl. Acad.
Sci. USA 2004, 101, 11628–11633. [CrossRef]

5. Kailasan, S.; Halder, S.; Gurda, B.; Bladek, H.; Chipman, P.R.; McKenna, R.; Brown, K.; Agbandje-McKenna, M.
Structure of an enteric pathogen, bovine parvovirus. J. Virol. 2015, 89, 2603–2614. [CrossRef] [PubMed]

6. Tsao, J.; Chapman, M.S.; Agbandje, M.; Keller, W.; Smith, K.; Wu, H.; Luo, M.; Smith, T.J.; Rossmann, M.G.;
Compans, R.W.; et al. The three-dimensional structure of canine parvovirus and its functional implications.
Science 1991, 251, 1456–1464. [CrossRef]

7. Simpson, A.A.; Chipman, P.R.; Baker, T.S.; Tijssen, P.; Rossmann, M.G. The structure of an insect parvovirus
(Galleria mellonella densovirus) at 3.7 A resolution. Structure 1998, 6, 1355–1367. [CrossRef]

8. Meng, G.; Zhang, X.; Plevka, P.; Yu, Q.; Tijssen, P.; Rossmann, M.G. The structure and host entry of an
invertebrate parvovirus. J. Virol. 2013, 87, 12523–12530. [CrossRef] [PubMed]

9. Kaufmann, B.; El-Far, M.; Plevka, P.; Bowman, V.D.; Li, Y.; Tijssen, P.; Rossmann, M.G. Structure of Bombyx
mori densovirus 1, a silkworm pathogen. J. Virol. 2011, 85, 4691–4697. [CrossRef] [PubMed]

10. Zadori, Z.; Szelei, J.; Lacoste, M.C.; Li, Y.; Gariepy, S.; Raymond, P.; Allaire, M.; Nabi, I.R.; Tijssen, P. A viral
phospholipase A2 is required for parvovirus infectivity. Dev. Cell 2001, 1, 291–302. [CrossRef]

11. Popa-Wagner, R.; Sonntag, F.; Schmidt, K.; King, J.; Kleinschmidt, J.A. Nuclear translocation of
adeno-associated virus type 2 capsid proteins for virion assembly. J. Gen. Virol. 2012, 93, 1887–1898.
[CrossRef]

12. Popa-Wagner, R.; Porwal, M.; Kann, M.; Reuss, M.; Weimer, M.; Florin, L.; Kleinschmidt, J.A. Impact of
vp1-specific protein sequence motifs on adeno-associated virus type 2 intracellular trafficking and nuclear
entry. J. Virol. 2012, 86, 9163–9174. [CrossRef] [PubMed]

13. Qu, X.W.; Liu, W.P.; Qi, Z.Y.; Duan, Z.J.; Zheng, L.S.; Kuang, Z.Z.; Zhang, W.J.; Hou, Y.D. Phospholipase
A2-like activity of human bocavirus VP1 unique region. Biochem. Biophys. Res Commun. 2008, 365, 158–163.
[CrossRef]

14. Buller, R.M.; Janik, J.E.; Sebring, E.D.; Rose, J.A. Herpes simplex virus types 1 and 2 completely help
adenovirus-associated virus replication. J. Virol. 1981, 40, 241–247. [PubMed]

15. McPherson, R.A.; Rosenthal, L.J.; Rose, J.A. Human cytomegalovirus completely helps adeno-associated
virus replication. Virology 1985, 147, 217–222. [CrossRef]

16. Weindler, F.W.; Heilbronn, R. A subset of herpes simplex virus replication genes provides helper functions
for productive adeno-associated virus replication. J. Virol. 1991, 65, 2476–2483. [PubMed]

17. Chang, L.S.; Shi, Y.; Shenk, T. Adeno-associated virus P5 promoter contains an adenovirus E1A-inducible
element and a binding site for the major late transcription factor. J. Virol. 1989, 63, 3479–3488.

18. Weitzman, M.D.; Linden, R.M. Adeno-associated virus biology. Methods Mol. Biol. 2011, 807, 1–23. [PubMed]
19. Laughlin, C.A.; Westphal, H.; Carter, B.J. Spliced adenovirus-associated virus rna. Proc. Natl. Acad. Sci. USA

1979, 76, 5567–5571. [CrossRef]
20. Qiu, J.; Soderlund-Venermo, M.; Young, N.S. Human parvoviruses. Clin. Microbiol. Rev. 2017, 30, 43–113.
21. Becerra, S.P.; Rose, J.A.; Hardy, M.; Baroudy, B.M.; Anderson, C.W. Direct mapping of adeno-associated virus

capsid proteins b and c: A possible ACG initiation codon. Proc. Natl. Acad. Sci. USA 1985, 82, 7919–7923.
[CrossRef]

32



Viruses 2019, 11, 362

22. Becerra, S.P.; Koczot, F.; Fabisch, P.; Rose, J.A. Synthesis of adeno-associated virus structural proteins requires
both alternative mrna splicing and alternative initiations from a single transcript. J. Virol. 1988, 62, 2745–2754.

23. Trempe, J.P.; Carter, B.J. Alternate mrna splicing is required for synthesis of adeno-associated virus Vp1
capsid protein. J. Virol. 1988, 62, 3356–3363. [PubMed]

24. Qiu, J.; Pintel, D. Processing of adeno-associated virus rna. Front. Biosci. 2008, 13, 3101–3115. [CrossRef]
[PubMed]

25. Qiu, J.; Yoto, Y.; Tullis, G.E.; Pintel, D. Parvovirus RNA processing strategies. In Parvoviruses; Edward Arnold,
Ltd.: London, UK, 2006; pp. 253–274.

26. Wistuba, A.; Kern, A.; Weger, S.; Grimm, D.; Kleinschmidt, J.A. Subcellular compartmentalization of
adeno-associated virus type 2 assembly. J. Virol. 1997, 71, 1341–1352.

27. Cotmore, S.F.; D’Abramo, A.M., Jr.; Carbonell, L.F.; Bratton, J.; Tattersall, P. The NS2 polypeptide of parvovirus
MVM is required for capsid assembly in murine cells. Virology 1997, 231, 267–280. [CrossRef] [PubMed]

28. Cotmore, S.F.; McKie, V.C.; Anderson, L.J.; Astell, C.R.; Tattersall, P. Identification of the major structural
and nonstructural proteins encoded by human parvovirus B19 and mapping of their genes by procaryotic
expression of isolated genomic fragments. J. Virol. 1986, 60, 548–557.

29. Buller, R.M.; Rose, J.A. Characterization of adenovirus-associated virus-induced polypeptides in KB cells.
J. Virol. 1978, 25, 331–338. [PubMed]

30. Snijder, J.; van de Waterbeemd, M.; Damoc, E.; Denisov, E.; Grinfeld, D.; Bennett, A.; Agbandje-McKenna, M.;
Makarov, A.; Heck, A.J. Defining the stoichiometry and cargo load of viral and bacterial nanoparticles by
orbitrap mass spectrometry. J. Am. Chem. Soc. 2014, 136, 7295–7299. [CrossRef] [PubMed]

31. Rose, J.A.; Maizel, J.V., Jr.; Inman, J.K.; Shatkin, A.J. Structural proteins of adenovirus-associated viruses.
J. Virol. 1971, 8, 766–770.

32. Sonntag, F.; Schmidt, K.; Kleinschmidt, J.A. A viral assembly factor promotes AAV2 capsid formation in the
nucleolus. Proc. Natl. Acad. Sci. USA 2010, 107, 10220–10225. [CrossRef]

33. Bleker, S.; Pawlita, M.; Kleinschmidt, J.A. Impact of capsid conformation and rep-capsid interactions on
adeno-associated virus type 2 genome packaging. J. Virol. 2006, 80, 810–820. [CrossRef]

34. Clinton, G.M.; Hayashi, M. The parovivirus MVM: Particles with altered structural proteins. Virology 1975,
66, 261–267. [CrossRef]

35. Weichert, W.S.; Parker, J.S.; Wahid, A.T.; Chang, S.F.; Meier, E.; Parrish, C.R. Assaying for structural variation
in the parvovirus capsid and its role in infection. Virology 1998, 250, 106–117. [CrossRef] [PubMed]

36. Paradiso, P.R. Infectious process of the parvovirus h-1: Correlation of protein content, particle density, and
viral infectivity. J. Virol. 1981, 39, 800–807. [PubMed]

37. Farr, G.A.; Cotmore, S.F.; Tattersall, P. Vp2 cleavage and the leucine ring at the base of the fivefold cylinder
control ph-dependent externalization of both the Vp1 N terminus and the genome of minute virus of mice.
J. Virol. 2006, 80, 161–171. [CrossRef]

38. Wu, H.; Rossmann, M.G. The canine parvovirus empty capsid structure. J. Mol. Biol. 1993, 233, 231–244.
[CrossRef] [PubMed]

39. Ilyas, M.; Mietzsch, M.; Kailasan, S.; Vaisanen, E.; Luo, M.; Chipman, P.; Smith, J.K.; Kurian, J.; Sousa, D.;
McKenna, R.; et al. Atomic resolution structures of human bufaviruses determined by Cryo-electron
microscopy. Viruses 2018, 10, 22. [CrossRef]

40. Xie, Q.; Chapman, M.S. Canine parvovirus capsid structure, analyzed at 2.9 A resolution. J. Mol. Biol. 1996,
264, 497–520. [CrossRef]

41. Govindasamy, L.; Hueffer, K.; Parrish, C.R.; Agbandje-McKenna, M. Structures of host range-controlling
regions of the capsids of canine and feline parvoviruses and mutants. J. Virol. 2003, 77, 12211–12221.
[CrossRef]

42. Simpson, A.A.; Chandrasekar, V.; Hebert, B.; Sullivan, G.M.; Rossmann, M.G.; Parrish, C.R. Host range and
variability of calcium binding by surface loops in the capsids of canine and feline parvoviruses. J. Mol. Biol.
2000, 300, 597–610. [CrossRef]

43. Llamas-Saiz, A.L.; Agbandje-McKenna, M.; Parker, J.S.; Wahid, A.T.; Parrish, C.R.; Rossmann, M.G. Structural
analysis of a mutation in canine parvovirus which controls antigenicity and host range. Virology 1996, 225,
65–71. [CrossRef] [PubMed]

33



Viruses 2019, 11, 362

44. Organtini, L.J.; Allison, A.B.; Lukk, T.; Parrish, C.R.; Hafenstein, S. Global displacement of canine parvovirus
by a host-adapted variant: Structural comparison between pandemic viruses with distinct host ranges.
J. Virol. 2015, 89, 1909–1912. [CrossRef] [PubMed]

45. Agbandje, M.; McKenna, R.; Rossmann, M.G.; Strassheim, M.L.; Parrish, C.R. Structure determination of
feline Panleukopenia virus empty particles. Proteins 1993, 16, 155–171. [CrossRef] [PubMed]

46. Halder, S.; Nam, H.J.; Govindasamy, L.; Vogel, M.; Dinsart, C.; Salome, N.; McKenna, R.;
Agbandje-McKenna, M. Structural characterization of H-1 parvovirus: Comparison of infectious virions to
empty capsids. J. Virol. 2013, 87, 5128–5140. [CrossRef]

47. Pittman, N.; Misseldine, A.; Geilen, L.; Halder, S.; Smith, J.K.; Kurian, J.; Chipman, P.; Janssen, M.; McKenna, R.;
Baker, T.S.; et al. Atomic resolution structure of the oncolytic parvovirus luiii by electron microscopy and 3d
image reconstruction. Viruses 2017, 9, 321. [CrossRef] [PubMed]

48. Callaway, H.M.; Subramanian, S.; Urbina, C.; Barnard, K.; Dick, R.; Bator, C.M.; Hafentein, S.L.; Gifford, R.J.;
Parrish, C.R. Examination and reconstruction of three ancient endogenous parvovirus capsid protein gene
remnants found in rodent genomes. J. Virol. 2019, 93, e01542-18. [CrossRef]

49. Llamas-Saiz, A.L.; Agbandje-McKenna, M.; Wikoff, W.R.; Bratton, J.; Tattersall, P.; Rossmann, M.G. Structure
determination of minute virus of mice. Acta Crystallogr. Sect. D Biol. Crystallogr. 1997, 53, 93–102. [CrossRef]

50. Kontou, M.; Govindasamy, L.; Nam, H.J.; Bryant, N.; Llamas-Saiz, A.L.; Foces-Foces, C.; Hernando, E.;
Rubio, M.P.; McKenna, R.; Almendral, J.M.; et al. Structural determinants of tissue tropism and in vivo
pathogenicity for the parvovirus minute virus of mice. J. Virol. 2005, 79, 10931–10943. [CrossRef]

51. Plevka, P.; Hafenstein, S.; Li, L.; D’Abrgamo, A., Jr.; Cotmore, S.F.; Rossmann, M.G.; Tattersall, P. Structure of
a packaging-defective mutant of minute virus of mice indicates that the genome is packaged via a pore at a
5-fold axis. J. Virol. 2011, 85, 4822–4827. [CrossRef]

52. Guerra, P.; Valbuena, A.; Querol-Audi, J.; Silva, C.; Castellanos, M.; Rodriguez-Huete, A.; Garriga, D.;
Mateu, M.G.; Verdaguer, N. Structural basis for biologically relevant mechanical stiffening of a virus capsid
by cavity-creating or spacefilling mutations. Sci. Rep. 2017, 7, 4101. [CrossRef] [PubMed]

53. Simpson, A.A.; Hebert, B.; Sullivan, G.M.; Parrish, C.R.; Zadori, Z.; Tijssen, P.; Rossmann, M.G. The structure
of porcine parvovirus: Comparison with related viruses. J. Mol. Biol. 2002, 315, 1189–1198. [CrossRef]
[PubMed]

54. Mietzsch, M.; Kailasan, S.; Garrison, J.; Ilyas, M.; Chipman, P.; Kantola, K.; Janssen, M.E.; Spear, J.; Sousa, D.;
McKenna, R.; et al. Structural insights into human bocaparvoviruses. J. Virol. 2017, 91, e00261-17. [CrossRef]
[PubMed]

55. Ng, R.; Govindasamy, L.; Gurda, B.L.; McKenna, R.; Kozyreva, O.G.; Samulski, R.J.; Parent, K.N.; Baker, T.S.;
Agbandje-McKenna, M. Structural characterization of the dual glycan binding adeno-associated virus
serotype 6. J. Virol. 2010, 84, 12945–12957. [CrossRef] [PubMed]

56. Drouin, L.M.; Lins, B.; Janssen, M.; Bennett, A.; Chipman, P.; McKenna, R.; Chen, W.; Muzyczka, N.;
Cardone, G.; Baker, T.S.; et al. Cryo-electron microscopy reconstruction and stability studies of the wild
type and the R432A variant of adeno-associated virus type 2 reveal that capsid structural stability is a major
factor in genome packaging. J. Virol. 2016, 90, 8542–8551. [CrossRef]

57. Tan, Y.Z.; Aiyer, S.; Mietzsch, M.; Hull, J.A.; McKenna, R.; Grieger, J.; Samulski, R.J.; Baker, T.S.;
Agbandje-McKenna, M.; Lyumkis, D. Sub-2 A Ewald curvature corrected structure of an AAV2 capsid variant.
Nat. Commun. 2018, 9, 3628. [CrossRef] [PubMed]

58. Burg, M.; Rosebrough, C.; Drouin, L.M.; Bennett, A.; Mietzsch, M.; Chipman, P.; McKenna, R.; Sousa, D.;
Potter, M.; Byrne, B.; et al. Atomic structure of a rationally engineered gene delivery vector, aav2.5.
J. Struct. Biol. 2018, 203, 236–241. [CrossRef]

59. Lerch, T.F.; Xie, Q.; Chapman, M.S. The structure of adeno-associated virus serotype 3b (aav-3b): Insights
into receptor binding and immune evasion. Virology 2010, 403, 26–36. [CrossRef]

60. Govindasamy, L.; Padron, E.; McKenna, R.; Muzyczka, N.; Kaludov, N.; Chiorini, J.A.; Agbandje-McKenna, M.
Structurally mapping the diverse phenotype of adeno-associated virus serotype 4. J. Virol. 2006, 80,
11556–11570. [CrossRef]

61. Govindasamy, L.; Dimattia, M.A.; Gurda, B.L.; Halder, S.; McKenna, R.; Chiorini, J.A.; Muzyczka, N.;
Zolotukhin, S.; Agbandje-McKenna, M. Structural insights into adeno-associated virus serotype 5. J. Virol.
2013, 87, 11187–11199. [CrossRef]

34



Viruses 2019, 11, 362

62. Xie, Q.; Lerch, T.F.; Meyer, N.L.; Chapman, M.S. Structure-function analysis of receptor-binding in
adeno-associated virus serotype 6 (AAV-6). Virology 2011, 420, 10–19. [CrossRef] [PubMed]

63. Nam, H.J.; Lane, M.D.; Padron, E.; Gurda, B.; McKenna, R.; Kohlbrenner, E.; Aslanidi, G.; Byrne, B.;
Muzyczka, N.; Zolotukhin, S.; et al. Structure of adeno-associated virus serotype 8, a gene therapy vector.
J. Virol. 2007, 81, 12260–12271. [CrossRef]

64. Nam, H.J.; Gurda, B.L.; McKenna, R.; Potter, M.; Byrne, B.; Salganik, M.; Muzyczka, N.; Agbandje-McKenna, M.
Structural studies of adeno-associated virus serotype 8 capsid transitions associated with endosomal
trafficking. J. Virol. 2011, 85, 11791–11799. [CrossRef] [PubMed]

65. DiMattia, M.A.; Nam, H.J.; Van Vliet, K.; Mitchell, M.; Bennett, A.; Gurda, B.L.; McKenna, R.; Olson, N.H.;
Sinkovits, R.S.; Potter, M.; et al. Structural insight into the unique properties of adeno-associated virus
serotype 9. J. Virol. 2012, 86, 6947–6958. [CrossRef]

66. Guenther, C.M.; Brun, M.J.; Bennett, A.D.; Ho, M.L.; Chen, W.; Zhu, B.; Lam, M.; Yamagami, M.; Kwon, S.;
Bhattacharya, N.; et al. Protease-activatable adeno-associated virus vector for gene delivery to damaged
heart tissue. Mol. Ther. 2019, 27, 611–622. [CrossRef] [PubMed]

67. Lerch, T.F.; O’Donnell, J.K.; Meyer, N.L.; Xie, Q.; Taylor, K.A.; Stagg, S.M.; Chapman, M.S. Structure of
AAV-dj, a retargeted gene therapy vector: Cryo-electron microscopy at 4.5 A resolution. Structure 2012, 20,
1310–1320. [CrossRef] [PubMed]

68. Halder, S.; Van Vliet, K.; Smith, J.K.; Duong, T.T.; McKenna, R.; Wilson, J.M.; Agbandje-McKenna, M. Structure
of neurotropic adeno-associated virus AAVrh.8. J. Struct. Biol. 2015, 192, 21–36. [CrossRef] [PubMed]

69. Mikals, K.; Nam, H.J.; Van Vliet, K.; Vandenberghe, L.H.; Mays, L.E.; McKenna, R.; Wilson, J.M.;
Agbandje-McKenna, M. The structure of AAVrh32.33, a novel gene delivery vector. J. Struct. Biol. 2014, 186,
308–317. [CrossRef]

70. Kronenberg, S.; Bottcher, B.; von der Lieth, C.W.; Bleker, S.; Kleinschmidt, J.A. A conformational change in
the adeno-associated virus type 2 capsid leads to the exposure of hidden Vp1 N termini. J. Virol. 2005, 79,
5296–5303. [CrossRef] [PubMed]

71. Kaufmann, B.; Chipman, P.R.; Kostyuchenko, V.A.; Modrow, S.; Rossmann, M.G. Visualization of the
externalized Vp2 N termini of infectious human parvovirus B19. J. Virol. 2008, 82, 7306–7312. [CrossRef]

72. Xue, B.; Dunbrack, R.L.; Williams, R.W.; Dunker, A.K.; Uversky, V.N. Pondr-fit: A meta-predictor of
intrinsically disordered amino acids. Biochim. Biophys. Acta 2010, 1804, 996–1010. [CrossRef] [PubMed]

73. Venkatakrishnan, B.; Yarbrough, J.; Domsic, J.; Bennett, A.; Bothner, B.; Kozyreva, O.G.; Samulski, R.J.;
Muzyczka, N.; McKenna, R.; Agbandje-McKenna, M. Structure and dynamics of adeno-associated virus
serotype 1 Vp1-unique n-terminal domain and its role in capsid trafficking. J. Virol. 2013, 87, 4974–4984.
[CrossRef] [PubMed]

74. Agbandje-McKenna, M.; Kleinschmidt, J. Aav capsid structure and cell interactions. Methods Mol. Biol. 2011,
807, 47–92. [PubMed]

75. Bennett, A.; Mietzsch, M.; Agbandje-McKenna, M. Understanding capsid assembly and genome packaging
for adeno-associated viruses. Future Virol. 2017, 12, 283–297. [CrossRef]

76. Chapman, M.S.; Agbandje-McKenna, M. Atomic structure of viral particles. In Parvoviruses; Bloom, M.E.,
Cotmore, S.F., Linden, R.M., Parrish, C.R., Kerr, J.R., Eds.; Edward Arnold, Ltd.: London, UK, 2006;
pp. 109–123.

77. DeLano, W.L. The Pymol Molecular Graphics Syste; DeLano Scientific: San Carlos, CA, USA, 2002.
78. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. Ucsf

chimera—A visualization system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605–1612.
[CrossRef]

79. Chapman, M.S.; Rossmann, M.G. Single-stranded DNA-protein interactions in canine parvovirus. Structure
1995, 3, 151–162. [CrossRef]

80. Grieger, J.C.; Johnson, J.S.; Gurda-Whitaker, B.; Agbandje-McKenna, M.; Samulski, R.J. Surface-exposed
adeno-associated virus Vp1-NLS capsid fusion protein rescues infectivity of noninfectious wild-type Vp2/Vp3
and Vp3-only capsids but not that of fivefold pore mutant virions. J. Virol. 2007, 81, 7833–7843. [CrossRef]
[PubMed]

81. Farr, G.A.; Tattersall, P. A conserved leucine that constricts the pore through the capsid fivefold cylinder
plays a central role in parvoviral infection. Virology 2004, 323, 243–256. [CrossRef] [PubMed]

35



Viruses 2019, 11, 362

82. Wu, P.; Xiao, W.; Conlon, T.; Hughes, J.; Agbandje-McKenna, M.; Ferkol, T.; Flotte, T.; Muzyczka, N.
Mutational analysis of the adeno-associated virus type 2 (AAV2) capsid gene and construction of aav2
vectors with altered tropism. J. Virol. 2000, 74, 8635–8647. [CrossRef]

83. Hafenstein, S.; Palermo, L.M.; Kostyuchenko, V.A.; Xiao, C.; Morais, M.C.; Nelson, C.D.; Bowman, V.D.;
Battisti, A.J.; Chipman, P.R.; Parrish, C.R.; et al. Asymmetric binding of transferrin receptor to parvovirus
capsids. Proc. Natl. Acad. Sci. USA 2007, 104, 6585–6589. [CrossRef] [PubMed]

84. Hafenstein, S.; Bowman, V.D.; Sun, T.; Nelson, C.D.; Palermo, L.M.; Chipman, P.R.; Battisti, A.J.; Parrish, C.R.;
Rossmann, M.G. Structural comparison of different antibodies interacting with parvovirus capsids. J. Virol.
2009, 83, 5556–5566. [CrossRef] [PubMed]

85. Hueffer, K.; Govindasamy, L.; Agbandje-McKenna, M.; Parrish, C.R. Combinations of two capsid regions
controlling canine host range determine canine transferrin receptor binding by canine and feline parvoviruses.
J. Virol. 2003, 77, 10099–10105. [CrossRef] [PubMed]

86. Huang, L.Y.; Halder, S.; Agbandje-McKenna, M. Parvovirus glycan interactions. Curr. Opin. Virol. 2014, 7,
108–118. [CrossRef] [PubMed]

87. Pillay, S.; Meyer, N.L.; Puschnik, A.S.; Davulcu, O.; Diep, J.; Ishikawa, Y.; Jae, L.T.; Wosen, J.E.; Nagamine, C.M.;
Chapman, M.S.; et al. An essential receptor for adeno-associated virus infection. Nature 2016, 530, 108–112.
[CrossRef] [PubMed]

88. Mietzsch, M.; Broecker, F.; Reinhardt, A.; Seeberger, P.H.; Heilbronn, R. Differential adeno-associated virus
serotype-specific interaction patterns with synthetic heparins and other glycans. J. Virol. 2014, 88, 2991–3003.
[CrossRef] [PubMed]

89. Akache, B.; Grimm, D.; Pandey, K.; Yant, S.R.; Xu, H.; Kay, M.A. The 37/67-kilodalton laminin receptor is a
receptor for adeno-associated virus serotypes 8, 2, 3, and 9. J. Virol. 2006, 80, 9831–9836. [CrossRef]

90. Qing, K.; Mah, C.; Hansen, J.; Zhou, S.; Dwarki, V.; Srivastava, A. Human fibroblast growth factor receptor 1
is a co-receptor for infection by adeno-associated virus 2. Nat. Med. 1999, 5, 71–77. [CrossRef]

91. Kashiwakura, Y.; Tamayose, K.; Iwabuchi, K.; Hirai, Y.; Shimada, T.; Matsumoto, K.; Nakamura, T.;
Watanabe, M.; Oshimi, K.; Daida, H. Hepatocyte growth factor receptor is a coreceptor for adeno-associated
virus type 2 infection. J. Virol. 2005, 79, 609–614. [CrossRef] [PubMed]

92. Weller, M.L.; Amornphimoltham, P.; Schmidt, M.; Wilson, P.A.; Gutkind, J.S.; Chiorini, J.A. Epidermal growth
factor receptor is a co-receptor for adeno-associated virus serotype 6. Nat. Med. 2010, 16, 662–664. [CrossRef]
[PubMed]

93. Wu, Z.; Miller, E.; Agbandje-McKenna, M.; Samulski, R.J. Alpha2,3 and alpha2,6 n-linked sialic acids facilitate
efficient binding and transduction by adeno-associated virus types 1 and 6. J. Virol. 2006, 80, 9093–9103.
[CrossRef] [PubMed]

94. Di Pasquale, G.; Kaludov, N.; Agbandje-McKenna, M.; Chiorini, J.A. Baav transcytosis requires an interaction
with Beta-1-4 linked- glucosamine and gp96. PLoS ONE 2010, 5, e9336. [CrossRef] [PubMed]

95. O’Donnell, J.; Taylor, K.A.; Chapman, M.S. Adeno-associated virus-2 and its primary cellular receptor–cryo-em
structure of a heparin complex. Virology 2009, 385, 434–443. [CrossRef] [PubMed]

96. Levy, H.C.; Bowman, V.D.; Govindasamy, L.; McKenna, R.; Nash, K.; Warrington, K.; Chen, W.; Muzyczka, N.;
Yan, X.; Baker, T.S.; et al. Heparin binding induces conformational changes in adeno-associated virus serotype
2. J. Struct. Biol. 2009, 165, 146–156. [CrossRef] [PubMed]

97. Xie, Q.; Spear, J.M.; Noble, A.J.; Sousa, D.R.; Meyer, N.L.; Davulcu, O.; Zhang, F.; Linhardt, R.J.; Stagg, S.M.;
Chapman, M.S. The 2.8 A electron microscopy structure of adeno-associated virus-dj bound by a heparinoid
pentasaccharide. Mol. Ther. Methods Clin. Dev. 2017, 5, 1–12. [CrossRef]

98. Afione, S.; DiMattia, M.A.; Halder, S.; Di Pasquale, G.; Agbandje-McKenna, M.; Chiorini, J.A. Identification
and mutagenesis of the adeno-associated virus 5 sialic acid binding region. J. Virol. 2015, 89, 1660–1672.
[CrossRef]

99. Lerch, T.F.; Chapman, M.S. Identification of the heparin binding site on adeno-associated virus serotype 3B
(AAV-3B). Virology 2012, 423, 6–13. [CrossRef]

100. Huang, L.Y.; Patel, A.; Ng, R.; Miller, E.B.; Halder, S.; McKenna, R.; Asokan, A.; Agbandje-McKenna, M.
Characterization of the adeno-associated virus 1 and 6 sialic acid binding site. J. Virol. 2016, 90, 5219–5230.
[CrossRef] [PubMed]

36



Viruses 2019, 11, 362

101. Lopez-Bueno, A.; Rubio, M.P.; Bryant, N.; McKenna, R.; Agbandje-McKenna, M.; Almendral, J.M.
Host-selected amino acid changes at the sialic acid binding pocket of the parvovirus capsid modulate
cell binding affinity and determine virulence. J. Virol. 2006, 80, 1563–1573. [CrossRef]

102. Zhang, R.; Cao, L.; Cui, M.; Sun, Z.; Hu, M.; Zhang, R.; Stuart, W.; Zhao, X.; Yang, Z.; Li, X.; et al.
Adeno-associated virus 2 bound to its cellular receptor AAVR. Nat. Microbiol. 2019, 4, 675–682. [CrossRef]

103. Rohrer, C.; Gartner, B.; Sauerbrei, A.; Bohm, S.; Hottentrager, B.; Raab, U.; Thierfelder, W.; Wutzler, P.;
Modrow, S. Seroprevalence of parvovirus B19 in the german population. Epidemiol. Infect. 2008, 136,
1564–1575. [CrossRef]

104. Boutin, S.; Monteilhet, V.; Veron, P.; Leborgne, C.; Benveniste, O.; Montus, M.F.; Masurier, C. Prevalence
of serum igg and neutralizing factors against adeno-associated virus (AAV) types 1, 2, 5, 6, 8, and 9 in the
healthy population: Implications for gene therapy using AAV vectors. Hum. Gene Ther. 2010, 21, 704–712.
[CrossRef]

105. Guo, L.; Wang, Y.; Zhou, H.; Wu, C.; Song, J.; Li, J.; Paranhos-Baccala, G.; Vernet, G.; Wang, J.; Hung, T.
Differential seroprevalence of human bocavirus species 1-4 in Beijing, China. PLoS ONE 2012, 7, e39644.
[CrossRef] [PubMed]

106. Vaisanen, E.; Mohanraj, U.; Kinnunen, P.M.; Jokelainen, P.; Al-Hello, H.; Barakat, A.M.; Sadeghi, M.;
Jalilian, F.A.; Majlesi, A.; Masika, M.; et al. Global distribution of human protoparvoviruses. Emerg. Infect. Dis.
2018, 24, 1292–1299. [CrossRef] [PubMed]

107. Sharp, C.P.; Vermeulen, M.; Nebie, Y.; Djoko, C.F.; LeBreton, M.; Tamoufe, U.; Rimoin, A.W.; Kayembe, P.K.;
Carr, J.K.; Servant-Delmas, A.; et al. Changing epidemiology of human parvovirus 4 infection in sub-Saharan
Africa. Emerg. Infect. Dis. 2010, 16, 1605–1607. [CrossRef]

108. Jose, A.; Mietzsch, M.; Smith, K.; Kurian, J.; Chipman, P.; McKenna, R.; Chiorini, J.; Agbandje-McKenna, M.
High resolution structural characterization of a new aav5 antibody epitope toward engineering antibody
resistant recombinant gene delivery vectors. J. Virol. 2018, 93, e01394-18. [CrossRef]

109. von Kietzell, K.; Pozzuto, T.; Heilbronn, R.; Grossl, T.; Fechner, H.; Weger, S. Antibody-mediated enhancement
of parvovirus B19 uptake into endothelial cells mediated by a receptor for complement factor C1Q. J. Virol.
2014, 88, 8102–8115. [CrossRef]

110. Kanno, H.; Wolfinbarger, J.B.; Bloom, M.E. Aleutian mink disease parvovirus infection of mink macrophages
and human macrophage cell line u937: Demonstration of antibody-dependent enhancement of infection.
J. Virol. 1993, 67, 7017–7024. [PubMed]

111. Organtini, L.J.; Lee, H.; Iketani, S.; Huang, K.; Ashley, R.E.; Makhov, A.M.; Conway, J.F.; Parrish, C.R.;
Hafenstein, S. Near-atomic resolution structure of a highly neutralizing Fab bound to canine parvovirus.
J. Virol. 2016, 90, 9733–9742. [CrossRef] [PubMed]

112. Kaufmann, B.; Lopez-Bueno, A.; Mateu, M.G.; Chipman, P.R.; Nelson, C.D.; Parrish, C.R.; Almendral, J.M.;
Rossmann, M.G. Minute virus of mice, a parvovirus, in complex with the fab fragment of a neutralizing
monoclonal antibody. J. Virol. 2007, 81, 9851–9858. [CrossRef]

113. Kailasan, S.; Garrison, J.; Ilyas, M.; Chipman, P.; McKenna, R.; Kantola, K.; Soderlund-Venermo, M.;
Kucinskaite-Kodze, I.; Zvirbliene, A.; Agbandje-McKenna, M. Mapping antigenic epitopes on the human
bocavirus capsid. J. Virol. 2016, 90, 4670–4680. [CrossRef]

114. Tseng, Y.S.; Gurda, B.L.; Chipman, P.; McKenna, R.; Afione, S.; Chiorini, J.A.; Muzyczka, N.; Olson, N.H.;
Baker, T.S.; Kleinschmidt, J.; et al. Adeno-associated virus serotype 1 (AAV1)- and AAV5-antibody complex
structures reveal evolutionary commonalities in parvovirus antigenic reactivity. J. Virol. 2015, 89, 1794–1808.
[CrossRef] [PubMed]

115. Gurda, B.L.; DiMattia, M.A.; Miller, E.B.; Bennett, A.; McKenna, R.; Weichert, W.S.; Nelson, C.D.; Chen, W.J.;
Muzyczka, N.; Olson, N.H.; et al. Capsid antibodies to different adeno-associated virus serotypes bind
common regions. J. Virol. 2013, 87, 9111–9124. [CrossRef]

116. McCraw, D.M.; O’Donnell, J.K.; Taylor, K.A.; Stagg, S.M.; Chapman, M.S. Structure of adeno-associated
virus-2 in complex with neutralizing monoclonal antibody A20. Virology 2012, 431, 40–49. [CrossRef]
[PubMed]

117. Bennett, A.D.; Wong, K.; Lewis, J.; Tseng, Y.S.; Smith, J.K.; Chipman, P.; McKenna, R.; Samulski, R.J.;
Kleinschmidt, J.; Agbandje-McKenna, M. AAV6 K531 serves a dual function in selective receptor and
antibody ADK6 recognition. Virology 2018, 518, 369–376. [CrossRef] [PubMed]

37



Viruses 2019, 11, 362

118. Gurda, B.L.; Raupp, C.; Popa-Wagner, R.; Naumer, M.; Olson, N.H.; Ng, R.; McKenna, R.; Baker, T.S.;
Kleinschmidt, J.A.; Agbandje-McKenna, M. Mapping a neutralizing epitope onto the capsid of
adeno-associated virus serotype 8. J. Virol. 2012, 86, 7739–7751. [CrossRef] [PubMed]

119. Giles, A.R.; Govindasamy, L.; Somanathan, S.; Wilson, J.M. Mapping an adeno-associated virus 9-specific
neutralizing epitope to develop next-generation gene delivery vectors. J. Virol. 2018, 92. [CrossRef]

120. Sun, Y.; Klose, T.; Liu, Y.; Modrow, S.; Rossmann, M.G. Structure of parvovirus B19 decorated by Fabs from a
human antibody. J. Virol. 2019. [CrossRef]

121. Daya, S.; Berns, K.I. Gene therapy using adeno-associated virus vectors. Clin. Microbiol. Rev. 2008, 21,
583–593. [CrossRef]

122. Fakhiri, J.; Schneider, M.A.; Puschhof, J.; Stanifer, M.; Schildgen, V.; Holderbach, S.; Voss, Y.; El Andari, J.;
Schildgen, O.; Boulant, S.; et al. Novel chimeric gene therapy vectors based on adeno-associated virus (AAV)
and four different mammalian bocaviruses (BOV). Mol. Ther. Methods Clin. Dev. 2019, 12, 202–222. [CrossRef]

123. Gray, J.T.; Zolotukhin, S. Design and construction of functional AAV vectors. Methods Mol. Biol. 2011, 807,
25–46. [PubMed]

124. Zhong, L.; Li, B.; Jayandharan, G.; Mah, C.S.; Govindasamy, L.; Agbandje-McKenna, M.; Herzog, R.W.;
Weigel-Van Aken, K.A.; Hobbs, J.A.; Zolotukhin, S.; et al. Tyrosine-phosphorylation of AAV2 vectors and
its consequences on viral intracellular trafficking and transgene expression. Virology 2008, 381, 194–202.
[CrossRef] [PubMed]

125. Zhong, L.; Zhao, W.; Wu, J.; Li, B.; Zolotukhin, S.; Govindasamy, L.; Agbandje-McKenna, M.; Srivastava, A. A
dual role of EGFR protein tyrosine kinase signaling in ubiquitination of AAV2 capsids and viral second-strand
DNA synthesis. Mol. Ther. 2007, 15, 1323–1330. [CrossRef] [PubMed]

126. Zhong, L.; Li, B.; Mah, C.S.; Govindasamy, L.; Agbandje-McKenna, M.; Cooper, M.; Herzog, R.W.;
Zolotukhin, I.; Warrington, K.H., Jr.; Weigel-Van Aken, K.A.; et al. Next generation of adeno-associated virus
2 vectors: Point mutations in tyrosines lead to high-efficiency transduction at lower doses. Proc. Natl. Acad.
Sci. USA 2008, 105, 7827–7832. [CrossRef] [PubMed]

127. Aslanidi, G.V.; Rivers, A.E.; Ortiz, L.; Song, L.; Ling, C.; Govindasamy, L.; Van Vliet, K.; Tan, M.;
Agbandje-McKenna, M.; Srivastava, A. Optimization of the capsid of recombinant adeno-associated virus 2
(AAV2) vectors: The final threshold? PLoS ONE 2013, 8, e59142. [CrossRef]

128. Gabriel, N.; Hareendran, S.; Sen, D.; Gadkari, R.A.; Sudha, G.; Selot, R.; Hussain, M.; Dhaksnamoorthy, R.;
Samuel, R.; Srinivasan, N.; et al. Bioengineering of AAV2 capsid at specific serine, threonine, or lysine
residues improves its transduction efficiency in vitro and in vivo. Hum. Gene Ther. Methods 2013, 24, 80–93.
[CrossRef] [PubMed]

129. Hurlbut, G.D.; Ziegler, R.J.; Nietupski, J.B.; Foley, J.W.; Woodworth, L.A.; Meyers, E.; Bercury, S.D.;
Pande, N.N.; Souza, D.W.; Bree, M.P.; et al. Preexisting immunity and low expression in primates highlight
translational challenges for liver-directed AAV8-mediated gene therapy. Mol. Ther. 2010, 18, 1983–1994.
[CrossRef]

130. Velazquez, V.M.; Meadows, A.S.; Pineda, R.J.; Camboni, M.; McCarty, D.M.; Fu, H. Effective depletion of
pre-existing anti-aav antibodies requires broad immune targeting. Mol. Ther. Methods Clin. Dev. 2017, 4,
159–168. [CrossRef] [PubMed]

131. Mingozzi, F.; High, K.A. Immune responses to AAV vectors: Overcoming barriers to successful gene therapy.
Blood 2013, 122, 23–36. [CrossRef] [PubMed]

132. Arruda, V.R.; Favaro, P.; Finn, J.D. Strategies to modulate immune responses: A new frontier for gene therapy.
Mol. Ther. 2009, 17, 1492–1503. [CrossRef]

133. Wang, Z.; Storb, R.; Halbert, C.L.; Banks, G.B.; Butts, T.M.; Finn, E.E.; Allen, J.M.; Miller, A.D.; Chamberlain, J.S.;
Tapscott, S.J. Successful regional delivery and long-term expression of a dystrophin gene in canine muscular
dystrophy: A preclinical model for human therapies. Mol. Ther. 2012, 20, 1501–1507. [CrossRef]

134. Mingozzi, F.; Anguela, X.M.; Pavani, G.; Chen, Y.; Davidson, R.J.; Hui, D.J.; Yazicioglu, M.; Elkouby, L.;
Hinderer, C.J.; Faella, A.; et al. Overcoming preexisting humoral immunity to aav using capsid decoys.
Sci. Transl. Med. 2013, 5, 194ra192. [CrossRef] [PubMed]

135. Tse, L.V.; Klinc, K.A.; Madigan, V.J.; Castellanos Rivera, R.M.; Wells, L.F.; Havlik, L.P.; Smith, J.K.;
Agbandje-McKenna, M.; Asokan, A. Structure-guided evolution of antigenically distinct adeno-associated
virus variants for immune evasion. Proc. Natl. Acad. Sci. USA 2017, 114, E4812–E4821. [CrossRef]

38



Viruses 2019, 11, 362

136. Tseng, Y.S.; Agbandje-McKenna, M. Mapping the aav capsid host antibody response toward the development
of second generation gene delivery vectors. Front. Immunol. 2014, 5, 9. [CrossRef] [PubMed]

137. Buning, H.; Ried, M.U.; Perabo, L.; Gerner, F.M.; Huttner, N.A.; Enssle, J.; Hallek, M. Receptor targeting of
adeno-associated virus vectors. Gene Ther. 2003, 10, 1142–1151. [CrossRef]

138. Yu, C.Y.; Yuan, Z.; Cao, Z.; Wang, B.; Qiao, C.; Li, J.; Xiao, X. A muscle-targeting peptide displayed on AAV2
improves muscle tropism on systemic delivery. Gene Ther. 2009, 16, 953–962. [CrossRef] [PubMed]

139. Dalkara, D.; Byrne, L.C.; Klimczak, R.R.; Visel, M.; Yin, L.; Merigan, W.H.; Flannery, J.G.; Schaffer, D.V.
In vivo-directed evolution of a new adeno-associated virus for therapeutic outer retinal gene delivery from
the vitreous. Sci. Transl. Med. 2013, 5, 189ra176. [CrossRef]

140. Judd, J.; Wei, F.; Nguyen, P.Q.; Tartaglia, L.J.; Agbandje-McKenna, M.; Silberg, J.J.; Suh, J. Random insertion
of mcherry into vp3 domain of adeno-associated virus yields fluorescent capsids with no loss of infectivity.
Mol. Ther. Nucleic Acids 2012, 1, e54. [CrossRef] [PubMed]

141. Asuri, P.; Bartel, M.A.; Vazin, T.; Jang, J.H.; Wong, T.B.; Schaffer, D.V. Directed evolution of adeno-associated
virus for enhanced gene delivery and gene targeting in human pluripotent stem cells. Mol. Ther. 2012, 20,
329–338. [CrossRef]

142. Bowles, D.E.; McPhee, S.W.; Li, C.; Gray, S.J.; Samulski, J.J.; Camp, A.S.; Li, J.; Wang, B.; Monahan, P.E.;
Rabinowitz, J.E.; et al. Phase 1 gene therapy for Duchenne muscular dystrophy using a translational
optimized aav vector. Mol. Ther. 2012, 20, 443–455. [CrossRef]

143. Bergoin, M.; Tijssen, P. Densoviruses: A highly diverse group of arthropod parvoviruses. In Insect Virology;
Asgari, S., Johnson, K.N., Eds.; Horizon Scientific Press: Norfolk, UK, 2010; pp. 59–82.

144. Palinski, R.M.; Mitra, N.; Hause, B.M. Discovery of a novel parvovirinae virus, porcine parvovirus 7, by
metagenomic sequencing of porcine rectal swabs. Virus Genes 2016, 52, 564–567. [CrossRef] [PubMed]

145. Baquerizo-Audiot, E.; Abd-Alla, A.; Jousset, F.X.; Cousserans, F.; Tijssen, P.; Bergoin, M. Structure and
expression strategy of the genome of Culex pipiens densovirus, a mosquito densovirus with an ambisense
organization. J. Virol. 2009, 83, 6863–6873. [CrossRef]

146. Tijssen, P.; Penzes, J.J.; Yu, Q.; Pham, H.T.; Bergoin, M. Diversity of small, single-stranded DNA viruses of
invertebrates and their chaotic evolutionary past. J. Invertebr. Pathol. 2016, 140, 83–96. [CrossRef]

147. Kim, E.; Magen, A.; Ast, G. Different levels of alternative splicing among eukaryotes. Nucleic Acids Res. 2007,
35, 125–131. [CrossRef] [PubMed]

148. Roediger, B.; Lee, Q.; Tikoo, S.; Cobbin, J.C.A.; Henderson, J.M.; Jormakka, M.; O’Rourke, M.B.; Padula, M.P.;
Pinello, N.; Henry, M.; et al. An atypical parvovirus drives chronic tubulointerstitial nephropathy and kidney
fibrosis. Cell 2018, 175, 530–543.e524. [CrossRef] [PubMed]

149. Tijssen, P.; Li, Y.; El-Far, M.; Szelei, J.; Letarte, M.; Zadori, Z. Organization and expression strategy of the
ambisense genome of densonucleosis virus of Galleria mellonella. J. Virol. 2003, 77, 10357–10365. [CrossRef]

150. Yang, B.; Dong, X.; Cai, D.; Wang, X.; Liu, Z.; Hu, Z.; Wang, H.; Cao, X.; Zhang, J.; Hu, Y. Characterization of
the promoter elements and transcription profile of Periplaneta fuliginosa densovirus nonstructural genes.
Virus Res. 2008, 133, 149–156. [CrossRef]

151. Liu, K.; Li, Y.; Jousset, F.X.; Zadori, Z.; Szelei, J.; Yu, Q.; Pham, H.T.; Lepine, F.; Bergoin, M.; Tijssen, P. The
Acheta domesticus densovirus, isolated from the european house cricket, has evolved an expression strategy
unique among parvoviruses. J. Virol. 2011, 85, 10069–10078. [CrossRef] [PubMed]

152. Yu, Q.; Tijssen, P. Gene expression of five different iteradensoviruses: Bombyx mori densovirus, Casphalia
extranea densovirus, Papilio polyxenes densovirus, Sibine fusca densovirus, and Danaus plexippus
densovirus. J. Virol. 2014, 88, 12152–12157. [CrossRef] [PubMed]

153. Li, Y.; Zadori, Z.; Bando, H.; Dubuc, R.; Fediere, G.; Szelei, J.; Tijssen, P. Genome organization of the
densovirus from Bombyx mori (BmDNV-1) and enzyme activity of its capsid. J. Gen. Virol. 2001, 82,
2821–2825. [CrossRef]

154. Pham, H.T.; Jousset, F.X.; Perreault, J.; Shike, H.; Szelei, J.; Bergoin, M.; Tijssen, P. Expression strategy of
Aedes albopictus densovirus. J. Virol. 2013, 87, 9928–9932. [CrossRef] [PubMed]

155. Pham, H.T. Molecular Biology of Single-Stranded DNA Viruses in Shrimps and Crickets. Ph.D. Thesis,
Université du Québec, Quebec City, QC, Canada, 2015.

156. Sukhumsirichart, W.; Attasart, P.; Boonsaeng, V.; Panyim, S. Complete nucleotide sequence and genomic
organization of hepatopancreatic parvovirus (HPV) of penaeus monodon. Virology 2006, 346, 266–277.
[CrossRef]

39



Viruses 2019, 11, 362

157. Kaufmann, B.; Bowman, V.D.; Li, Y.; Szelei, J.; Waddell, P.J.; Tijssen, P.; Rossmann, M.G. Structure of Penaeus
stylirostris densovirus, a shrimp pathogen. J. Virol. 2010, 84, 11289–11296. [CrossRef]

158. Bruemmer, A.; Scholari, F.; Lopez-Ferber, M.; Conway, J.F.; Hewat, E.A. Structure of an insect parvovirus
(Junonia coenia Densovirus) determined by cryo-electron microscopy. J. Mol. Biol. 2005, 347, 791–801.
[CrossRef]

159. Chen, S.; Cheng, L.; Zhang, Q.; Lin, W.; Lu, X.; Brannan, J.; Zhou, Z.H.; Zhang, J. Genetic, biochemical, and
structural characterization of a new densovirus isolated from a chronically infected aedes albopictus C6/36
cell line. Virology 2004, 318, 123–133. [CrossRef]

160. Holm, L.; Rosenstrom, P. Dali server: Conservation mapping in 3d. Nucleic Acids Res. 2010, 38, W545–W549.
[CrossRef]

161. Harrison, S.C.; Olson, A.J.; Schutt, C.E.; Winkler, F.K.; Bricogne, G. Tomato bushy stunt virus at 2.9 a
resolution. Nature 1978, 276, 368–373. [CrossRef] [PubMed]

162. Rossmann, M.G.; Abad-Zapatero, C.; Hermodson, M.A.; Erickson, J.W. Subunit interactions in southern bean
mosaic virus. J. Mol. Biol. 1983, 166, 37–73. [CrossRef]

163. Multeau, C.; Froissart, R.; Perrin, A.; Castelli, I.; Casartelli, M.; Ogliastro, M. Four amino acids of an insect
Densovirus capsid determine midgut tropism and virulence. J. Virol. 2012, 86, 5937–5941. [CrossRef]
[PubMed]

164. Wang, Y.; Gosselin Grenet, A.S.; Castelli, I.; Cermenati, G.; Ravallec, M.; Fiandra, L.; Debaisieux, S.;
Multeau, C.; Lautredou, N.; Dupressoir, T.; et al. Densovirus crosses the insect midgut by transcytosis and
disturbs the epithelial barrier function. J. Virol. 2013, 87, 12380–12391. [CrossRef] [PubMed]

165. Kozlov, E.N.; Martynova, E.U.; Popenko, V.I.; Schal, C.; Mukha, D.V. Intracellular localization of blattella
germanica Densovirus (BgDV1) capsid proteins. Viruses 2018, 10, 370. [CrossRef]

166. Owens, L. Bioinformatical analysis of nuclear localisation sequences in penaeid densoviruses. Mar. Genomics
2013, 12, 9–15. [CrossRef] [PubMed]

167. Xu, P.; Yuan, H.; Yang, X.; Graham, R.I.; Liu, K.; Wu, K. Structural proteins of helicoverpa armigera Densovirus
2 enhance transcription of viral genes through transactivation. Arch. Virol. 2017, 162, 1745–1750. [CrossRef]
[PubMed]

168. Aydemir, F.; Salganik, M.; Resztak, J.; Singh, J.; Bennett, A.; Agbandje-McKenna, M.; Muzyczka, N. Mutants
at the 2-fold interface of adeno-associated virus type 2 (AAV2) structural proteins suggest a role in viral
transcription for aav capsids. J. Virol. 2016, 90, 7196–7204. [CrossRef] [PubMed]

169. McKenna, R.; Olson, N.H.; Chipman, P.R.; Baker, T.S.; Booth, T.F.; Christensen, J.; Aasted, B.; Fox, J.M.;
Bloom, M.E.; Wolfinbarger, J.B.; et al. Three-dimensional structure of aleutian mink disease parvovirus:
Implications for disease pathogenicity. J. Virol. 1999, 73, 6882–6891.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

40



viruses

Article

Adeno-Associated Virus VP1u Exhibits
Protease Activity

Justin J. Kurian, Renuk Lakshmanan, William M. Chmely, Joshua A. Hull, Jennifer C. Yu,

Antonette Bennett, Robert McKenna and Mavis Agbandje-McKenna *

Department of Biochemistry and Molecular Biology, Center for Structural Biology, The McKnight Brain Institute,
University of Florida, Gainesville, FL 32610, USA; justinkurian@ufl.edu (J.J.K.); renuk@ufl.edu (R.L.);
wchmely0812@ufl.edu (W.M.C.); the.hegemon@ufl.edu (J.A.H.); jennifer.yu@ufl.edu (J.C.Y.);
dendena@ufl.edu (A.B.); rmckenna@ufl.edu (R.M.)
* Correspondence: mckenna@ufl.edu; Tel.: +1-352-294-8393

Received: 27 March 2019; Accepted: 19 April 2019; Published: 29 April 2019

Abstract: Adeno-associated viruses (AAVs) are being developed for gene delivery applications, with
more than 100 ongoing clinical trials aimed at the treatment of monogenic diseases. In this study, the
unique N-terminus of AAV capsid viral protein 1 (VP1u), containing a canonical group XIII PLA2

enzyme domain, was observed to also exhibit proteolytic activity. This protease activity can target
casein and gelatin, two standard substrates used for testing protease function but does not self-cleave
in the context of the capsid or target globular proteins, for example, bovine serum albumin (BSA).
However, heated BSA is susceptible to VP1u-mediated cleavage, suggesting that disordered proteins
are substrates for this protease function. The protease activity is partially inhibited by divalent cation
chelators ethylenediaminetetraacetic acid (EDTA) and ethylene-bis(oxyethylenenitrilo)tetraacetic acid
(EGTA), and human alpha-2-macroglobulin (A2M), a non-specific protease inhibitor. Interestingly,
both the bovine pancreatic (group VIIA) and bee venom (group III) PLA2 enzymes also exhibit
protease function against casein. This indicates that PLA2 groups, including VP1u, have a protease
function. Amino acid substitution of the PLA2 catalytic motif (76HD/AN) in the AAV2 VP1u resulted
in attenuation of protease activity, suggesting that the protease and PLA2 active sites are related.
However, the amino acid substitution of histidine H38, which is not involved in PLA2 function, to
alanine, also affects protease activity, suggesting that the active site/mechanism of the PLA2 and
protease function are not identical.

Keywords: Adeno-associated virus; AAV; protease; phospholipase-A2; PLA2

1. Introduction

Adeno-associated viruses (AAVs) are members of the non-enveloped, single-stranded DNA
packaging Parvoviridae. There are 13 non-human primate AAV serotypes, which range from 54 to 99%
in capsid protein sequence identity [1,2]. In 2012, the European Medicines Agency approved “Glybera,”
an AAV1 based capsid for the treatment of lipoprotein lipase deficiency [3] and in 2017 the United
States Food and Drug Administration approved “Luxturna”, an AAV2 based vector for the treatment
of Leber’s congenital amaurosis [4]. Currently, there are more than 100 clinical trials using AAV for
the treatment of monogenic diseases. The cell/tissue binding and entry properties of the different
AAVs guide the choice of serotype used in treatment applications. The AAV capsid is built from three
viral proteins (VPs): VP1, VP2 and VP3, which assemble in a 1:1:10 ratio to form the T = 1 capsid
consisting of 60 VPs (with approximately 5 VP1, 5 VP2 and 50 VP3) [5]. These VPs are overlapping
in sequence, with VP1 containing a unique N-terminus referred to as the VP1-unique (VP1u) region.
This VP1u region contains a group XIII phospholipase-A2 (PLA2) domain [6] shown to be essential
for virus escape from endosomal/lysosomal compartments during trafficking to the nucleus [7,8].
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Additional to the PLA2 activity, protease activity has also been associated with AAV capsids [9]. These
studies showed that this protease activity was optimal at pH 7.4, attenuated at the lower pH of 5.5
and inhibited in the presence of a protease inhibitor cocktail. Protease function is common in many
DNA and RNA viruses but these enzymatic domains are typically encoded separately from the viral
structural proteins [10]. However, a few viral capsids have been shown to exhibit protease function,
for example, Sindbis virus, which harbors a chymotrypsin-like serine protease motif [11].

In this study, AAV2 and AAV5 were used to identify the VP region responsible for the protease
function, identify inhibitors/substrates and map residues associated with this function. The protease
function was shown to reside within the VP1u region of the capsid and to be partially inhibited by metal
chelators and the protein inhibitor alpha-2-macroglobulin (A2M). Additionally, the AAV2 protease was
observed to have a preference for disordered protein substrates. Significantly, known PLA2 enzymes,
for example, the bovine pancreatic and bee venom PLA2 enzymes also possess protease function,
indicating that PLA2 domains have additional functional roles not previously reported. Amino acid
substitution for residues in the VP1u domain associated with PLA2 catalysis resulted in impaired
protease function and a corresponding decrease in virus transduction, suggesting a mechanistic link
between PLA2 domains and protease activity.

2. Materials and Methods

2.1. AAV2 Plasmid Mutagenesis

The QuikChange Lightning PCR site-directed mutagenesis kit (Agilent, Santa Clara, CA, USA)
was utilized to make mutations onto an AAV2 template plasmid conferring ampicillin resistance
(pXR2) [12]. Following digestion of template DNA by Dpn-1 enzyme, One Shot™ TOP10 Chemically
Competent E. coli (Thermo Fisher Scientific, Waltham, MA, USA) were transformed using the PCR
mix and incubated for 1 h in an orbital shaker set at 37 ◦C after the addition of Super Optimal Broth
with Catabolite repression (S.O.C.) medium (Thermo Fisher Scientific). The E. coli cultures were
plated onto LB-Agar containing ampicillin at a concentration of 50 μg/mL and incubated at 37 ◦C for a
minimum of 12 h, followed by selection of individual bacterial colonies for a minimum of 12 h growth
at 37 ◦C in lysogeny broth (LB) medium containing ampicillin at a concentration of 50 μg/mL. Plasmid
DNA from these cultures was purified using a QIAprep Spin Miniprep Kit (Qiagen, Hilden, North
Rhine-Westphalia, Germany) and mutations were confirmed by Sanger sequencing (Genewiz, South
Plainfield, NJ, USA). Larger quantities of plasmid were produced by inoculating 500 mL of LB medium
containing ampicillin at a concentration of 50 μg/mL with bacterial glycerol stocks containing plasmids
with the desired mutations and growing cultures for a minimum of 12 h at 37 ◦C. Plasmid DNA
for transfection was purified using a PureLink™HiPure Plasmid Filter Maxiprep Kit (ThermoFisher
Scientific). The rAAV2 variants made were 76HD/AN, H95A, H38A, D69A and D97A. AAV2 VP variant
VLPs were generated by site directed mutagenesis (Agilent) of the AAV2 plasmid pFBDVPm11 as
previously reported [13]. Briefly, the VP1 and VP2 start codons were mutated to GCG to generate
AAV2-VP13, AAV2-VP23 and AAV2-VP3 only constructs. The wild-type AAV2, AAV5 and mutant
plasmids were used to generate recombinant VLPs in Sf9 cells via the Bac-to-Bac expression system
(Thermo Fisher Scientific) according to the manufacturer’s protocol as previously reported [14].

2.2. Production and Purification of rAAV Capsids

HEK293 cells were grown on 15 cm plates in Dulbecco’s Modified Eagle’s Medium
(Sigma-Aldrich, St. Louis, MO, USA) containing 10% v/v fetal bovine serum (Sigma-Aldrich) and
1% Antibiotic-Antimycotic (Thermo Fisher Scientific) to a confluency of 80%, followed by transient
transfection using the pXR2 or pXR5, pHelper and pTR-UF3-Luc plasmids in an equimolar ratio [15–17],
with polyethylamine (PEI) utilized as the transfection reagent. Transfected cells were incubated at
37 ◦C and 5% CO2 for 72 h and subsequently harvested. Cells were pelleted by centrifugation at
1590× g for 30 min and resuspended in 1× TD buffer (1× PBS with 1 mM MgCl2 and 2.5 mM KCl). Ten
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percent w/v PEG 8000 was added to the supernatant from the cell harvest and incubated at 4 ◦C for
12 h with mechanical stirring to precipitate virus. The PEG 8000-supernatant mix was centrifuged
at 14,300× g for 90 min to pellet precipitated virus. The resulting supernatant was discarded, and
the pellet was resuspended in 1× TD. The concentration of NaCl in the resuspended cell pellet was
adjusted to 1 M and the cell pellet was lysed by a series of three freeze-thaw cycles in a liquid nitrogen
bath. Following the final freeze cycle, 250 U of Benzonase nuclease (MilliporeSigma, Burlington, MA,
USA) was added to both the lysed cell pellet and the resuspended pellet from PEG 8000 precipitation
and incubated at 37 ◦C for 30 min in order to remove any unpackaged DNA on the capsid surface.
The pellets were combined and clarified by centrifugation at 12,100× g. The supernatant was loaded
onto a discontinuous iodixanol (Optiprep–Sigma-Aldrich) density gradient with layers at 15, 25, 40
and 60% as previously described [18] and centrifuged at 350,000× g for 1 h at 12 ◦C. Each gradient tube
was collected in 1 mL fractions and analyzed for the presence of packaged DNA by qPCR. Combined
fractions of either full (DNA containing) or empty (no DNA) particles were diluted by 10-fold in 1×
TD buffer and loaded onto AVB Sepharose columns (GE Healthcare Life Sciences, Marlborough, MA,
USA) at a rate of 1 mL/min. Columns were washed with 10 mL of 1× TD buffer at a rate of 1 mL/min,
followed by elution with 0.1 M Glycine-HCl at pH 2.7 fractionated into 500 μL fractions. Each fraction
was immediately combined with 100 μL of 1 M Tris buffer at pH 10.0 to neutralize the acidic elution
buffer conditions. Peak fractions, as indicated by UV absorbance at 280 nm, were combined and buffer
exchanged three times into buffer containing 20 mM HEPES, 20 mM MES, 20 mM NaAc, 150 mM NaCl
using an Apollo 7 mL 150 kDa molecular weight cutoff centrifugal concentrator (Orbital Biosciences,
Topsfield, MA, USA). The final buffer exchange cycle used 20 mM HEPES, 20 mM MES, 20 mM NaAc,
150 mM NaCl and 5 mM CaCl2 (Universal Buffer) [19] and stored at 4 ◦C after assessing concentration
and purity via sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE).

2.3. Production and Purification of AAV Virus-Like Particles (VLPs)

Infected cells were harvested at 72 h, resuspended in 1× TD, lysed by three freeze-thaw cycles
with Benzonase nuclease (MilliporeSigma) treatment after the third freeze-thaw cycle as described
above for rAAV2 samples. The supernatant was treated with 10% PEG 8000 and precipitated VLPs
were harvested by centrifugation of the PEG-supernatant mixture at 14,300× g and the precipitate
resuspended in 1× TD, followed by Benzonase treatment as above. The lysed cells and resuspended
PEG precipitated capsids from the supernatant were combined and clarified via centrifugation at
12,100× g. The clarified lysate was loaded onto a discontinuous iodixanol gradient (15, 25, 40 and
60%) and centrifuged at 350,000× g for 1 h at 12 ◦C. Following ultracentrifugation, the 40 and 40/25
interface (containing the VLPs) were collected and diluted in a 20 mM Tris, 15 mM NaCl buffer (pH 8.5).
The combined fractions were loaded onto a HiTrap Q XL column (GE Healthcare Life Sciences) and
eluted with buffer containing 20 mM Tris-HCl, 500 mM NaCl (pH 8.5). Peak fractions were combined
and concentrated using an Apollo 150 kDa MW cutoff centrifugal concentrator (Orbital Biosciences)
and buffer-exchanged into Universal Buffer. Samples of wild type (wt) AAV2 and AAV5 empty capsids
produced in HEK293 cells were also purified by iodixanol centrifugation, the 40 and 40/25 interface
collected, further purified by ion-exchange chromatography and dialyzed into Universal Buffer at pH
7.4, as per the protocol described for the VLPs. All samples were stored at 4 ◦C prior to use.

2.4. Negative-Stain Transmission Electron Microscopy

The integrity of all purified virus samples was confirmed using transmission electron microscopy.
For each sample, 2 μL of purified virus was applied to carbon-coated copper grids (Electron Microscopy
Sciences, Hatfield, PA, USA) for 2 min followed by wicking of excess buffer with filter paper (GE
Healthcare Life Sciences). Grids were washed with 10 μL of filtered water, excess liquid wicked off and
then stained with 10 μL 1% uranyl acetate for 10 s. Stain was removed with filter paper and grids were
imaged on a 120 keV Tecnai Spirit (Thermo Fisher Scientific).
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2.5. Substrate Preparation and Protease Assays

Casein substrate (Sigma-Aldrich) was prepared by dissolving 50 mg of casein powder in 5 mL 1 M
NaOH and dilution of the mixture with filtered dH2O to a final volume of 50 mL. Following complete
solubilization, the casein was dialyzed against 4 L of Universal Buffer prepared at pH 7.4. Following
the final dialysis step, the casein was filtered using a 2 μm filter and stored at 4 ◦C until used. Gelatin
substrate (Sigma-Aldrich) was prepared by reconstitution in filtered deionized water and mixing at
37 ◦C until solubilized, followed by storage at 4 ◦C. Several protein samples were purchased and
reconstituted in filtered dH2O prior to use in protease assays: bee venom PLA2, bovine pancreatic
PLA2, A2M (Sigma-Aldrich) and trypsin (Thermo Fisher Scientific). Bovine serum albumin (BSA) was
also purchased (Thermo Fisher Scientific), reconstituted in filtered dH2O and incubated at 4 ◦C (native
BSA) or at 100 ◦C for 30 min (heated BSA), followed by incubation at 4 ◦C for at least 1 h prior to
further use. Protease assays were conducted by measuring breakdown of a substrate by SDS-PAGE
analysis of samples incubated at 37 ◦C for specified time points. Protease inhibition studies used either
an inhibitor cocktail (Pierce Protease Mini Tablets with and without EDTA), EDTA/EGTA or A2M
that was added prior to assay initiation. Metal chelation inhibition assays used EDTA or EGTA at
concentrations of either 4 mM or 100 mM EDTA in presence of AAV2 capsids at a concentration of
46 nM and 5 μg total amount of casein substrate. A2M inhibition studies used A2M at a concentration
of 460 nM, AAV2 capsids at 46 nM and 5 μg total amount of casein substrate. Protease assays with
BSA used 5 μg of native BSA (N-BSA) or heated BSA (H-BSA) in conjunction with AAV2 capsids
at 15 nM or a trypsin control at 22 μM. In protease assays comparing different PLA2 enzymes, bee
venom PLA2, bovine pancreatic PLA2 and bovine serum albumin (BSA) were at a concentration of
5 μM and AAV2 capsids were at a concentration of 15 nM. 2.5 μg of casein substrate was present in
each reaction. Protease assays comparing wt AAV2 to VP1u variant capsids utilized virus samples at
15 nM and total of 2.5 μg casein per reaction. Quantitation of substrate degradation was performed
using gel densitometry with the Image Studio Lite software (Li-COR Biosciences, Lincoln, Nebraska,
USA) and statistical significance was determined via single factor ANOVA analysis, with annotation
conventions assigned per the following: ns (p > 0.05), * (p ≤ 0.05), ** (p ≤ 0.01), *** (p ≤ 0.001), ****
(p ≤ 0.0001). Error bars on all figures represent standard error of the mean. Protease assays with AAV5
samples (at a concentration of 80 nM) were conducted using the Pierce Colorimetric Protease Assay
Kit (Thermo Fisher Scientific) in accordance with manufacturer protocols; the lyophilized succinylated
casein substrate was reconstituted in Universal Buffer at pH 7.4 or 5.5, instead of the supplied borate
assay buffer. All experiments with quantification and statistical analysis applied were performed
in triplicate.

2.6. PLA2 Assays

PLA2 activity of wt AAV2 and variant viruses (30 nM) were assessed using a sPLA2 assay kit
(Cayman Chemical, Ann Arbor, MI, USA) in accordance with the manufacturer’s protocol. The assay
plate was incubated at 37 ◦C for 72 h and absorbance readings at 414 nm were recorded and statistical
significance was determined via single factor ANOVA analysis, with annotation conventions assigned
per the following: ns (p > 0.05), * (p ≤ 0.05), ** (p ≤ 0.01), *** (p ≤ 0.001), **** (p ≤ 0.0001). Error bars on
all graphs represent standard error of the mean. This assay was conducted at pH 8.0, the condition
provided in the kit.

2.7. Cellular Transduction Assays

HEK293 cells were seeded in a 96-well plate and grown to 50% confluency (2.5 × 104 cells/well)
at 37 ◦C and 5% CO2. Media was removed from wells and virus added at a multiplicity of infection
(MOI) of 104 in a volume of 30 μL (containing virus sample plus serum-free DMEM). Virus sample
titer was determined by quantitative PCR as previously described [20]. For assays with A2M, 10 μg
of A2M was incubated with 2.5 × 108 viral genomes (vg) of AAV2 for 24 h at either 4 or 37 ◦C. Plate
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was incubated for 30 min at 37 ◦C and 5% CO2, followed by addition of 70 μL of DMEM containing
10% fetal bovine serum and 1% Antibiotic-Antimycotic. Plate was further incubated at 37 ◦C and 5%
CO2 for 48 h and luciferase expression was determined using a Luciferase Assay System (Promega,
Madison, WI, USA). Prior to acquisition of luciferase activity, each well on the plate was gently washed
three times with 50 μL of 1× PBS followed by cell lysis with 50 μL of a 1× preparation of the supplied
5× lysis buffer. Cell lysis proceeded for 20 min at room temperature, followed by transfer of 30 μL of
lysate from each well into a new 96-well plate with opaque housing between individual wells (suitable
for the determination of sample luminescence). Thirty microliters of luciferase assay reagent was
added to each well and luminescence from each sample was acquired with a Synergy HTX Multi-Mode
plate reader (BioTek, Winooski, VT, USA), and statistical significance was determined via single factor
ANOVA analysis, with annotation conventions assigned per the following: ns (p > 0.05), * (p ≤ 0.05), **
(p ≤ 0.01), *** (p ≤ 0.001), **** (p ≤ 0.0001). Error bars on all graphs represent standard error of the mean.

2.8. Structural Modeling and Sequence Alignments

Structural models of the AAV2 VP1u (137 amino acids) and AAV5 VP1u (136 amino acids) domain
were generated using the RaptorX protein prediction server [21]. Crystal structures of bee venom
PLA2, bovine PLA2 and human sPLA2 were accessed and downloaded from RCSB PDB (PDB IDs:
1POC, 1UNE and 1KQU, respectively). Images were rendered using UCSF Chimera [22] and RMSD
values calculated using PyMOL [23]. Sequence alignments were performed using the Clustal Omega
webserver [24].

3. Results and Discussion

3.1. AAV Protease Function Is VP1u Dependent, Active at Physiological pH, Calcium Enhanced and Inhibited
by a Protein Protease Inhibitor

The protease activity associated with AAV serotypes has been previously reported [9]. Thus, a
primary goal of this study was to locate and confirm the region within the VPs or capsid responsible
for this function. Protease assays with wt AAV5 capsids containing all three VPs, VP1, VP2 and VP3 or
only VP2 and VP3 showed that capsids missing VP1 had no protease activity at pH 7.4 (Figure 1A).
In addition, protease activity was negligible for VP1, VP3 and VP3 containing capsids at pH 5.5 as
previously reported [9] (Figure 1B).
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Figure 1. Protease activity is VP1 and neutral pH dependent. (A) Colorimetric readout (y-axis) over
time (hr, x-axis) for a casein substrate degradation by AAV5 capsids assembled from VP1, VP2 and VP3
or only VP2 and VP3. (B) Same as in (A) but for AAV5 VP1, VP2 and VP3 capsids at pH 7.4 and 5.5.
(C) SDS-PAGE of AAV2 VLPs, containing the VPs shown, incubated with a casein substrate at 37 ◦C
for 2, 4 and 6 h. Observations confirm the need to have VP1 and physiological pH for activity. (D)
Superposition of AAV2 (blue) and AAV5 (gray) VP1u models. N-terminal domains of models with
predicted disorder not shown.
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Protease assays with AAV2 VLP variants containing different combinations of VP: VP1, VP2 and
VP3; VP1 and VP3; VP2 and VP3; and VP3 only, confirmed the need for VP1 for proteolytic activity
(Figure 1C). Only the VLPs containing VP1 (lanes 1 and 2 after the molecular weight marker lane)
showed the degradation of the casein substrate. The requirement of VP1 and hence VP1u in both
AAV2 and AAV5 for the observed protease activity suggests that this domain shares sequence and
structure similarity between the viruses (Figure 1D). Consistently, they share 68% amino acid identity
and the 3D models predicted for ordered regions (residues 48–137 in AAV2 and 47–136 in AAV5), imply
a three-helix bundle, with a calculated Cα RMSD of 0.6 Å (Figure 1D). These observations indicate
that the VP1u region has a second enzymatic function in addition to the previously described PLA2

activity [8]. However, the requirement of physiological and not acidic conditions for protease activity
(Figure 1B) is in contrast to the PLA2 activity that requires acidic conditions [25]. This protease function
does not appear to act on other capsids or other VP1us in the context of the capsid, because there is no
observable reduction in the abundance of the three VPs at the end of the reaction (Figure 1C). This
is contrary to the characteristics of other proteases, for example, trypsin, in which the enzyme also
eventually becomes its own substrate [26,27]. The current thinking is that VP1u is located in the capsid
interior and becomes externalized during the endo/lysosomal pathway to enable the PLA2 function
required for capsid escape en route to the nucleus for genome replication. Significantly, the protease
activity within the VP1u occurs without applying an external treatment, for example, heat, to the
capsid to “externalize” this VP region as reported to be required for PLA2 activity in assays outside a
cell [28]. This suggests that the VP1u domain is dynamic in its capsid positioning and able to partially
externalize for function in the absence of external treatments, including acidic pH and/or increased
temperature conditions proposed to induce structural rearrangement of the capsid resulting in VP1u
externalization [29–32].

A protease inhibitor cocktail with the divalent cation chelator EDTA was required to inhibit the
AAV2 protease function, in addition to the observation that EDTA or EGTA alone reduced activity
(Figure 2A,B). Assays with an excess of either of these chelators (100 mM, 107-fold molar excess to
capsids) only inhibited ~50% of activity after 24 h (Figure 2B). This observation suggests that the
catalytic activity can proceed independent of divalent cations. The VP1u of parvoviruses is predicted
to have a calcium binding region that is located within residues 45–65 in AAV2 and is essential for
PLA2 activity [8]. A VP1u model predicts calcium bound in a loop adjacent to the PLA2 active site
HDXXY motif (Figure 2C). The prediction is that calcium binding plays a stabilization role for VP1u
and therefore its PLA2 and protease domain, because it lacks the disulfide bond interactions present in
other PLA2 domains [6]. The results suggest that the proteolytic function of the AAV2 VP1u differs in
mechanism from its calcium-dependent PLA2 activity.

The test of the general protease inhibitor, A2M, against AAV2 also resulted in ~50% loss in activity
(Figure 3A). For these studies, the A2M was present at a 10-fold molar excess to the AAV2 capsid
and achieved levels of inhibition comparable to EDTA/EGTA at 107-fold molar excess (Figure 2B).
A2M contains a bait region into which enzymes are captured and their function inhibited [33]. A
cellular transduction assay, conducted to determine if the inhibition of the proteolytic activity of AAV2
coincides with an effect on infectivity, showed a 5.5- to 7-fold increase in luciferase gene expression level
for sample preincubated for 24 h at 37 and 4 ◦C, respectively (Figure 3B). The 37 and 4 ◦C treatments
recapitulate protease assay and storage conditions, respectively. It is possible that improved cellular
internalization of A2M via endocytosis by selective cell surface receptors [34,35] may be responsible
for this increase in AAV2 transduction. Alternatively, this increase in transduction may be attributable
to enhanced cellular growth by usage of A2M as an energy source similar to the effects of fetal bovine
serum [36], thus also resulting in an improved luciferase gene expression. Significantly, the interaction
between the serum protein human serum albumin (HSA) and AAVs was reported to increase cell
binding and transduction [37]. A similar mechanism may be in effect for the observed increase in
transduction for the AAV samples incubated with A2M.
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Figure 2. Metal chelators EDTA and EGTA reduce protease activity. (A) SDS-PAGE showing casein
proteolysis by AAV2 in presence of 4 mM EDTA or EGTA. “+” indicates control with no inhibitor
and “-” indicates control with no AAV2, that is, casein alone. The lane with AAV2 only (“+”) shows
fastest decrease in casein with time. (B) Quantification of casein proteolysis by AAV2 in presence of
either 100 mM EDTA or 100 mM EGTA. The y-axis indicates the amount of remaining protein after 24 h.
(C) Predicted RaptorX structure model of AAV2 VP1u. PLA2 catalytic residues H75 and D76 are in
orange colored sticks, the predicted site of bound calcium is denoted by a green sphere next to D76. A
predicted disordered portion of AAV2 VP1u N-terminal residues is not shown. Statistical significance
as indicated by asterisk annotations (*) are described in Material and Methods section.
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Figure 3. Alpha-2-macroglobulin inhibits protease function and correlates with increased cellular
transduction. (A) AAV2 protease function inhibition in presence of A2M. The y-axis shows the amount
of casein substrate remaining after 24 h at the conditions indicated (x-axis). (B) Luciferase gene
expression (y-axis in relative luminescence units) for AAV2 with or without A2M (x-axis) prior to cell
infection. Statistical significance as indicated by asterisk annotations (*) are described in Material and
Methods section.

3.2. The Targets for AAV2 Protease Activity Are Disordered or Unfolded Proteins

Casein and gelatin substrates used in the protease assays have no defined tertiary structure and are
disordered in nature. Casein is micellar in solution [38] and gelatin is a mix of heterogenous peptides
generated from collagen hydrolysis [39]. Protease assays with both native and heat-treated BSA were
conducted to test the possibility that disordered proteins are the target for the AAV2 VP1u protease
function. The heat-treated BSA was degraded by AAV2 VP1u while native BSA was not (Figure 4A,B).
In contrast, trypsin, used as a positive control protease, showed equivalent degradation of both the
native and heat-treated BSA samples (Figure 4A,B). Prior studies have shown that heating of BSA
results in an increase in the percentage of disordered secondary structure elements [40]. Thus, combined
with the casein and gelatin substrate data showing degradation (Figures 1 and 4C), these observations
suggest that the cellular targets for AAV2 protease activity are either intrinsically disordered proteins
and/or proteins that possess unstructured regions.
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Figure 4. The AAV2 VP1u protease preferentially degrades disordered proteins. (A) Quantification
of trypsin or AAV2 protease activity against native BSA (N-BSA). The y-axis shows the percentage
of substrate remaining after 24 h under the conditions indicated in the x-axis. (B) Quantification of
trypsin or AAV2 activity against heated BSA (H-BSA). Axes are as defined in (A). (C) Quantification of
AAV2 activity against casein and gelatin. Axes are as defined in (A). Data for casein was shown in
Figure 2. Statistical significance as indicated by asterisk annotations (*) are described in Material and
Methods section.

Many cellular proteins fit the criteria of being intrinsically disordered or containing disordered
regions, including transcription factors, cellular signaling proteins and nucleoporins [41]. Nucleoporins
possess disordered phenylalanine-glycine repeats [42] and are major components of the nuclear pore
complex (NPC). The parvoviruses traffic to the nucleus for genome replication and are predicted to
interact with the NPC to facilitate entry [43]. Thus, it is possible that disordered proteins within the
NPC are a target of the AAV2 protease function. While regions of the AAV2 VP1u are predicted to
be disordered (Figure 2C) [30], as already stated above, self-degradation of VP1 in the context of the
capsid is not evident during the 24 h time scale of the assays, possibly because the assembled capsid
stabilizes the VP1u domain into a more ordered state compared to the 3D model generated (Figure 2C).
In addition, it is possible that the ~5 individual VP1 monomers in the capsid and hence their VP1u,
may be too distantly spaced and therefore incapable of inter-monomer cleavage.

3.3. Protease Function May Be a General Activity for PLA2 Enzymes

The AAV protease activity resides within VP1u (Figure 1) that also contains a PLA2 domain, thus
known non-viral PLA2 enzymes were tested for their ability to degrade proteins. The protease activity
assay for two PLA2 enzymes commonly used as positive controls, bee venom and bovine pancreatic,
showed degradation of a casein substrate, albeit at a reduced level, 5- and 2-fold, respectively, compared
to AAV2 (Figure 5A). This reduced activity was despite the use of a 50 molar higher concentration of
the non-viral enzymes compared to AAV2, suggesting an enhanced activity with a functional yet to be
described role in the virus. Interestingly, previous studies performed with human sPLA2 and porcine
PLA2 indicated that these and other PLA2 enzymes have the ability to cleave apolipoprotein A-1 when
the substrate was not bound to lipids [44]. The authors of this study proposed that the proteolytic
function observed may also be PLA2 independent, because metal chelation inhibited PLA2 function
but was not enough to eliminate protease activity, as was also observed for the AAV2 VP1u (Figure 2).
The VP1u of AAV2 shares sequence and structural homology with non-viral PLA2s despite a lack
of disulfide bonds (Figure 5B,C). This includes the residues required for PLA2 activity and calcium
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binding. The structures include a 3-helix bundle with connecting loops, including the calcium binding
loop (Figure 5B). These observations suggest convergent evolution in structure to aid function for
these enzymes.

Figure 5. Protease activity is a general property of PLA2 enzymes: (A) Quantification of casein substrate
degraded by bee venom PLA2, bovine pancreatic PLA2 and AAV2. The y- and x-axes are as described in
Figure 4. (B) Predicted structure of AAV2 VP1u compared to bee venom PLA2 (PDB ID: 1POC), bovine
pancreatic PLA2 (PDB ID: 1UNE) and human sPLA2 (PDB ID: 1KQU). (C) Partial amino acid sequence
alignment of PLA2 enzymes (conserved residues are highlighted in red). Statistical significance as
indicated by asterisk annotations (*) are described in Material and Methods section.

Site directed mutagenesis was used to better characterize the determinants of AAV2 VP1u protease
function based on conserved sequence and structural homology with other PLA2 enzymes (Figure 5B,C
and Figure 6A). In addition to the “HD” PLA2 motif, a sequence alignment highlighted other identical
residues, including a glycine residue located in the calcium-binding loop (residue 54) and an aspartic
acid (residue D69) (Figure 5C), which was selected for mutagenesis. Previously, it had been shown for
AAV2 that deletion of the VP1u calcium-binding loop containing the conserved glycine was detrimental
to PLA2 function [8] but a potential role for the conserved aspartic acid (D69, VP1 AAV2 numbering)
has not been delineated. Another residue mutated was D97, conserved in parvovirus PLA2 domains
and previously shown to result in defective transduction when substituted [45]. Finally, the two
remaining histidine residues in VP1u, H38 and H95, were modified because histidines are commonly
associated with enzyme active sites [46] and often studied for their role in catalysis (Figure 6A).
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Figure 6. Functional phenotypes of AAV2 VP1u variants. (A) Location of amino acid substitutions
in the AAV2 VP1u listed and shown in stick representation on a RaptorX model. Residues colored
in orange represent those with PLA2 and protease defects when substituted, pink for defect to PLA2

only, green for defect to protease only and gray for no defect to either PLA2 or protease function. (B)
Negative-stain EMs of wt AAV2 and variant capsids, confirming the capsid assembly of the viruses.
SDS-PAGE gel insert shows expression of VP1, VP2 and VP3; (C) Quantification of the proteolysis of a
casein substrate by wt AAV2 and the variants listed (x-axis) after 24 h. The y-axis is as described in
Figure 2. (D) PLA2 activity of wt AAV2 and variants. The y-axis depicts the level of lipid modification
after 72 h at pH 8.0 and x-axis lists the samples tested. (E) Luciferase reporter activity expression (RLU)
for wt AAV2 and variants. The y-axis depicts the relative luminescence units and x-axis lists the samples
tested. Statistical significance of asterisk annotations (*) are described in Material and Methods section.

The five VP1u variants made, H38A, D69A, 76HD/AN, H95A and D97A, all express VP1, VP2 and
VP3 in the expected ratio of VP1:VP2:VP3 and assemble capsids (Figure 6B). The variants displayed
various phenotypes with respect to protease and PLA2 activity and transduction efficiency. The
H38A, 76HD/AN and D97A variants were observed to have an 8–10-fold decrease in protease activity
compared to wt AAV2, with the most attenuation associated with the 76HD/AN variant (Figure 6C).
While D69A is active for protease function, it along with the 76HD/AN and D97A variants displayed
reduced PLA2 activity and cellular transduction (~50-fold reduction in RLU compared to wt AAV2)
(Figure 6D,E). In contrast, the H38A variant, with a protease defect, has no PLA2 and transduction
defect (Figure 6E). Since H38 is not conserved amongst non-viral PLA2 enzymes (Figure 5C) or with
other AAV serotypes, the mode by which it impacts protease function is not readily apparent. Although
the sequence region around H38 is predicted to be structurally disordered (Figure 6A), the effect of this
residue on protease function suggests that it could be positioned closer to the folded, globular domain
with the alpha helices. The D69 residue is conserved between AAV2 and non-viral PLA2s, and its
amino substitution did not affect protease activity but did result in reduced PLA2 function and reduced
cellular transduction compared to wt AAV2. This suggests that D69 is involved in PLA2 function and
may be more critical to regulating this enzymatic function than previously understood (Figure 6E). The
aspartic acid in the “HD” motif is predicted to coordinate the calcium ion interacting with the putative
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calcium binding loop of VP1u (Figure 2C). Thus, the substitution of this key amino-acid could perturb
the calcium binding ability of the VP1u, resulting in a more defective protease activity phenotype as is
observed for the 76HD/AN variant, possibly due to reduced stability of the protein fold in absence of
metal binding. The H95A variant had no effect on protease or PLA2 function compared to wt AAV2
but did result in a decrease in cellular transduction, indicating that this phenotype is mediated by other
factors. Interestingly, H95 is conserved in AAV VP1s but has no structurally analogous equivalent in
other non-viral PLA2s.

The observations with the five variants tested indicate that while a protease function exists in
VP1u, there is significant overlap between the residues involved and those enabling the PLA2 function
within this capsid region. However, these residues are not identical and the data show that the PLA2

function is the most essential for cellular transduction. A His-Asp-Ser catalytic triad is common in a
wide variety of proteases but numerous variations to this common motif have also been seen, such
as His-His-Ser (cytomegalovirus protease) and Ser-Lys (bacterial type I signal peptidase) [47]. Yet,
there are no conserved serine residues among the different PLA2 enzymes. Thus, it is possible that the
AAV2 protease function and those observed for the bee venom and bovine pancreatic PLA2 utilizes an
alternate residue with a polar group as a nucleophile. The confirmation of a mechanistic model for this
enzyme in AAV2 is thus awaiting a 3D structure not yet available.

4. Conclusions

This study shows that the VP1u region of AAV2 and AAV5 are responsible for protease function
(Figure 1) in addition to the previously reported PLA2 function. For AAV2, metal chelation with EDTA
or EGTA reduced the rate of protease activity but did not eliminate function, providing evidence
that metal binding to the VP1u region of AAV2 is not the sole determinant for catalysis but likely
plays an ancillary role by maintaining structural integrity of the domain (Figure 2). Reduction of
activity by human A2M indicates that this protease function can be partially inhibited by a non-specific
protein inhibitor but an effect on the viral life cycle remains to be elucidated, because pre-incubation of
AAV2 with A2M increases cellular transduction in HEK293 cells (Figure 3). Observations with the
susceptible substrates, for example, native casein, gelatin and heat denatured BSA, suggest that the
target for the VP1u protease function are disordered proteins (Figure 4). These exist at different points
in the parvovirus life cycle, including during nuclear entry. Interestingly, these studies also show
that other PLA2 enzymes have proteolytic activity against casein, supporting a suggestion that the
protease active site in AAV2 VP1u overlaps, in part, with the PLA2 domain (Figure 5). This suggestion
is further supported by the reduction of protease function in the AAV2 PLA2 catalytic site variant
76HD/AN. However, the protease and PLA2 sites are not identical because H38, a non-PLA2 residue
affects protease function (Figure 6). Moreover, while the AAV PLA2 activity is necessary for virion
escape during the acidic conditions of the late endosome, the protease function described here operates
at neutral pH, suggesting that the PLA2 and protease functions of the VP1u have different roles in
the cellular context. The findings of this study highlight a convergent evolution of the PLA2 enzyme
domain in active site sequence and structure and the acquisition of multiple enzyme functions within a
single protein domain.
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Abstract: Chapparvoviruses (ChPVs) comprise a divergent, recently identified group of parvoviruses
(family Parvoviridae), associated with nephropathy in immunocompromised laboratory mice and
with prevalence in deep sequencing results of livestock showing diarrhea. Here, we investigate the
biological and evolutionary characteristics of ChPVs via comparative in silico analyses, incorporating
sequences derived from endogenous parvoviral elements (EPVs) as well as exogenous parvoviruses.
We show that ChPVs are an ancient lineage within the Parvoviridae, clustering separately from
members of both currently established subfamilies. Consistent with this, they exhibit a number
of characteristic features, including several putative auxiliary protein-encoding genes, and capsid
proteins with no sequence-level homology to those of other parvoviruses. Homology modeling
indicates the absence of a β-A strand, normally part of the luminal side of the parvoviral capsid
protein core. Our findings demonstrate that the ChPV lineage infects an exceptionally broad range
of host species, including both vertebrates and invertebrates. Furthermore, we observe that ChPVs
found in fish are more closely related to those from invertebrates than they are to those of amniote
vertebrates. This suggests that transmission between distantly related host species may have occurred
in the past and that the Parvoviridae family can no longer be divided based on host affiliation.

Keywords: chapparvovirus; parvovirus evolution; endogenous viral elements; Parvoviridae;
densovirus; homology modeling; new viruses

1. Introduction

Parvoviruses (family Parvoviridae) are small, non-enveloped viruses with T = 1 icosahedral
symmetry and linear, single-stranded DNA (ssDNA) genomes ~4–6 kilobases (kb) in length. The family
has historically been divided into two subfamilies, Parvovirinae and Densovirinae, containing viruses
that infect vertebrate and invertebrate hosts, respectively [1]. Despite exhibiting great variation in
expression and transcription strategies, they have a relatively conserved overall genome structure:
a non-structural (NS) expression cassette is located at the left side of the genome, while the structural
viral proteins (VPs) are encoded by the right, and complex, hairpin-like DNA secondary structures are
present at both genomic termini [2]. Small satellite proteins and an assembly-activating protein have
been discovered as products of open reading frames (ORFs) overlapping the right-hand expression
cassette, whereas additional auxiliary protein-encoding ORFs may be positioned between the two major
cassettes [3,4].
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Numerous novel parvoviruses have been identified in recent years, primarily via approaches
based on high throughput sequencing (HTS) [5–11]. In addition, progress in whole genome sequencing
of eukaryotes has revealed that sequences derived from parvoviruses occur relatively frequently in
animal genomes [12–17]. These endogenous parvoviral elements (EPVs) are derived from the genomes
of ancient parvoviruses that were incorporated into the gene pool of ancestral host species. This can
presumably occur when infection of a germline cell leads to parvovirus-derived DNA becoming
integrated into host chromosomes, and the cell containing the integrated sequences then goes on to
develop into a viable organism [18]. Many EPVs are millions of years old, and are genetically “fixed” in
the genomes of host species (i.e., all members of the species have the integrated EPV in their genomes).
Such ancient EPV sequences are in some ways analogous to “parvovirus fossils”, since they preserve
information about the ancient parvoviruses that infected ancestral animals.

Among the novel parvovirus groups identified via sequencing, one—provisionally labeled
“chapparvovirus”—stands out as being particularly unusual. These viruses, which have been primarily
reported via metagenomic sequencing of animal feces, derive their name from an acronym (CHAP),
referring to the host groups in which they were first identified (Chiropteran–Avian–Porcine) [15,16,19,20].
Subsequently, several additional chapparvovirus (ChPV) sequences have been reported, including
some that were identified in whole genome sequence (WGS) data derived from vertebrates, including
reptiles, mammals, and birds [9]. These sequences were picked up by in silico screens designed to detect
EPVs. However, since all the ChPV sequences identified in WGS data lack clear evidence of genomic
integration, it is likely that they actually derive from infectious ChPV genomes that contaminated WGS
samples, rather than from endogenous elements [9].

Until relatively recently, evidence that the ChPVs detected via sequencing actually infected
vertebrate hosts has been lacking. However, a recent study has claimed to demonstrate that a ChPV
called mouse kidney parvovirus (MKPV) circulates among laboratory mice populations, in which it
causes a kidney disease known as inclusion body nephropathy [21]. These findings, as well as their
frequent presence in the feces of livestock, imply that ChPVs might be pathogenic and represent
a potential disease threat to wildlife and domestic species. In addition, they have raised interest in the
use of these viruses as experimental tools. In this study, we perform a comparative analysis of ChPV
genomes and ChPV-derived EPVs, revealing new insights into the biology and evolution of this poorly
understood group.

2. Materials and Methods

2.1. Genome Screening and Sequence Analysis

All WGS data were obtained from the National Center for Biotechnology Information (NCBI)
genomes resource. We obtained all available genomes for eumetazoan animals as of October 2018.
These data were screened for ChPV sequences using the database-integrated genome screening (DIGS)
tool [22]. ChPV sequences were characterized and annotated using Artemis Genome Browser [23].
The NCBI Basic Local Alignment Search Tool (BLAST) program and its local executables were used
to compare sequences and investigate predicted viral ORFs. To determine potential homology and
sequence similarity, even between previously undescribed ORFs, we constructed a local database,
including all ORFs exceeding 100 amino acids (aa) in length, derived from all the exogenous and
endogenous sequences incorporated in this study, and used the local BLAST P and X algorithms to
conduct similarity searches in it. Two ORFs were accepted as homologous if they gave a significant hit,
in the case of an expectation value threshold of 1.

Promoters were predicted using the neural network-based promoter prediction server of the
Berkeley Drosophila Genome Project and further verified by the Promoter Prediction 2.0 server [24,25].
Splice sites were also detected using the neural network-based applications of the Berkeley Drosophila
Genome project and SplicePort [25,26]. Polyadenylation signals were predicted by the SoftBerry
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application POLYAH [27]. To verify that these applications were be capable of detecting the
above-mentioned chapparvoviral transcription elements we ran MKPV through the workflow pipeline.

2.2. Phylogenetic Reconstructions

The derived aa sequences of ORFs disclosing homology to parvoviral NS1 proteins were aligned
with at least five representatives of each parvovirus genus, or with one representative of each species
of a given genus in cases where the number of species did not exceed five. To ensure the correct
identification of the tripartite helicase domain, structural data was also incorporated into alignment
construction using T-coffee Expresso [28] and Muscle [29]. The full-length NS1 derived aa sequences of
the ChPV clade were aligned by Muscle and the M-coffee algorithm of T-coffee [30]. Model selection was
carried out by ProTest and the substitution models RtREV+I+G, in cases of helicase-based inferences,
and LG+I+G, for the complete chapparvoviral NS1 tree, were predicted to be the most suitable, based
on both Akaike and Bayes information criteria. The PhyML-3.1 program was used to infer a maximum
likelihood phylogenetic tree, with 100 bootstrap iterations [31], based on a guide tree previously
constructed by the ProtDist and Fitch programs of the Phylip 3.697 package [32].

2.3. Homology Modeling and DNA Structure Prediction

Structural homology was detected by applying the pGenTHREADER and pDomTHREADER
algorithms of the PSIPRED Protein Sequence Analysis Workbench [33]. The same workbench was
used to map disordered regions using DISOPRED3 and to predict the secondary structure of the
complete chapparvoviral VP protein sequences via the PSIPRED algorithm. The selected PDB structures
were applied as templates for homology modeling, carried out by the I-TASSER Standalone Package
v.5.1 [34]. To guide the modeling, the predicted secondary structures were applied as a restriction.
The Oligomer Generator feature of the Viper web database (http://viperdb.scripps.edu/) [35] was
used to construct 60-mers of the acquired putative VP monomer structures. Surface images of the
capsids were rendered using the PyMOL Molecular Graphics System [36]. Capsid surface maps and VP
monomer superposition were carried out by UCSF Chimera [37]. To predict the presence of potential
DNA secondary structural elements, the DNA Folding Form algorithm of the mFold web server was
utilized [38].

3. Results

3.1. Comparative Analysis of Previously Reported ChPV Genomes

We performed a comparative analysis of nine previously sequenced ChPV genomes so that we
could: (i) identify genome features that characterize these viruses, and (ii) make inferences about
aspects of ChPV biology and evolution (Figure 1). ChPV genomes tend toward the shorter end of
the parvovirus genome size range (~4 kb). They encode a relatively long rep gene, and a relatively
short cap gene. The rep gene product (NS) is ~650 amino acids (aa) in length, with the longest example
being the 668 aa protein encoded by Desmodus rotondus ChPV (DrChPV). ChPV NS proteins contain
ATPase and helicase domains, but these are the only regions exhibiting clear homology to those found
in other parvovirus groups (Figure 1). Overlapping the rep, a predicted minor ORF, ~220 aa in length,
is located in a position equivalent to that of the nucleoprotein (NP) ORF found in certain Parvovirinae
genera (i.e., Ave- and Bocaparvovirus). However, it should be noted that the protein encoded by this
gene—which we tentatively refer to as NP—exhibits no significant similarity to any other parvovirus NP
proteins. Secondary structure predictions indicate that the vast majority of the NP protein has a helical
structure, with numerous potential phosphorylation sites as well as a potentially protein-binding
disordered N-terminus (Figure S1). Together, these observations suggest a non-structural function.
The NP ORF, although of similar length in all genomes, has no canonical start codon in the case of
porcine parvovirus 7 (PPV7) and simian parvo-like virus 3 (SiPV3). This would imply that in these
viruses, splicing of the rep RNA is required for expression of the NP protein.
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Figure 1. Representative complete coding sequence and partial genome organizations of the two distinct
types of exogenous amniote chapparvoviruses (ChPVs). Open reading frames (ORFs) are represented
by rectangular arrows, colored according to homology. Splice donor sites are marked by white-colored
bars, acceptor sites by orange-colored bars. Blue-colored bars show predicted polyadenylation signals.
Small arrows show predicted promoters and are colored according to prediction score (>0.95 = green;
0.9–0.95 = pink: <0.9 = yellow). Grey boxes indicate regions inferred to be transcribed but not translated.
Note: ORF4 is unique to turkey parvovirus and is not found in other avian type 2 ChPVs, such as
chicken ChPV2.

All ChPVs appear to be characterized by relatively short VP ORFs of 450–500 aa. VP proteins
are typically ~650–820 aa in most other parvoviruses, the exception being the brevi- and
penstyldensoviruses, which encode an even shorter VP. Notably, the VP proteins encoded by ChPVs
share no significant sequence similarity with those of other parvoviruses. In all ChPVs, the first
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methionine of the VP ORF is preceded by a potential coding sequence, and in all published ChPV
sequences, a canonical splice acceptor site is located immediately upstream. Possibly, the VP ORF
encodes only the major capsid protein, and there may be other versions of this VP protein that are
elongated at the N-terminus, and are incorporated into the capsid at a lower copy number, as found
in the majority of parvoviruses [1]. However, the only splice donor sites we identified are located
relatively far upstream. In MKPV, however, there are two large introns present, putting these upstream
exons in frame with the VP encoding exon.

In addition to their fundamental NS–NP–VP genome organization, ChPVs encode various
additional small ORFs. ORF1 is predicted to encode a small protein of approximately 15 kDa that
contains a putative nuclear localization signal (NLS) in its C-terminal region. ORF1, which partially
overlaps the N-terminal region of NS, is present in all genomes except PPV7. However, since the PPV7
genome also lacks the corresponding region of NS, this likely reflects a 5’ truncated genome sequence.
The same is the case for turkey parvovirus (TPV2), although the C-terminal encoding region of the
putative ORF1 protein could be revealed.

A second additional, putative ORF is present in only two of the ChPVs examined here: PPV7 and
simian parvo-like virus 3. This ORF, referred to as ORF2, is located downstream from ORF1 in
a position completely overlapping the NS ORF. The TPV2 genome also contains a unique, presumably
genome-specific additional ORF (ORF4) that overlaps the C-term encoding region of VP, and may
encode a predicted 17 kDa protein (Figure 1). Interestingly, this ORF was absent from the other,
closely-related avian ChPVs.

Analysis in silico revealed at least three potential promoters in ChPV genomes. One of these
is conserved throughout the clade, and is located upstream of all coding features, indicating that it
likely drives early expression of virus genes. Moreover, its presence has been confirmed in MKPV
by sequencing of cDNA derived from infected mouse tissue. None of the other potential promoters
proved to be functional in the case of MKPV. The MKPV transcriptome includes three transcripts
confirmed to undergo splicing. Of these, however, only the one with the shortest intron could be
confidently predicted in all GenBank sequences with a complete or near complete coding region
(Figure 1). Interestingly, DrChPV (similar to rodent-derived ChPVs) and chicken ChPV2 (similar to
TPV2, but with a more complete 5’ end) were both predicted to possess the large intron of the putative
VP transcript, and therefore appear to utilize a strikingly MKPV-like transcription mechanism, despite
missing an acceptor site upstream of the NP start codon. In all ChPVs examined, with the exception of
the 3’ truncated entries, we identified two potential polyadenylation signals in positions equivalent to
those found in MKPV [21]. This implies that the polyadenylation strategy is a conserved feature of
ChPV transcription.

3.2. Identification and Characterization of Novel ChPVs and ChPV-Derived EPVs

We systematically screened published WGS data and identified a total of 15 previously unreported
ChPV-derived DNA sequences. Two were identified in vertebrates and 13 in invertebrates (Table 1).
The majority of the novel ChPV sequences identified in our screen were derived from the non-structural
protein gene (rep), but we identified complete sequences derived from both the rep and capsid (cap)
genes in two species: the Gulf pipefish (Syngnathus scovelli) and the black widow spider (Latrodectus
hesperus). Partial cap genes were identified in the scarab beetle (Oryctes borbonicus), taurus scarab
(Onthophagus taurus), and Chinese golden scorpion (Mesobuthus martensii) elements (Figure 2).

We identified two chapparvoviral sequences in WGS assemblies of syngnathid fish
(family Syngnathidae), including the tiger tail seahorse (Hippocampus comes) and the Gulf pipefish
(Syngnathus scovelli). The pipefish sequence occurs in a relatively short scaffold (4002 nt) that is entirely
comprised of viral sequence, displaying truncated, but nonetheless detectable, J-shaped terminal
hairpin-like structures (Figure S2). This suggests it likely represents a virus contaminant, as suspected
for other ChPV sequences recovered from vertebrate WGS data [9]. The virus from which this sequence
was presumably derived was designated Syngnathus scovelli ChPV (ScChPV).

61



Viruses 2019, 11, 525

The seahorse and invertebrate sequences identified in our screen clearly represented EPVs
(see below). However, the pipefish sequence lacked flanking genomic sequences and appeared to
derive from an exogenous virus, encompassed by truncated hairpin-like secondary structure repeats
(Figure S2). None of the ChPV-derived EPVs we identified shared homologous flanking sequences,
indicating that each derives from a distinct germline incorporation event.

We identified a total of 13 EPV sequences that disclosed a relatively close phylogenetic relationship
to ChPVs. These elements showed varying degrees of degradation. In many cases, only genome
fragments were detected (Figure 2), and these usually included multiple nonsense mutations (Table 1).
ChPV-derived elements were detected in three major arthropod clades that primarily occupy terrestrial
habitats, namely arachnids of Chelicerata, chilopods of Myriapoda, as well as hexapod insects
and entognaths.

We used maximum likelihood-based phylogenetic approaches and an alignment spanning the
tripartite helicase domain of the NS protein to reconstruct the evolutionary relationships of ChPVs,
ChPV-derived EPVs, and previously reported parvoviruses (Figure 3). Strikingly, reconstructions
indicated that the family Parvoviridae consists of four major clades, rather than the two that have
historically been recognized [1]. Of these four lineages, one corresponds to the subfamily Parvovirinae
as in current taxonomic schemes. However, the subfamily Densovirinae is split into two clades;
one encompassing all ambisense densoviruses along with viruses of the genus Iteradensovirus
(which have monosense genomes) and the second, referred to here as HBP, containing the Hepan-,
Brevi-, and Penstyldensovirus genera. Moreover, a fourth parvovirus lineage was evident, comprised of
the ChPVs and ChPV-derived EPVs.

Table 1. Novel ChPV sequences identified in this study.

Host Common Name Host Scientific Name
Virus/Element

Name a
Gene

Content
Nonsense

Mutations b

Vertebrates

Gulf pipefish Syngnathus scovelli ScChPV rep+cap 0; 0
Tiger tail seahorse Hippocampus comes ChPV.1-HipCom rep 2; 2

Invertebrates

Black widow spider Latrodectus hesperus ChPV.2-LatHes rep+cap 4; 1
ChPV.3-LatHes rep+cap 3; 1
ChPV.4-LatHes rep * 3; 3
ChPV.5-LatHes rep 4; 2

Chinese scorpion Mesobuthus martensii ChPV.6-MesMar rep+cap * 2; 3
European centipede Strigamia maritima ChPV.7-StrMar rep 2; 3
Northern forcepstail Catajapyx aquilonaris ChPV.8-CatAqu rep 0; 0
Emerald ash borer Agrilus planipennis ChPV.9-AgrPla rep* 2; 0

Taurus scarab Onthophagus taurus ChPV.10-OntTau rep 2; 3
ChPV.11-OntTau rep 0; 0
ChPV.12-OntTau rep 2; 1

Rhinocerous beetle Oryctes borbonicus ChPV.13-OryBor rep 2; 0
ChPV.14-OryBor rep 0; 0

a For sequences that are presumed to derive from viruses, the proposed name of the virus is shown. For endogenous
parvoviral elements (EPV) the locus name is given, following the standard nomenclature proposed for endogenous
retrovirus (ERV) loci [39], except using the classifier “EPV” in the place of “ERV”. The table shows a shortened
version of the ID, used in the text of this manuscript, wherein the “EPV” classifier is omitted, and an abbreviated
version of the species name is used within the taxonomic component of the ID (derived from the first three letters of
each component of the Latin binomial scientific name of the host species). b Stop codons; frameshifts. * Asterisks
indicate contigs that were truncated within the virus-derived portion of the sequence. Underlined names indicate
the presence of the complete ORF.
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Figure 2. Basic gene content of newly identified chapparvoviruses (ChPVs) and ChPV-derived
endogenous parvoviral element (EPV) sequences, shown in relation to a representative ChPV
genome (mouse kidney parvovirus). Asterisks indicate contigs that were truncated within the
virus-derived portion of the sequence. Abbreviations: non-structural protein (NS); capsid protein (VP);
nucleoprotein (NP).

The branching relationships between ChPVs were not fully resolved by phylogenetic analysis of
the helicase domain. The putative large non-structural proteins (NS1) of ChPVs displayed a high degree
of amino acid variability, particularly toward their N- and C-term. However, a region ~500-aa-long
could be aligned reliably throughout all complete and partial entries previously proven to cluster
within the ChPV lineage in the case of the NS helicase-based inference. Phylogenies reconstructed
from this alignment reveal the ChPV-related viruses to be comprised of three robustly supported
monophyletic lineages (Figure 4). One of these includes ChPVs sampled from amniotes (reptiles, birds,
and mammals), in which two robustly supported sublineages (labeled type 1 and 2) were observed,
corroborating the helicase-based phylogeny. The amniote ChPVs form a sister clade to EPVs found in
the arthropod subphyla Chelicerata (arachnids, camel spiders, scorpions, whip scorpions, harvestmen,
horseshoe crabs, and kin) and Myriapoda (millipedes, centipedes, and kin) as well as syngnathe fish.
A third lineage was also observed, containing sequences from the arthropod subphylum Hexapoda
(insects, springtail, and forcepstail). Within this lineage, the beetle EPVs formed a well-supported
monophyletic clade.
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Figure 3. Evolutionary relationships within the family Parvoviridae reconstructed via phylogenetic
analysis of the tripartite helicase domain. The four major splits within the Parvoviridae are indicated in the
tree as follows: (i) Parvovirinae (ii) Densovirinae (excluding genera Hepan-, Brevi-, and Penstyldensovirus,
abbreviated as HBP); (iii) HBP; (iv) Chapparvovirus (ChPV-related viruses and EPVs). Brackets to
the right indicate taxonomic groups. The names of established genera are shown in bold italics in
the abbreviated form (i.e., with the suffix “parvovirus” omitted). The scale bar shows evolutionary
distance in substitutions per site. Numbers adjacent to tree nodes show bootstrap support (based on
100 bootstrap replicates) where >70%.
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Figure 4. Maximum likelihood phylogenetic reconstructions of the ChPV clade based on the complete
aligned amino acid sequences of the NS1. Colored boxes indicate the presence of auxiliary open reading
frames (ORFs), as shown in the inset key. The “?” character indicates that the presence of an ORF is
suspected but not confirmed. Taxa labels in bold italics indicate endogenous sequences, whereas italics
indicate sequences known or believed to derive from viruses. Brackets to the right indicate taxonomic
groups. The scale bar (top right) shows evolutionary distance in substitutions per site. Numbers
adjacent to tree nodes show bootstrap support (based on 100 bootstrap replicates) where >70%.

3.3. Characterization of Syngnathid ChPVs and EPVs

The ScChPV genome encodes a long NS ORF (807 aa), a strikingly short VP (367 aa), and a ChPV-like
NP (Figure 5). Furthermore, a homologue of the ORF2 protein found in the amniote parvoviruses
PPV7 and SPV3 was present. A predicted ORF was present in a genomic position equivalent to that
of ORF1, found in amniote ChPVs. However, the predicted protein sequence did not disclose any
detectable similarity to its amniote counterpart. ORF6, identified in partial overlap with the VP C-term
encoding region, encodes a small protein of 27.2 kDa (239 aa), exhibiting no detectable similarity to
any other sequence in GenBank. Fold recognition, however, revealed a potential structural similarity to
viral structural proteins, including the major envelope glycoprotein of the Epstein–Barr virus (PDB ID:
2H6O chain A, p = 0.012), the minor viral protein of the Sputnik virophage (PDB ID: 3J26, chain N,
p = 0.017) and the surface region of Galleria mellonella ambidensovirus (PDB ID: 1DNV, p = 0.021).
These findings imply ORF6 may encode an auxiliary structural protein.

The partial ChPV-like sequence identified in the genome of the tiger seahorse (Hippocampus comes)
was flanked by extensive stretches of host genomic sequence, establishing that, unlike the ScChPV
sequence identified in the Gulf pipefish genome assembly, it likely represents an EPV rather than
a virus. Interestingly, however, phylogenies showed that both sequences obtained from syngnathe fish
are relatively closely related, and cluster together with high bootstrap support (Figures 3 and 4).
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Figure 5. Genomic structures of newly identified chapparvoviruses (ChPVs) and ChPV-derived
endogenous parvoviral element (EPV) sequences. The positions of putative open reading frames (ORFs)
and predicted cis transcription elements of ChPVs are shown. ChPV.2-LatHes contains a previously
unidentified repetitive element, present as multiple copies scattered in the Latrodectus genome, marked
by the white box within the VP gene. The element ChPV.10-OntTau shares its integration site with
another endogenous element, disclosing similarity to ambidensoviruses. ORFs are represented by
rectangular arrows, colored according to homology. In-frame stop codons are shown as vertical lines.
Splice donor sites are marked by white-colored bars, acceptor sites by orange-colored bars. Blue-colored
bars show predicted polyadenylation signals. Small arrows show predicted promoters and are colored
according to prediction score (>0.95 = green; 0.9–0.95 = pink: <0.9 = yellow). Grey boxes indicate
regions inferred to be transcribed but not translated.

3.4. Characterization of ChPV-Derived EPVs in Invertebrate Genomes

Among the ChPV-derived EPVs we identified in invertebrates, the most complete were identified
in the western black widow spider (Latrodectus hesperus) (Figure 5). Two of these elements spanned
near complete genomes, including rep, cap, and NP genes, and a homologue of the ORF1 gene found in
ScChPV. In addition, the ChPV.2-LatHes element encodes an apparently complete NS protein (690 aa),
while ChPV.3-LatHes discloses an undisrupted ORF1 (113 aa) as well as an apparently intact cap gene
encoding a 386-aa-long VP. The putative NS1 proteins encoded by these elements displayed only 62%
identity at aa level. The disrupted cap gene of ChPV.2-LatHes was found to include an insertion of 74 aa,
suspected to originate from a yet unknown repetitive element (revealed by sequence comparisons to
be interspersed throughout the L. hesperus genome).

ChPV.3-LatHes, on the other hand, appeared to include an intact upstream region of the genome,
revealing an additional small ORF of 81 aa length directly upstream of the ScChPV ORF1 homologue,
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designated ORF1-Lh. This ORF disclosed no detectable homology to any sequences to date. Upstream
of this ORF, a potential promoter sequence could be identified with high confidence (0.98 of 1).
Both elements included complete, NP-encoding ORFs of 233 aa, although a canonical ATG start codon
could only be identified in one element (ChPV.3-LatHes).

We identified two further elements in the western black widow spider genome, although these
only spanned disrupted rep genes. ChPV.4-LatHes encodes nearly complete NS and NP genes, as well
as a complete homologue of the ScChPV ORF1 gene. The true extent of preservation could not be
assessed for this EPV as it occurs on a short scaffold that terminated within the EPV rep sequence.
The putative NS1 of ChPV.4-LatHes was 80% identical to its counterpart in ChPV.2-LatHes at aa level.
Interestingly, this element contains additional, rep-encoding regions directly upstream of a larger,
NS1- and ScChPV ORF1-encoding region. This second region encodes only the first 221 aa of the
putative NS1 protein, together with the putative ScChPV ORF1 homologue and ORF1-Lh genes.
The ORF1-Lh gene encoded by ChPV.4-LatHes lacks an ATG start codon. The upstream promoter was
weakly predicted, with a score of 0.6. ChPV.5-LatHes displayed a highly divergent, partial rep of 216 aa,
with only 42% identity to the ChPV.2-LatHes NS1 at aa level (Figure 5). This element clustered outside
the monophyletic clade defined by the three other Latrodectus EPVs (Figure 4).

A single ChPV-derived EPV was identified in a second arachnid species—the Chinese golden
scorpion (Mesobuthus martensii). This element was identified in a relatively short, unplaced scaffold,
and comparison to the Latrodectus elements indicated that the contig was truncated within the
EPV sequence, consequently the true extent of its preservation could not be assessed. Nevertheless,
ORFs disclosing homology to the NS, NP, and VP proteins could be identified (Figure 2). While the
first 100 or so codons of the NS ORF were absent, a complete NP ORF was detected, along with the
first 46 codons of VP. All three ORFs were disrupted by frameshifts and stop codons. No homologues
of any alternative ORFs identified in other ChPV genomes could be identified.

We identified a ChPV-derived EPV in the genome of a myriapod—the European centipede
(Strigamia maritima). This element displayed partial homologues of the NS and NP encoding ORFs,
both of which contained large deletions (Figure 2) as well as numerous nonsense mutations (Table 1).
Moreover, the NS ORF was disrupted by an extensive stretch of an insertion of unknown origin.
No homologues of any of the alternative ORFs found in other ChPVs could be identified in this
endogenous sequence.

Seven ChPV-derived EPVs were identified in hexapod arthropods (subphylum Hexapoda).
One occurs in the genome of a bristletail species—the Northern forcepstail (Catajapyx aquillonaris)—
belonging to the entognath order Diplura. The other six were identified in three species belonging to the
vast insect order Coleoptera: the emerald ash borer (Agrilus planipennis), the taurus scarab (Onthophagus
taurus), and the scarab beetle (Oryctes borbonicus). The bristletail element contains a C-terminal truncated
rep of at least 250 aa and a near full-length NP ORF. The partial rep was intact, but the NP ORF is
disrupted and highly divergent, showing significant sequence similarity only in the conserved core
region of the putative protein. The ash borer element ChPV.9-AgrPla occurs in a scaffold that is ~1 kb
in length. One end of this scaffold contains a 592 nt region exhibiting homology to the NS ORF, which
harboured an N-terminal deletion of at least 200 aa.

In ChPV.10-OntTau, a disrupted but almost complete NS ORF could be identified (Figure 5).
Interestingly, a second EPV insertion was detected at the same locus. This element encodes
an intact, potentially fully-expressible NS gene, homologous to the NS1 of ambidensoviruses (genus
Ambidensovirus) and disclosing similarity to a recently reported ambidensovirus sequence that has been
detected only at cDNA level in the transcriptome of two bumble bee species (Bombus cryptarum and
B. terrestris) [40]. An additional intact, potentially expressible ORF was present in this ambidensoviral
element, overlapping the putative NS1 gene, which harboured no significant similarity to any sequences
deposited in GenBank to date. In its derived aa sequence, however, a homeobox domain could be
revealed. The other two elements of the taurus scarab genome were located together in another
assembly scaffold, only 2540 nts apart from each other. Both EPVs consisted of only a partial ORF,
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which disclosed similarity to chapparvoviral reps. None of these elements encompassed the tripartite
helicase domain, hence they were not included in the phylogenetic inference.

Two EPVs were identified in the scarab beetle genome. One of these, designated ChPV.13-OryBor,
harboured a near complete rep at 402 aa, as well as a short, partial cap, capable of encoding only the first
33 aa of the putative VP. The region of rep homology occurred within an ORF that was not disrupted
by any frameshifts and could be extended without disruption upstream and downstream, suggesting
that a longer gene product—potentially encoding a longer, divergent NS protein—may be present.
However, these regions did not disclose sequence similarity to any proteins hitherto deposited to
GenBank. The ChPV.14-OryBor element included only a heavily truncated NS of 254 aa.

3.5. Structural Characteristics of ChPV Capsids

We built 3D homology models to facilitate the comparison of ChPV capsid structures to those found
in other parvoviruses. Interestingly, structural similarity with erythro-, proto-, and bocaparvoviruses
can be detected for VP using fold recognition, even though the VP proteins of ChPVs share no significant
sequence similarity with those of other parvoviruses (Figure 6a).

The derived polypeptide sequence of the complete VP ORF encoded by DrChPV was subjected to
fold recognition, to identify suitable templates for homology modeling. This comparative analysis
showed that the VP2 protein of parvovirus H1 (genus Protoparvovirus) (PDB ID: 4G0R) could potentially
harbor the most structural similarity (p = 9 × 10−5), and this sequence was therefore used as the
template for homology modeling. Due to the lack of sequence identity and the non-homologous nature
of the ChPV VP genes to other parvoviral VPs, we used the final model obtained in this analysis as
a template to construct homology models for four further ChPV VPs—rat parvovirus 2, PPV7, TPV2,
and pit viper ChPV. This allowed us to overcome the stochastic aspect of model construction. Although
the pitfalls of using models as templates have to be noted, this approach ensured that only those
regions showed structural variability which would likely do so in the actual capsid structures.

We examined the VP sequences of two representatives of the second major ChPV clade
(see Figure 4)—one derived from a presumably exogenous virus (ScChPV) and one from an EPV
(ChPV.3-LatHes). For the VP protein encoded by ScChPV, fold recognition identified the following
dependoparvovirus VP3 proteins as potential templates: adeno-associated virus 8, PDB ID: 2QA0,
p = 9 × 10−4; Adeno-associated virus rh32.33, PDB ID: 4IOV, p = 9 × 10−4, while for the VP encoded
by the black widow spider EPV the most reliable hit was the VP4 protein of an iteradensovirus
(Bombyx mori densovirus 1, PDB ID: 3P0S, p = 8 × 10−4). When superimposing the obtained models
with the VPs of AAV8 and BmDV1, however, structural similarity only covered the jelly roll core and
the αA helix, and of the surface loops traditionally considered more variable, only the BC loop.

Modeling indicated that the ChPV VP monomer harbors an eight-stranded β-barrel “jelly roll”
core and the αA helix at the two-fold symmetry axis, as found in all members of the family Parvoviridae
to date [41] (Figure 6a). Equivalents of all short strands were present (β-C, H, E, F) as well, for four out
of the five longer strands (β-B, D, I, G). However, no structural analogue to the outmost β-A could be
identified (Figure 6). Examining the secondary structure prediction confirmed that a β-A analogue
was not present, indicating β-B to be the closest to the N-term. The first strand of the Syngnathus
scovelli ChPV VP appeared to fold outside of the jelly roll, leaving the longer sheet of the barrel without
a β-B, comprised of only three strands—namely D, I, and G—despite a complete upper, CHEF sheet
(Figure 6a). When modeling the complete T = 1 capsid polymer, this manifested as a hole, which is
normally covered by β-B, even in the case of the smallest parvoviral capsids (Figure 6b). All VPs
encoded by ChPVs and ChPV-derived EPVs displayed two canonical loops surrounding their five-fold
axes, linking sheets D with E at the five-fold channel and sheets H with I on the floor surrounding the
channel. In case of the amniote ChPVs, the pore displayed a tight opening. The sequence of the DE
loop varied to some extent among these seven sequences, which also manifested in the models. The HI
loop was, however, highly conserved throughout, containing only one variable position between the
amniote ChPVs.
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Figure 6. Structural variation and assembly interfaces of chapparvoviruses (ChPVs). (A) Comparison
of VP monomer ribbon diagrams of the protoparvovirus minute virus of mice (PDB ID: 1Z14) from
subfamily Parvovirinae to homology models of an amniote, a fish, and a ChPV-derived EPV from
an arthropod genome (ChPV.3-LatHes). Variable regions (VRs) of the same number are marked by the
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same color and mapped to the surface and luminal area of the T = 1 icosahedral capsid model
constructed of 60 monomers. In the case of the minute virus of mice, the VRs are marked by both
the traditional numbering established for dependoparvoviruses (Roman numerals) and by the special
numbering applied for protoparvoviruses only (Arabic numerals). Blue signs indicate the names of
the loops linking the beta strands of the conserved jelly roll core. Triangles mark the position of an
asymmetric unit within the capsid, the five-fold symmetry axis is marked by a pentagon, the three-fold
with the black filled triangles, and the two-fold with an ellipsoid. (B) Homology model of ORF6,
the hypothetical structural protein of Syngnathus scovelli ChPV (ScChPV). The trimer of the ScChPV
monomer model reveals a gap at each subunit interaction (arrows), unlike in the case of the trimer of
even the hitherto smallest parvoviral capsid protein, Penaeus stylirostris densovirus. The gap might
accommodate ORF6 in the assembled ScChPV capsid. Symmetry axes are marked by the same symbols
as for panel A.

We mapped the chapparvoviral VRs identified by VP alignments (Figure S3) to both VP monomers
and complete capsids, to examine how they manifest on the virion surface and make comparisons
to parvoviruses of known structure, represented by the minute virus of mice (MVM), the prototypic
member of subfamily Parvovirinae (PDB ID: 1Z14) (Figure 5). Out of ten chapparvoviral VRs identified
(VR 1 to 10), shown in Figure S3a, only VR1, VR2, and VR9 proved to be similarly positioned and hence
likely analogous to their counterparts in the MVM capsid. Some VRs (VR4 in all ChPVs examined,
VR8 of the amniote ChPVs, and VR6 in ChPV.3-LatHes and ScChPV) appeared to be positioned at the
luminal surface of the ChPV capsid, distinct from all parvoviruses studied to date. The only exception,
however, is bovine parvovirus, a bocaparvovirus [42] in which VR8 is also located on the luminal
surface of the capsid. Since the ChPV VRs appeared to be non-homologous to those established for
either proto- or dependoparvoviruses, we re-defined them by numbering from N to C-term.

In addition to their distinctive VRs, ChPVs ubiquitously appeared to harbor a highly variable
C-terminal region, with a length varying between 12 and 62 residues. The ChPV VP variable C-term
appears to be buried in most cases, with the exception of ScChPV, where it is probably exposed. In the
VP encoded by ChPV.3-LatHes it forms the luminal surface of the three-fold, whereas in the case of fish
and amniote ChPVs it is located at the two-fold (Figure 6a).

The ScChPV and ChPV.3-LatHes VP lacked a VR6 homologous to that of the amniote ChPVs,
albeit displayed variation in another position instead, still in the sixth-place counting from the N-term
(Figure S3b). Moreover, both of them displayed truncated VRs 3, 5, and 7, compared to their amniote
counterparts. VR9, furthermore, was absent from the ScChPV VP, whereas VR10 was missing from the
VP of ChPV.2-LatHes (Figure S3b). As for the surface, the largest variable region for amniote ChPVs,
namely DrChPV, is VR7, forming the entire three-fold protrusions, with VRs 1, and 9 forming small
protrusions surrounding the aforementioned peaks.

The complete capsid models of non-amniote ChPVs were observed to harbor surface features
that are strikingly distinct from those of the amniote ones, more closely resembling the capsids of the
Ambidensovirus-Iteradensovirus clade of Densovirinae (see Figure 3), with a surface that is less spikey
(Figure 7a). The homology model of ORF6 of ScCHPV, constructed based on the minor viral protein of
the Sputnik virophage (PDB ID: 3J26) indicates that this potentially structural protein harbors multiple
beta strands close to its C-term, out of which the outermost could potentially fill in the aforementioned
gap caused by the lack of a β-B (Figure 6b).
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Figure 7. Comparison of chapparvoviruses (ChPV) capsid models of various host affiliations.
(A) Homology models, shown as ribbon diagrams, representing the probable three different ChPV
structural protein types. The first panel shows superposition of VP monomer homology models of
amniote ChPV capsids, including reptilian, avian, rodent, chiropteran, and ungulate representatives.
Black arrows show variable regions (VRs) previously identified by aligning the VP protein sequences.
The next two panels show homology models of capsid monomers from a fish ChPV and an endogenous
chapparvoviral element from an arthropod genome. (B) Capsid surface morphology of amniote ChPV
homology models compared to that of the polymer structure of a prototypic parvovirus, the minute
virus of mice (MVM) (PDB ID: 1Z14 at 3.25 Å resolution). Capsids are orientated by their two-fold
symmetry axes, as shown in the line diagram, and are radially colored. Below, the comparison of
homology models of complete viral capsid surface morphology of the newly identified fish ChPV and
arachnid endogenous chapparvoviral element is shown, with that of the actual capsid structure of
two densoviruses (subfamily Densovirinae, genus Ambidensovirus) (PDB ID: 4MGU at 3.5 Å resolution
for Acheta domestica densovirus and 1DNV at 3.7 Å for Galleria densovirus).

4. Discussion

Historically, the family Parvoviridae has always been comprised of two subfamilies, with specificity
for vertebrate or invertebrate hosts being the major demarcation criterion [2]. This division was initially
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supported by phylogenetic inference. However, as the number of densoviral genera increased,
the heterogeneity of densoviruses, specifically their segregation into two clades, has not gone
unnoticed [1]. Our study provides further evidence that the traditional division of parvoviruses into
vertebrate-specific and invertebrate-specific subfamilies no longer holds, rather, it supports the division
of the Parvoviridae into four major subgroups: the Parvovirinae, a split Densovirinae, and the ChPVs,
as illustrated in Figure 3.

The data presented here show that ChPVs infect an exceptionally broad range of hosts, including
both vertebrates and invertebrates. We show that ChPVs found in fish are more closely related to those
that infected ancestral arachnoid arthropods than they are to those that infect amniote vertebrates
(Figure 4), suggesting that ChPVs may have been transmitted between distantly related host species in
the past. Furthermore, phylogenies indicate that all amniote ChPVs have a common origin (Figure 3),
consistent with the overall conservation of their genome organization and some aspects of predicted
transcriptional strategy (Figure 1).

While previous studies have suggested that ChPVs broadly co-diverged with host species [9],
the present, expanded data set reveals that some transmission of ChPVs between vertebrate classes
may have occurred (Figure 4). However, it should be kept in mind that almost all amniote ChPVs have
been identified via metagenomic sequencing of environmental samples (mostly fecal viromes) and
their true host affiliations remain uncertain.

The EPV sequences found in animal genomes overwhelmingly derive from a small proportion of
parvovirus lineages [13,14,17,43,44]. For example, ambidensovirus-derived EPVs dominate invertebrate
genomes [14], whereas vertebrate EPVs almost exclusively derive from the Dependoparvovirus and
Protoparvovirus genera [12,13,43,44]. In this study, we found no trace of ChPV-derived EPVs in amniote
genomes, despite recent evidence that ChPVs infect this host group [21,45]. By contrast, ChPV-derived
EPVs are relatively common in arthropods, with some species harboring multiple, independently
acquired elements, occasionally even in close proximity within the host genome (Table 1, Figure 4).
The tendency of EPVs to derive from a subset of parvovirus genera likely has biological underpinnings.
For example, in vertebrates it may reflect the ability of dependoparvoviruses to integrate into host
DNA, and/or the requirement of protoparvoviruses to initiate DNA damage response (DDR) during
replication [46,47]. Similar features of the viral life cycle could account for the biased distribution
of ChPV-related sequences in animal genomes, i.e., arthropod and fish ChPVs might have adopted
a replication strategy that favors germline integration, whereas that of amniote ChPVs precludes it.
Notably, some arthropod species have integration sites containing multiple independently acquired
EPVs of both ChPV and ambidensovirus origin, suggesting that hotspots of parvovirus integration
and/or fixation might exist in their genomes.

Our discovery of ChPV-derived elements in fish and arthropod genomes establishes that ChPVs can
infect these species in addition to amniotes [21,45]. Moreover, it provides evidence that the ChPVs are
likely an ancient lineage of parvoviruses. Though we did not identify any orthologous ChPV insertions,
the EPVs described here show extensive evidence of germline degradation. Through comparison
to studies of EPVs in mammals (in which several orthologous EPVs have been described [13,48]),
it appears likely that ChPVs have been present in animals for many millions of years. Moreover, as the
hexapod EPVs appear to be monophyletic and mirror the evolution of their host species, the age
of ChPVs could possibly correlate with the Insecta–Entognatha split, suggesting a minimum age of
400 million years [49].

Through comparative analysis of EPVs and ChPVs, we show that ChPV genomes exhibit a number
of defining characteristics. Firstly, all possess a short, monosense genome, encoding a relatively large
NS and a relatively short VP. The short VP proteins of ChPVs are clearly homologous to one another,
but show no similarity to those found in other parvovirus lineages. Similar to those found in the
penstyl-, hepan-, and brevidensoviruses, the VP proteins of ChPVs lack the phospholipase A2 (PLA2)
domains that are required for infectivity in most other parvoviruses. Notably, these are also the genera
to which ChPVs are most closely related in NS-based phylogenies (Figure 3).
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Secondly, ChPVs typically encode multiple additional gene products besides the NS and VP.
To begin with, almost all encode a nucleoprotein (NP) gene in an overlapping frame with rep.
In this report, we show that putative NP ORFs are present in ChPV-derived EVEs, suggesting it is
an ancestral, conserved feature of these viruses. However, its absence from the coleopteran lineage
is intriguing, as it is still present in the EPV of the hexapod stem group Diplura of Entognatha.
Phylogenetic reconstructions (and the extensive overlap with rep) imply it was acquired ancestrally
and independently lost in the lineage derived from members of the hexapod crown group, Coleoptera
(Figure 4).

A functional role for auxiliary ORF1 is supported by: (i) its conservation across the entire amniote
ChPV clade; and (ii) limited experimental data indicating it is expressed in MKPV via a spliced
transcript. Auxiliary ORF2 was only identified in a small subset of ChPV genomes, but a functional role
for this ORF is suggested by the presence of homologues in distantly related ChPVs of amniotes and fish
(see Figure 4). Interestingly, although all ChPVs appear to express ORF1 via splicing of a small intronic
sequence (Figure 1), those harboring an ORF2 homologue are predicted to lack the peculiar large introns
found in the expression of MKPV NP and VP transcripts [21]. ScChPV lacks an ORF1 homologue,
but contains a predicted reading frame in the corresponding position. Homologues of this ScChPV
ORF1 variant are present in all three arachnid EPVs, although not in the first, but in the second position.
As only the three Latrodectus EPVs possess a homologue of ORF1-Lh, it is possible that this small ORF
originated after the split from the syngnathe fish lineage, whereas the ScChPV ORF1 originates earlier.
The distribution of homologous auxiliary genes across phylogenetic lineages of ChPVs implies that
distinct lineages have acquired and/or lost these genes on multiple, independent occasions.

MKPV has been reported to possess only one promoter and two polyadenylation signals, as well
as an extensive number of spliced transcripts. This transcription pattern, however, appears to be unique
to only one of the two hitherto amniote ChPV lineages, comprising of rodent, chiropteran, New World
primate, avian, and reptilian entries. As members of the “type 1” lineage, including PPV7, appear to
display a genome organization specific for this clade and different from that of MKPV, they may utilize
distinct transcription strategies as well.

Despite the potential pitfalls of homology modeling, and the use of distinct templates to reconstruct
both the VP monomer and capsid structures, we obtained remarkably similar predicted structures for
VP sequences found in closely related viruses/EPVs. Since the viral capsid plays an important role in
mediating the interactions between parvoviruses and their hosts, comparisons of capsid structures
can potentially reveal insights into parvovirus biology. Our analysis indicates that ChPV VPs would
assemble into a complete, T = 1 icosahedral capsid, despite their relatively small size. Furthermore,
their predicted structures are remarkably similar to those found in other parvoviruses, despite the
lack of any detectable similarity in the sequences of their VP proteins. Structural similarities include
the presence of a conserved jelly roll core and α-A helix, the existence of the D–E and H–I loops,
and the presence of identifiable VRs. Interestingly, the amniote ChPV capsids appear to possess the
same number of VRs as most of the vertebrate parvoviruses of subfamily Parvovirinae, even if only
a few of them (namely VRs 1, 2, and 9) proved to be analogous features. In these virus capsids,
variations were most prominent among the three-fold peaks and protrusions, as well as the two-fold
depression, as observed in members of the Parvovirinae (Figure 7). The tendency of some VRs to
manifest at the luminal surface of the capsid in models suggests these regions could play a role in
intracellular host–virus interactions. For these regions to become accessible to intracellular signaling
pathways would require either uncoating or conformational changes. Based on previous findings,
however, the parvovirus capsid appears to traffic into the nucleus intact [50,51]. Considering this, these
buried regions might play a role in processes linked to the nucleus. Interestingly, bovine parvovirus,
the only other parvovirus in which buried VRs have previously been observed [52] is an enteric
pathogen, and the association of amniote ChPVs with fecal viromes suggests these viruses might also
be largely enteric.
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In addition to the VRs, all ChPVs seem to harbor highly variable VP C-terms. A similar phenomenon
has been observed in the case of iteradensoviruses, in which the last 40 C-terminal residues are
disordered, hence the structure of this region cannot be resolved [53]. Although the location of the
ChPV C-term appears to vary, its association with regions that are overtly involved in parvovirus–host
interactions (e.g., the two- and three-fold peaks) is certainly intriguing.

MKPV is associated with the pathology of the urogenital system, whereas a related virus,
murine ChPV, has been detected at a very high prevalence in murine liver tissue, suggesting it is
a gastrointestinal agent [45]. The VPs of the two, however, only differ in six aa residues, located within
VR3 and near VR2 on the surface and in the buried VR4, as well as in the similarly buried variable
C-term (Figure S3a). Thus, these positions could constitute potential determinants of tissue tropism in
murine ChPVs.

Parvovirus subfamilies Parvovirinae and Densovirinae utilize distinct strategies to stabilize their
icosahedral capsids [54]. Vertebrate parvoviruses extend the longer side of the jellyroll fold with
an additional, N-terminal strand by folding back β-A to interact with the two-fold axis of the very
same monomer, hence creating an extended ABDIG sheet [55,56]. By contrast, the densovirus capsid
preserves the symmetric arrangement of the jellyroll fold, and possesses a β-A which is a direct
elongated N-terminal extension of the β-B instead, interacting with the β-B strand of the neighboring
monomer toward the five-fold axis [57,58]. Strikingly, our data show that ChPV capsids lack β-A
strands (and also the β-B strand, in the case of ScChPV). The functional implications of this are
unclear—possibly ChPV capsids are stabilized in the absence of β-A via a yet unknown, additional VP.
If ChPVs express additional structural proteins, they are presumably encoded by spliced transcripts
(given the unusually small size of the cap gene). Alternatively, the ChPV capsid might assemble without
the incorporation of an additional β strand, perhaps at the cost of losing the stability and resilience
typical of parvoviruses in general. Potentially, this could account for the apparent presence of buried
VRs. Interestingly, in studies of MKPV, viral proteins could be detected in the kidneys of infected mice,
even though no assembled particles could be observed in inclusion body-affected tubular cells [21].
This, along with our structural predictions, suggests that the ChPV strategy for uncoating and cellular
trafficking might be very different from that found in the Parvovirinae and Densovirinae.

Uniquely, the genome of ScChPV appears to include a putative additional structural protein
(ORF6), in addition to the above-mentioned alternative ORFs. All parvoviruses to date—except those
of genus Penstyldensovirus, with only one VP comprising the capsid [58]—have been reported to
incorporate up to three additional minor VPs into the virion, which share a common C-terminal region.
To encode a structural protein on an entirely separate ORF sharing, no mutual coding sequence with
cap would be unique. Possibly, this unusual feature could be connected to the predicted lack of a β-B
strand in the ScChPV VP monomer.

Taken together, the data presented here establish that the ChPVs belong to a parvovirus lineage
that comprises a distinct lineage from all other parvoviruses, and infects an exceptionally broad range
of host species, including both vertebrates and invertebrates. Consistent with this, their relatively
complex genomes exhibit numerous unique features, implying that their life cycle might significantly
differ from what has been established in the case of other members of the family. These findings
underscore the need for further basic and comparative studies of ChPVs, to assess their potential
impact on animal health, both wildlife and livestock. Furthermore, this is the first study to imply that
vertebrate parvoviruses are not monophyletic, and that members of the family must have evolved to
infect vertebrates on at least two separate occasions.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/6/525/s1,
Figure S1: Predictions of secondary structure, disordered regions and potential phosphorylation sites in case of
an amniote exogenous and an endogenous invertebrate ChPV nucleoprotein (NP), Figure S2: Secondary structure
predictions of the Syngnathus scovelli ChPV genome termini. Figure S3: Variable regions at the derived amino acid
sequence level identified among ChPV capsid proteins.

74



Viruses 2019, 11, 525

Author Contributions: Conceptualization, R.J.G. and J.J.P.; Methodology, R.J.G. and J.J.P.; Software, R.J.G.;
Validation, J.J.P., R.J.G and M.A.-M.; Resources, R.J.G. and M.A.-M.; Data Curation, J.J.P., R.J.G and W.M.d.S.;
Writing—Original Draft Preparation, J.J.P and R.J.G.; Writing—Review & Editing, M.A.-M.; Funding Acquisition,
R.J.G. and M.A.-M.

Funding: J.J.P. and M.A.-M. are funded by NIH R01 GM109524. R.J.G. was funded by the Medical Research
Council of the United Kingdom (MC_UU_12014/12). W.M.d.S. is supported by the Fundação de Amparo à Pesquisa
do Estado de São Paulo, Brazil (Scholarships No. 17/13981-0).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cotmore, S.F.; Agbandje-McKenna, M.; Chiorini, J.A.; Mukha, D.V.; Pintel, D.J.; Qiu, J.; Soderlund-Venermo, M.;
Tattersall, P.; Tijssen, P.; Gatherer, D.; et al. The family Parvoviridae. Arch. Virol. 2014, 159, 1239–1247.
[CrossRef] [PubMed]

2. Tijssen, P.; Agbandje-McKenna, M.; Almendral, J.M.; Bergoin, M.; Flegel, T.W.; Hedman, K.; Kleinschmidt, J.;
Li, Y.; Pintel, D.J.; Tattersall, P. Family Parvoviridae. In Virus Taxonomy—Ninth Report of the International Committee
on Taxonomy of Viruses; King, A.M., Lefkowitz, E., Adams, M.J., Carstens, E.B., Eds.; Elsevier/Academic Press:
London, UK, 2011; pp. 405–425.

3. Zádori, Z.; Szelei, J.; Tijssen, P. SAT: A late NS protein of porcine parvovirus. J. Virol. 2005, 79, 13129–13138.
[CrossRef] [PubMed]

4. Sonntag, F.; Kother, K.; Schmidt, K.; Weghofer, M.; Raupp, C.; Nieto, K.; Kuck, A.; Gerlach, B.; Böttcher, B.;
Müller, O.J.; et al. The assembly-activating protein promotes capsid assembly of different adeno-associated
virus serotypes. J. Virol. 2011, 85, 12686–12697. [CrossRef] [PubMed]

5. Siqueira, J.D.; Ng, T.F.; Miller, M.; Li, L.; Deng, X.; Dodd, E.; Batac, F.; Delwart, E. Endemic infection of
stranded southern sea otters (Enhydra lutris nereis). J. Wildl. Dis. 2017, 53, 532–542. [CrossRef] [PubMed]

6. Väisänen, E.; Fu, Y.; Hedman, K.; Söderlund-Venermo, M. Human protoparvoviruses. Viruses 2017, 9, 354.
[CrossRef]

7. Geoghegan, J.L.; Pirotta, V.; Harvey, E.; Smith, A.; Buchmann, J.P.; Ostrowski, M.; Eden, J.-S.; Harcourt, R.;
Holmes, E.C. Virological sampling of inaccessible wildlife with drones. Viruses 2018, 10, 300. [CrossRef]

8. De Souza, W.; Dennis, T.; Fumagalli, M.; Araujo, J.; Sabino-Santos, G.; Maia, F.; Acrani, G.; Carrasco, A.;
Romeiro, M.; Modha, S.; et al. Novel parvoviruses from wild and domestic animals in Brazil provide new
insights into parvovirus distribution and diversity. Viruses 2018, 10, 143. [CrossRef]

9. De Souza, W.M.; Romeiro, M.F.; Fumagalli, M.J.; Modha, S.; de Araujo, J.; Queiroz, L.H.; Durigon, E.L.;
Figueiredo, L.T.M.; Murcia, P.R.; Gifford, R.J. Chapparvoviruses occur in at least three vertebrate classes and
have a broad biogeographic distribution. J. Gen. Virol. 2017, 98, 225–229. [CrossRef]

10. Phan, T.G.; Gulland, F.; Simeone, C.; Deng, X.; Delwart, E. Sesavirus: Prototype of a new parvovirus genus in
feces of a sea lion. Virus Genes 2015, 50, 134–146. [CrossRef]

11. Phan, T.G.; Dreno, B.; Da Costa, A.C.; Li, L.; Orlandi, P.; Deng, X.; Kapusinszky, B.; Siqueira, J.; Knol, A.-C.;
Halary, F.; et al. A new protoparvovirus in human fecal samples and cutaneous T cell lymphomas (mycosis
fungoides). Virology 2016, 496, 299–305. [CrossRef]

12. Belyi, V.A.; Levine, A.J.; Skalka, A.M. Sequences from ancestral single-stranded DNA viruses in vertebrate
genomes: The parvoviridae and circoviridae are more than 40 to 50 million years old. J. Virol. 2010, 84,
12458–12462. [CrossRef] [PubMed]

13. Katzourakis, A.; Gifford, R.J. Endogenous viral elements in animal genomes. PLoS Genet. 2010, 6, e1001191.
[CrossRef]

14. Liu, H.; Fu, Y.; Xie, J.; Cheng, J.; Ghabrial, S.A.; Li, G.; Peng, Y.; Yi, X.; Jiang, D. Widespread endogenization
of densoviruses and parvoviruses in animal and human genomes. J. Virol. 2011, 85, 9863–9876. [CrossRef]
[PubMed]

15. Reuter, G.; Boros, Á.; Delwart, E.; Pankovics, P. Novel circular single-stranded DNA virus from turkey faeces.
Arch. Virol. 2014, 159, 2161–2164. [CrossRef] [PubMed]

16. Yang, S.; Liu, Z.; Wang, Y.; Li, W.; Fu, X.; Lin, Y.; Shen, Q.; Wang, X.; Wang, H.; Zhang, W. A novel rodent
chapparvovirus in feces of wild rats. Virol. J. 2016, 13, 133. [CrossRef] [PubMed]

17. Kapoor, A.; Simmonds, P.; Lipkin, W.I. Discovery and characterization of mammalian endogenous
parvoviruses. J. Virol. 2010, 84, 12628–12635. [CrossRef] [PubMed]

75



Viruses 2019, 11, 525

18. Holmes, E.C. The evolution of endogenous viral elements. Cell Host Microbe 2011, 10, 368–377. [CrossRef]
[PubMed]

19. Baker, K.S.; Leggett, R.M.; Bexfield, N.H.; Alston, M.; Daly, G.; Todd, S.; Tachedjian, M.; Holmes, C.E.;
Crameri, S.; Wang, L.-F.; et al. Metagenomic study of the viruses of African straw-coloured fruit bats: Detection
of a chiropteran poxvirus and isolation of a novel adenovirus. Virology 2013, 441, 95–106. [CrossRef] [PubMed]

20. Palinski, R.M.; Mitra, N.; Hause, B.M. Discovery of a novel Parvovirinae virus, porcine parvovirus 7,
by metagenomic sequencing of porcine rectal swabs. Virus Genes 2016, 52, 564–567. [CrossRef]

21. Roediger, B.; Lee, Q.; Tikoo, S.; Cobbin, J.C.; Henderson, J.M.; Jormakka, M.; O’Rourke, M.B.; Padula, M.P.;
Pinello, N.; Henry, M.; et al. An atypical parvovirus drives chronic tubulointerstitial nephropathy and kidney
fibrosis. Cell 2018, 175, 530–543. [CrossRef]

22. Zhu, H.; Dennis, T.; Hughes, J.; Gifford, R.J. Database-integrated genome screening (DIGS): Exploring
genomes heuristically using sequence similarity search tools and a relational database. bioRxiv 2018, 246835.
[CrossRef]

23. Carver, T.; Harris, S.R.; Berriman, M.; Parkhill, J.; McQuillan, J.A. Artemis: An integrated platform for
visualization and analysis of high-throughput sequence-based experimental data. Bioinformatics 2012, 28,
464–469. [CrossRef] [PubMed]

24. Knudsen, S. Promoter2.0: For the recognition of PolII promoter sequences. Bioinformatics 1999, 15, 356–361.
[CrossRef] [PubMed]

25. Reese, M.G.; Eeckman, F.H.; Kulp, D.; Haussler, D. Improved splice site detection in genie. J. Comput. Boil.
1997, 4, 311–323. [CrossRef] [PubMed]

26. Dogan, R.I.; Getoor, L.; Wilbur, W.J.; Mount, S.M. SplicePort—An interactive splice-site analysis tool.
Nucl. Acids Res. 2007, 35 (Suppl. 2), W285–W291. [CrossRef]

27. Salamov, A.; Solovyev, V. Recognition of 3′ -processing sites of human mRNA precursors. Bioinformatics
1997, 13, 23–28. [CrossRef]

28. Armougom, F.; Moretti, S.; Poirot, O.; Audic, S.; Dumas, P.; Schaeli, B.; Keduas, V.; Notredame, C. Expresso:
Automatic incorporation of structural information in multiple sequence alignments using 3D-Coffee.
Nucleic Acids Res. 2006, 34, W604–W608. [CrossRef]

29. Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res.
2004, 32, 1792–1797. [CrossRef]

30. Wallace, I.M.; O’Sullivan, O.; Higgins, D.G.; Notredame, C. M-Coffee: Combining multiple sequence
alignment methods with T-Coffee. Nucleic Acids Res. 2006, 34, 1692–1699. [CrossRef]

31. Guindon, S.; Dufayard, J.F.; Lefort, V.; Anisimova, M.; Hordijk, W.; Gascuel, O. New algorithms and methods
to estimate maximum-likelihood phylogenies: Assessing the performance of PhyML 3.0. Syst. Boil. 2010, 59,
307–321. [CrossRef]

32. Felsenstein, J. PHYLIP (Phylogeny Inference Package), Version 3.6; Department of Genome Sciences, University
of Washington: Seattle, WA, USA, 2005.

33. Lobley, A.; Sadowski, M.I.; Jones, D.T. pGenTHREADER and pDomTHREADER: New methods for improved
protein fold recognition and superfamily discrimination. Bioinformatics 2009, 25, 1761–1767. [CrossRef]
[PubMed]

34. Yang, J.; Yan, R.; Roy, A.; Xu, D.; Poisson, J.; Zhang, Y. The I-TASSER suite: Protein structure and function
prediction. Nat. Methods 2015, 12, 7–8. [CrossRef] [PubMed]

35. Carrillo-Tripp, M.; Shepherd, C.M.; A Borelli, I.; Venkataraman, S.; Lander, G.C.; Natarajan, P.; E Johnson, J.;
Brooks, C.L.; Reddy, V.S. VIPERdb2: An enhanced and web API enabled relational database for structural
virology. Nucleic Acids Res. 2009, 37, D436–D442. [CrossRef] [PubMed]

36. Schrödinger, L. The PyMOL Molecular Graphics System, Version 2.0; Wiley: Hoboken, NJ, USA, 2002.
37. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF

Chimera? A visualization system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605–1612.
[CrossRef] [PubMed]

38. Zuker, M. Mfold web server for nucleic acid folding and hybridization prediction. Nucleic Acids Res. 2003,
31, 3406–3415. [CrossRef] [PubMed]

39. Gifford, R.J.; Blomberg, J.; Coffin, J.M.; Fan, H.; Heidmann, T.; Mayer, J.; Stoye, J.; Tristem, M.; Johnson, W.E.
Nomenclature for endogenous retrovirus (ERV) loci. Retrovirology 2018, 15, 59. [CrossRef]

76



Viruses 2019, 11, 525

40. Schoonvaere, K.; Smagghe, G.; Francis, F.; De Graaf, D.C. Study of the metatranscriptome of eight social and
solitary wild bee Species reveals novel viruses and bee parasites. Front. Microbiol. 2018, 9, 177. [CrossRef]

41. Chapman, M.S.; Agbandje-McKenna, M. Atomic structure of viral particles. In Parvoviruses; Kerr, J.R.,
Cotmore, F.C., Bloom, M.E., Linden, R.M., Parrish, C.R., Eds.; Hodder Arnold, Ltd.: London, UK, 2006;
pp. 107–123.

42. Kailasan, S.; Agbandje-McKenna, M.; Parrish, C.R. Parvovirus family conundrum: What makes a killer?
Annu. Rev. Virol. 2015, 2, 425–450. [CrossRef]

43. Pénzes, J.J.; Marsile-Medun, S.; Agbandje-McKenna, M.; Gifford, R.J. Endogenous amdoparvovirus-related
elements reveal insights into the biology and evolution of vertebrate parvoviruses. Virus Evol. 2018, 4, vey026.
[CrossRef]

44. Arriagada, G.; Gifford, R.J.; Beemon, K.L. Parvovirus-derived endogenous viral elements in two south
American rodent genomes. J. Virol. 2014, 88, 12158–12162. [CrossRef]

45. Williams, S.H.; Che, X.; Garcia, J.A.; Klena, J.D.; Lee, B.; Muller, D.; Ulrich, W.; Corrigan, R.M.; Nichol, S.;
Jain, K.; et al. Viral diversity of house mice in New York city. mBio 2018, 9, e01354-17. [CrossRef] [PubMed]

46. Deyle, D.R.; Russell, D.W. Adeno-associated virus vector integration. Curr. Opin. Mol. Ther. 2009, 11, 442–447.
[PubMed]

47. Majumder, K.; Etingov, I.; Pintel, D.J. Protoparvovirus interactions with the cellular DNA damage response.
Viruses 2017, 9, 323. [CrossRef] [PubMed]

48. Valencia-Herrera, I.; Cena-Ahumada, E.; Faunes, F.; Ibarra-Karmy, R.; Gifford, R.J.; Arriagada, G. Molecular
properties and evolutionary origins of a parvovirus-derived myosin fusion gene in guinea pigs. bioRxiv 2019,
572735. [CrossRef]

49. Willmann, R. Phylogenetic relationships and evolution of insects. In Assembling the Tree of Life; Cracraft, J.,
Donoghue, M.J., Eds.; Oxford University Press: Oxford, UK, 2004; pp. 330–344.

50. Cohen, S. Pushing the envelope: Microinjection of Minute virus of mice into Xenopus oocytes causes damage
to the nuclear envelope. J. Gen. Virol. 2005, 86, 3243–3252. [CrossRef] [PubMed]

51. Sonntag, F.; Bleker, S.; Leuchs, B.; Fischer, R.; Kleinschmidt, J.A. Adeno-associated virus type 2 capsids with
externalized VP1/VP2 trafficking domains are generated prior to passage through the cytoplasm and are
maintained until Uncoating OCCURS in the nucleus. J. Virol. 2006, 80, 11040–11054. [CrossRef] [PubMed]

52. Kailasan, S.; Halder, S.; Gurda, B.; Bladek, H.; Chipman, P.R.; McKenna, R.; Brown, K.; Agbandje-McKenna, M.
Structure of an enteric pathogen, bovine parvovirus. J. Virol. 2015, 89, 2603–2614. [CrossRef] [PubMed]

53. Kaufmann, B.; El-Far, M.; Plevka, P.; Bowman, V.D.; Li, Y.; Tijssen, P.; Rossmann, M.G. Structure of Bombyx
mori Densovirus 1, a Silkworm Pathogen. J. Virol. 2011, 85, 4691–4697. [CrossRef] [PubMed]

54. Drouin, L.M.; Lins, B.; Janssen, M.; Bennett, A.; Chipman, P.; McKenna, R.; Chen, W.; Muzyczka, N.;
Cardone, G.; Baker, T.S.; et al. Cryo-electron microscopy reconstruction and stability studies of the wild
type and the R432A variant of adeno-associated virus type 2 reveal that capsid structural stability is a major
factor in genome packaging. J. Virol. 2016, 90, 8542–8551. [CrossRef]

55. Simpson, A.A.; Hébert, B.; Sullivan, G.M.; Parrish, C.R.; Zádori, Z.; Tijssen, P.; Rossmann, M.G. The structure
of porcine parvovirus: Comparison with related viruses. J. Mol. Biol. 2002, 315, 1189–1198. [CrossRef]

56. Xie, Q.; Bu, W.; Bhatia, S.; Hare, J.; Somasundaram, T.; Azzi, A.; Chapman, M.S. The atomic structure
of adeno-associated virus (AAV-2), a vector for human gene therapy. Proc. Natl. Acad. Sci. USA 2002, 99,
10405–10410. [CrossRef] [PubMed]

57. Simpson, A.A.; Chipman, P.R.; Baker, T.S.; Tijssen, P.; Rossmann, M.G. The structure of an insect parvovirus
(Galleria mellonella densovirus) at 3.7 å resolution. Structure 1998, 6, 1355–1367. [CrossRef]

58. Kaufmann, B.; Li, Y.; Szelei, J.; Tijssen, P.; Bowman, V.D.; Waddell, P.J.; Rossmann, M.G. Structure of Penaeus
stylirostris densovirus, a shrimp pathogen. J. Virol. 2010, 84, 11289–11296. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

77





viruses

Article

Chapparvovirus DNA Found in 4% of Dogs
with Diarrhea

Elizabeth Fahsbender 1,2 , Eda Altan 1,2 , M. Alexis Seguin 3, Pauline Young 3, Marko Estrada 3,

Christian Leutenegger 3 and Eric Delwart 1,2,*

1 Vitalant Research Institute, San Francisco, CA 94118, USA; efahsbender@vitalant.org (E.F.);
EAltan@vitalant.org (E.A.)

2 Dept. of Laboratory Medicine, University of California, San Francisco, CA 94118, USA
3 IDEXX Reference Laboratories, -Inc., West Sacramento, CA 95605, USA; alexis-seguin@idexx.com (M.A.S.);

Pauline-Young@idexx.com (P.Y.); Marko-Estrada@idexx.com (M.E.);
Christian-Leutenegger@idexx.com (C.L.)

* Correspondence: Eric.Delwart@ucsf.edu

Received: 22 March 2019; Accepted: 24 April 2019; Published: 27 April 2019

Abstract: Feces from dogs in an unexplained outbreak of diarrhea were analyzed by viral
metagenomics revealing the genome of a novel parvovirus. The parvovirus was named cachavirus
and was classified within the proposed Chapparvovirus genus. Using PCR, cachavirus DNA was
detected in two of nine tested dogs from that outbreak. In order to begin to elucidate the clinical
impact of this virus, 2,053 canine fecal samples were screened using real-time PCR. Stool samples
from 203 healthy dogs were positive for cachavirus DNA at a rate of 1.47%, while 802 diarrhea
samples collected in 2017 and 964 samples collected in 2018 were positive at rates of 4.0% and 4.66%
frequencies, respectively (healthy versus 2017-2018 combined diarrhea p-value of 0.05). None of
83 bloody diarrhea samples tested positive. Viral loads were generally low with average real-time
PCR Ct values of 36 in all three positive groups. The species tropism and pathogenicity of cachavirus,
the first chapparvovirus reported in feces of a placental carnivore, remains to be fully determined.

Keywords: parvovirus; viral metagenomics; canine chapparvovirus

1. Introduction

Canine diarrhea is one of the most common illnesses treated by veterinarians with many
possible causes of canine diarrhea, including bacteria, parasites, and viruses [1]. One of the
most important dog enteric viruses is canine parvovirus 2 (CPV-2) in the Carnivore protoparvovirus
species 1 [2]. Parvoviruses are small, icosahedral, nonenveloped, single-stranded DNA viruses that are
pathogenic to a variety of mammals [3–5]. The vertebrate-infecting parvoviruses are classified in the
subfamily Parvovirinae in the Parvoviridae family (which also includes the insect infecting subfamily
Densovirinae). The Parvovirinae subfamily is currently subdivided into eight officially recognized genera
(Dependoparvovirus, Copiparvovirus, Bocaparvovirus, Amdoparvovirus, Aveparvovirus, Protoparvovirus,
Tetraparvovirus, and Erythroparvovirus [6]). The recently proposed genus Chapparvovirus is currently
comprised of a rat parvovirus 2 (KX272741) [7], Eidolon helvum fruit bat parvovirus 1 (MG693107.1) [8],
and E. helvum bat parvovirus 2 (JX885610) [9], Desmodus rotundus bat parvovirus (NC032097.1) [10],
simian parvo-like virus 3 (KT961660.1) [11], Turkey parvovirus TP1-2012/Hun (KF925531) [12], porcine
parvovirus 7 (KU563733) [13], murine chapparvovirus (MF175078) [14], Tasmanian devil-associated
chapparvovirus strains 1–6 (MK513528-MK53533) [15], red-crowned crane-associated parvovirus
(KY312548, KY312549, KY312550, KY312551) [16], and chicken chapparvovirus 1 and 2 (MG846441
and MG846642) [17]. A close relative of murine chapparvovirus, initially reported in the feces of
a wild Mus musculus from New York City [14], called murine kidney parvovirus (MH670588) was
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recently shown to cause nephropathy in immunocompromised laboratory mice [18]. A recent survey of
eukaryotic genomes for chapparvovirus sequences has also shown the presence of a likely exogeneous
chapparvovirus genome in a fish (Gulf pipefish or Syngnathus scovelli) and of mostly defective germline
sequences in another fish (Tiger tail seahorse or Hippocampus comes) as well as in multiple invertebrates,
indicating an ancient origin for chapparvoviruses [19]. A phylogenetic analysis of NS1 also indicated
chapparvoviruses fall outside the traditional vertebrate-infecting Parvovirinae subfamily clade and
closer to that of a subset of members of the subfamily Densovirinae [19].

Here an unexplained diarrhea outbreak among dogs was analyzed using viral metagenomics
after diagnostic tests were negative for common canine enteric pathogens. The genome of a novel
chapparvovirus was characterized and used to perform an epidemiological study to measure its
prevalence and possible clinical significance.

2. Materials and Methods

2.1. Sample Collection and Pathogen Screening

Nine stool samples from dogs suffering from an infectious diarrhea outbreak in Colorado in
October 2017 were submitted to IDEXX Reference Laboratories, Inc. (Sacramento, CA, USA) for
pathogen testing. Fourteen dogs were involved in the initial outbreak which were identified by clinical
signs that started with steatorrhea, progressed to hemorrhagic diarrhea with additional symptoms
of lethargy, fever, and low lymphocyte counts pointing to a possible viral infection. At the time of
feces collection, the nine sampled dogs were at various stages of the disease, with two of the dogs
relapsing a month after initially experiencing parvo-like clinical signs. These stool samples were all
negative for Giardia spp., Cryptosporidium spp., Salmonella spp., Clostridium perfringens enterotoxin
gene (quantitative), Clostridium perfringens Alpha-toxin gene (quantitative), Canine enteric coronavirus
(alphacoronavirus), Canine Parvovirus 2 and Canine Distemper virus using the IDEXX canine diarrhea
profile real-time PCR tests.

2.2. Metagenomic Analysis

Stool samples were grouped into three pools of three and vortexed in phosphate buffer saline (PBS)
with zirconia beads followed by microfuge centrifugation at 14,000 rpm for 10 min. The supernatants
were passed through a 0.45 μm filter (Millipore, Burlington, MA, USA) and digested with a mixture
of nuclease enzymes to enrich for viral particles [20,21]. RNA was extracted using the MagMAX kit
(ThermoFisher, Waltham, MA, USA) which was transcribed into cDNA using a random RT-PCR step.
The library was generated using the transposon-based Nextera™ XT Sample Preparation Kit (Illumina,
San Diego, CA, USA) which was deep sequenced with the MiSeq platform (250 bases, paired-end reads)
with dual barcoding. After demultiplexing the reads, they were trimmed and de novo assembled to
produce contigs [22]. Both singlets and contigs were compared to all eukaryotic viral protein sequences
in GenBank’s non-redundant database using BLASTx [23].

2.3. Genome Assembly and Diagnostic PCR

Pairwise identity matrices using the amino acid sequence of the NS1 wasgenerated using
Geneious R11 (Newark, NJ, USA). Amino acid sequences from the NS1 region of all available
chapparvoviruses were aligned using MUSCLE and a Maximum likelihood tree was created using the
Jones–Taylor–Thorton matrix-based model with 1,000 bootstrap replicates in MEGA6.0 [24–26].

A set of nested PCR primers were designed to screen for cachavirus in the nine stool samples
from the diarrheal outbreak. DNA was extracted from each individual stool sample using the QIAamp
MinElute Virus Spin kit (Qiagen, Hilden, Germany) and nested PCR assay primers were used to screen
for cachavirus DNA. The first round of primers CPV_625F (5’-CAA CTA GCC GAA TGC AGG GA-3’)
and CPV_948R (5’-CGA TAA CAT CCC CGG ACT GG-3’) were designed to target 323 nt of the NS1
region. The second round of primers CPV18_687FN (5’-AGC TCA GTT TGG CCC AGA TC-3’) and
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CPV_911RN (5’-AGAGGGATCGCTGGATCTGT-3’) targeted a 224 nt region within the amplicon of
the first round of primers. The PCR (containing a final concentration of 0.2 μm of each primer, 0.2 mM
of dNTPs, 0.625 U of Amplitaq Gold® DNA polymerase (Applied Biosystems, Waltham, MA, USA),
1× PCR Gold buffer II, 1.5 mM of MgCl2 and 1 μL of DNA template in a 25 μl reaction) proceeded as
follows: 95 ◦C for 5 min, 40 cycles of (95 ◦C for 30 s, (52 ◦C for the first round and 54 ◦C for the second
round of primers) for 30 s, and 72 ◦C for 30 s), followed by a final extension at 72 ◦C for 7 min. PCR
products of the correct size were verified by gel electrophoresis and Sanger sequencing.

2.4. Prevalence

A proprietary real-time PCR assay with an amplification efficiency of 95% and an r2 value of
0.99 was developed by IDEXX. One gram of feces was added to 3 mL of lysis buffer and 600 μL
extracted into 200 μL nucleic acid eluate. Five μL of the eluate was tested in a PCR reaction with a
limit of detection of 10 copies DNA for a sensitivity of 1,600 copies per gram of feces. A chi-square test
comparing the proportion of healthy dogs that tested positive for cachavirus and those testing positive
with diarrhea in 2017 and 2018 was performed in order to determine if the difference in frequency was
statistically significant.

3. Results

Nine canine diarrheal samples from an unexplained outbreak of diarrhea were analyzed by viral
metagenomics using three pools of three diarrhea samples each. Based on the BLASTx results, one of the
three pools showed the presence of viral sequences most closely related to different chapparvoviruses
reported from different vertebrates (0.05% of all reads). Other eukaryotic viral sequences observed
were from Gyrovirus 4 (0.0003% of all reads), which has been reported in both chicken meat and
human stool [27], indicating that it likely represents a dietary contaminant, and Torque teno canis virus
(0.002% of reads), a common commensal canine blood virus [28].

Using de novo assembly and PCR paired with Sanger sequencing, a near complete genome of
4,123 bases containing the two main open reading frames of chapparvoviruses was generated (Figure 1,
panel A). The available genome consisted of a 516 bases partial 5’UTR followed by an ORF encoding a
663 aa non-structural protein (NS) possessing the ATP binding Walker loop motif GPSNTGKS followed
by a second ORF encoding a 505 aa viral capsid (VP) finishing with a 108 bases partial 3’UTR (Figure 1,
panel A). When NS1 and VP1 proteins were compared to all available parvovirus sequences, the
closest relative was from a Cameroonian fruit bat chapparvovirus (MG693107.1) [8] with an amino
acid identity of 61 and 63% respectively (Table S1). A 210 amino acid ORF that is missing a start
codon and is overlapping the NS1 ORF was also detected showing 57% identity to its homologue
protein in mouse kidney parvovirus (AXX39021) [18] (Figure 1, panel A). This NP ORF is widely
conserved among chapparvoviruses [19]. The 5’ UTR DNA sequence was 68% identical to that of the
bat parvovirus sequence (MG693107.1)). The virus was named cachavirus (canine chapparvovirus)
strain 1A (CachaV-1A).

Distance matrices of the NS1 showed that the cachavirus is sufficiently divergent based on
ICTV criteria [6] (members of same species showing >85% NS1 identity) to qualify as a member
of a tentative new species Carnivore chapparvovirus species 1 in the proposed Chapparvovirus genus
(Table S1). A phylogenetic analysis of the NS1 ORF confirms its closest currently known relative is
from a Cameroonian fruit bat (Figure 1, panel B).

Using a nested PCR, the other 8 samples were tested for the presence of this virus which was
detected in a second diarrheic sample from that outbreak.
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A. 

     B.  

Figure 1. (A) ORF map and location of nucleotide-binding Walker loop motif. (B) Maximum likelihood
tree of NS1 aa sequences of chapparvoviruses. Bar, 0.5 amino acid substitutions per site. Bootstrap
values below 60 were removed.

A larger set of canine fecal samples were then tested using a real-time PCR assay. Of 2,053 fecal
samples tested, a total of 80 were positive (Table 1). Fecal sample submissions from the same time
frame as the outbreak (Sept-Oct 2017) were tested in order to determine the prevalence of CachaV-1
during that time. Healthy samples from fecal flotation samples submitted in 2018 for preventive care
screening were available. A second set of diarrhea samples that were collected during the same time
frame as the healthy samples was also analyzed to check for differences in prevalence across time,
as was a set of 83 bloody diarrhea samples.

Three stool samples out of 203 healthy animals tested positive, 32 were positive out of 802 diarrhea
submissions from September to October of 2017, and 45 were positive out of 965 diarrhea submissions
from September to October of 2018. None of the 83 bloody diarrhea samples tested were positive
(Table 1). When the fraction of PCR positive fecal samples was compared between the healthy animals
(1.47% positive) and those with diarrhea, a statistically significant difference (p < 0.05) could be detected
with the 965 diarrhea cases from 2018 (4.66% positive; p = 0.037), but not with the 803 diarrhea cases
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collected in 2017 (4.0% positive; p = 0.08). When 2017 and 2018 diarrhea samples were combined (4.35%
positive) and compared to the healthy group (1.47% positive), we measured a p-value of 0.05.

Cachavirus viral load as reflected by the Ct value of the real-time PCR were low across all four
cohorts, with Ct values ranging from 29 to 39 with an average value of 36 for all positive groups.
The five dog samples with the lowest Ct values (highest viral load) were then analyzed by viral
metagenomics. All five samples yielded cachavirus reads, but one yielded a near complete genome
(cachavirus [1B]). This sample also yielded 0.001% reads that were related to anelloviruses. None of
the other four animals showed the presence of other known mammalian viruses. The cachavirus-1B
genome showed 98% overall nucleotide identity with the index IDEXX-1A strain. The NS1 and VP
encoded protein showed 99 % identity.

Table 1. Real-time PCR results of cachavirus from four cohorts. A total of 2,053 samples were tested.

Healthy
Stool

Bloody
Diarrhea

Diarrhea
Submissions
Sept-Oct 2017

Diarrhea
Submissions
Sept-Oct 2018

Total Diarrhea
submissions
(2017 + 2018)

number 203 83 802 965 1767
# Tested positive 3 0 32 45 77

Frequency 1.47% 0% 3.99% 4.66% 4.35%
Average Ct 36.49 - 36.48 36.38 36.15

p-value of frequency
when compared to

healthy cohort
- - 0.08 0.037 0.05

4. Discussion

There are currently five other known canine parvovirus species belonging to two genera of the
Parvoviridae family. Canine parvovirus 2 (CPV2) in the Carnivore protoparvovirus 1 species is a highly
pathogenic virus that is closely related to feline parvovirus (FPV), the cause of feline panleukopenia, and
can infect other carnivores such as coyotes, wolfs, raccoons and pumas [29]. Canine bufavirus, a second
protoparvovirus (in the species Carnivore protoparvovirus 2) was reported in 2018 in fecal and respiratory
samples from both healthy and dogs with signs of respiratory illness [30]. That same protoparvovirus
was recently reported as a frequent component of juvenile cats fecal and respiratory samples [31].
The canine minute virus (CnMV) in the Carnivore bocaparvovirus 1 species is less pathogenic than CPV2
but can cause diarrhea in young pups and is frequently found in the context of co-infections [32].
Distantly related to CnMV, a second canine bocavirus in the Carnivore bocaparvovirus 2 species was
sequenced in dogs with respiratory diseases [33]. A third bocavirus was then characterized from the
liver of a dog with severe hemorrhagic gastroenteritis [34].

Here, we describe the near complete genomes of two closely related cachaviruses, members of a
new tentative species (Carnivore chapparvovirus 1) in a proposed genus Chapparvovirus, the third genera
of viruses from the Parvoviridae family now reported in canine samples. The chapparvovirus was
found in only two animals of the initial nine sampled. Many of the dogs in the outbreak analyzed were
sampled more than 10 days after onset of clinical signs, increasing the possibility that they were no
longer shedding viruses. Additionally, diarrhea is one of the top reasons for veterinary visits and some
patients may have coincidentally presented with diarrhea from some other cause.

The two samples positive for CachaV-1 presented in the same week and were in the group
of patients with the most severe clinical signs, requiring plasma transfusion and more aggressive
supportive care. One of the two dogs, sampled at nine days after onset, died two days later. Because
of the variable and often delayed feces sampling, it was therefore not possible to determine a clear
disease association in this small group of diarrheic dogs (i.e., not all affected animals were shedding
cachavirus).

A possible role for the cachavirus infection in canine diarrhea was further tested by comparing
cachavirus DNA PCR detection in larger groups of healthy and diarrheic animals including a group of
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animals with bloody diarrhea. A statistically significant difference (p = 0.037) was seen when diarrhea
samples from 2018 were compared to the feces from healthy animals collected the same year. When
2017 diarrheic samples were compared to e 2018 healthy samples, the p-value was 0.08. When 2017
and 2018 diarrhea samples were combined and compared to the healthy samples, the p-value was
0.05. The association of cachavirus with diarrhea is therefore borderline and the detection of viral
DNA remains limited to ~4% of cases of diarrhea. The limited number of healthy samples available for
PCR limited the statistical power of this analysis and a larger sample size will be required for further
testing of disease association. The absence of detectable cachavirus DNA in 83 other cases of bloody
diarrhea was unexpected given the similar signs that developed in the initial outbreak. Detection of
viral DNA in feces may be related to timing of sample collection as shedding of the intestinal lining
during hemorrhagic diarrhea may preclude viral replication and fecal shedding.

The detection of this virus in multiple fecal samples, the absence of prior cachavirus reports from
tissues or fecal samples from other animals, and the confirmed vertebrate (murine) tropism of another
chapparvovirus (mouse kidney parvovirus) [18], support the tentative conclusion that cachavirus
infects dogs. Given its relatively low viral load and only borderline association with diarrhea, this virus’
possible role in canine diarrhea or other diseases will require further epidemiological studies. Because
viral nucleic acids in fecal samples may also originate from ingestion of contaminated food (rather
than replication in gut tissues), the tropism of cachavirus for dogs will require further confirmation
such as specific antibody detection, viral culture in canine cells, and/or evidence of replication in vivo
such as RNA expression in enteric tissues of dogs shedding cachavirus DNA.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/5/398/s1,
Table S1: Percent identity between NS1 proteins of chapparvoviruses
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Abstract: Carnivore protoparvovirus 1 is the etiological agent of a severe disease of terrestrial carnivores.
This unique specie encompasses canine parvovirus type 2 (CPV-2) and feline panleukopenia virus
(FPLV). Studies widely analyzed the main capsid protein (VP2), but limited information is available
on the nonstructural genes (NS1/NS2). This paper analyzed the NS1 gene sequence of FPLV and CPV
strains collected in Italy in 2009–2017, along with worldwide related sequences. Differently from
VP2, only one NS1 amino-acid residue (248) clearly and constantly distinguished FPLV from CPV-2,
while five possible convergent amino-acid changes were observed that may affect the functional
domains of the NS1. Some synonymous mutation in NS1 were non-synonymous in NS2 and vice
versa. No evidence for recombination between the two lineages was found, and the predominance of
negative selection pressure on NS1 proteins was observed, with low and no overlap between the two
lineages in negatively and positively selected codons, respectively. More sites were under selection in
the CPV-2 lineage. NS1 phylogenetic analysis showed divergent evolution between FPLV and CPV,
and strains were clustered mostly by country and year of detection. We highlight the importance of
obtaining the NS1/NS2 coding sequence in molecular epidemiology investigations.

Keywords: Carnivore protoparvovirus 1; canine parvovirus; feline panleukopenia virus; NS1; NS2;
sequence analysis; evolution

1. Introduction

Carnivore protoparvovirus 1 is a member of the Protoparvovirus genus (family Parvoviridae, subfamily
Parvovirinae). As defined by the International Committee on Taxonomy of Viruses (ICTV) [1], both
canine parvovirus type 2 (CPV-2) and feline panleukopenia virus (FPLV) are included in this unique
specie, together with mink enteritis virus (MEV) and raccoon parvovirus (RaPV) [2,3]. In susceptible
dogs and cats, Carnivore protoparvovirus 1 commonly causes an acute and often lethal disease, inducing
vomiting, enteritis, diarrhea, and acute lymphopenia [4].

FPLV is known since the beginning of the 20th century [5] and, during decades, it maintained
a certain genetic stability [6]. Contrarily, CPV-2 emerged as a dog pathogen only in the late 1970s,
most likely as a host variant of the feline virus or a related strain [7], and it displayed higher rates of
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nucleotide changes [8–11]. Indeed, soon after its emergence, the original CPV-2 type was replaced
by two antigenic variants, CPV-2a and 2b [12,13], and in 2000 a third variant was detected, termed
CPV-2c [14]. While dogs are susceptible only to the original CPV-2 and all its variants, cats are
susceptible to both FPLV and CPV-2 variants [15–17], except the original CPV-2 type, despite the fact
that FPLV remains the prevalent cause of parvovirus infection in domestic felines [18].

Carnivore protoparvovirus 1 includes small, non-enveloped, linear single-stranded DNA viruses.
Their genome consists of an approximately 5200-nucleotide (nt) DNA molecule containing two large
open reading frames (ORFs), encoding for two nonstructural (NS1 and NS2) and for two structural (VP1
and VP2) proteins, generated through alternative splicing of the same messenger RNAs (mRNAs) [4,19].

Among encoded structural proteins, VP2 is the major capsid protein, represents the main
determinant of host range, and is subject to antibody-mediated selection [20,21]. On the other hand,
the nonstructural proteins NS1 and NS2 are essential for viral replication, DNA packaging, cytotoxicity,
and pathogenicity [22–24]. Due to the involvement of the VP2 capsid protein in host switch and
due to its fast evolutionary rate, most studies on CPV and FPLV focused their attention on the VP2
gene and on the structural analysis of the encoded protein. Contributions on the genetic analysis
of the nonstructural genes [18,24] and on the structural analysis of the encoded proteins are limited,
highlighting the limits of available sequence data [8,25–28]. The nonstructural protein 2 (NS2) of FPLV
and CPV is produced by the conjunction of left-hand 260-nt and right-hand 238-nt genetic fragments
of the NS1 open reading frame, but no studies were conducted on the NS2 amino-acid divergences
within this viral species.

Only a few studies described the dynamics driving genetic changes of the CPV and FPLV NS1
gene and the potential recombination events involving this gene [29,30], although recombination was
hypothesized as a potential alternative source of genetic variations [18]. Moreover, the NS1 gene
molecular features, as a useful tool in outbreak tracing, were only recently reconsidered [31,32]. Despite
the most recent sequence analyses on CPV also including this genomic ORF, there are still limited
studies on the FPLV NS1 sequence [30,33–35].

The aim of this paper was to characterize NS1 sequences of FPLV and CPV strains, collected from
cats and dogs in Italy, and to compare them to NS1 sequences available in public domain sequence
databases. Sequence analyses, genetic diversity estimation, evaluation of potential recombination
events, and phylogeny studies were performed to better elucidate the molecular features of NS1 and
its role in the evolution of CPV-2 and FPLV. Moreover, the NS2 sequences were also characterized and
the deduced amino-acid divergences were analyzed.

2. Materials and Methods

2.1. Sample Collection

The sequences analyzed in this study were obtained from samples collected from 18 cats and
29 dogs from 2009 to 2017. Samples or carcasses of animals with suspicion of parvovirus infection
were submitted to the Istituto Zooprofilattico Sperimentale della Sicilia “A. Mirri” (Palermo, Italy)
for necropsy for diagnostic purposes. Rectal swabs or organs (intestine, spleen, heart, brain) from
domestic dogs and cats with different geographical origins and living conditions (client-owned or
shelter animals) were collected and submitted for virological analyses. Details are summarized in
Table 1.
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Table 1. Origin and information on samples of cats and dogs. FPLV—feline panleukopenia virus;
CPV—canine parvovirus.

Sample Id * Date of Sampling Origin Sample Type Accession Number Reference

72752/13 23 Oct 2013 Cat Spleen FPLV MK413724 a This study
4311/14 21 Jan 2014 Cat Spleen FPLV MK413725 a This study
149/15 05 Jan 2015 Cat Intestine FPLV MK413726 a This study

3201c1/15 24 Nov 2015 Cat Intestine FPLV KX434461 a This study
38056c2/15 26 Aug 2015 Cat Intestine FPLV MK413727 a This study
32369/15 14 Jul 2015 Cat Intestine FPLV MK413728 a This study
42807/15 24 Nov 2015 Cat Rectal swab FPLV KX434462 a This study

52333eva/15 18 Nov 2015 Cat Heart FPLV MK413729 a This study
55611/15 07 Dec 2015 Cat Intestine FPLV MK413730 a This study
58774/15 23 Dec 2015 Cat Intestine FPLV MK413731 a This study

PA285c2/16 12 Jan 2016 Cat Intestine FPLV MK413732 b This study
RG21/16 04 Jan 2016 Cat Spleen FPLV MK413733 b This study

PA12880Fe/16 11 Apr 2016 Cat Intestine FPLV MK413734 b This study
PA12880Re/16 11 Apr 2016 Cat Spleen FPLV MK413735 b This study
PA12880Mi/16 11 Apr 2016 Cat Intestine FPLV MK413736 b This study

PA11334/17 20 Apr 2017 Cat Brain FPLV MK413737 a This study
CT1375/17 20 Feb 2017 Cat Spleen FPLV MK413738 a This study
29451/09 10 Sep 2009 Dog Intestine CPV-2a KX434454 a This study
987/10 14 Jul 2010 Dog Intestine CPV-2a KX434457 a This study

PA40697/16 02 Nov 2016 Dog Spleen CPV-2a MK413739 b This study
PA43847/16 21 Nov 2016 Dog Rectal swab CPV-2a MG434738 a [32]
PA48686/16 21 Dec 2016 Dog Intestine CPV-2a MG434739 a [32]
PA3213/17 09 Feb 2017 Dog Intestine CPV-2a MG434740 a [32]
PA5610/17 03 Mar 2017 Dog Rectal swab CPV-2a MG434741 a [32]
PA10388/17 11 Apr 2017 Dog Spleen CPV-2a MG434742 a [32]
PA13577/17 15 May 2017 Dog Spleen CPV-2a MG434743 a [32]

PA13579id90/17 15 May 2017 Dog Intestine CPV-2a MG434744 a [32]
PA13579id93/17 15 May 2017 Dog Spleen CPV-2a MG434745 a [32]

PA30636/17 31 Oct 2017 Dog Spleen CPV-2a MK413740 a This study
PA31209/17 07 Nov 2017 Dog Spleen CPV-2a MK413741 a This study
PA13600/17 15 May 2017 Dog Spleen CPV-2b MK413742 a This study

23782/09 10 Sep 2009 Dog Intestine CPV-2c KX434455 a This study
25835/09 10 Sep 2009 Dog Intestine CPV-2c KU508407 a This study
45361/09 21 Oct 2009 Dog Intestine CPV-2c KX434456 a This study
2323/11 21 Jun 2011 Dog Intestine CPV-2c KX434458 a This study

27692c1/11 05 Jul 2011 Dog Intestine CPV-2c KX434459 a This study
52238/12 20 Oct 2012 Dog Intestine CPV-2c KX434460 a This study

PA15423/16 29 Apr 2016 Cat Spleen CPV-2c MK413743 a This study
PA36395/16 06 Oct 2016 Dog Intestine CPV-2c MK413744 a This study
PA39667/16 26 Oct 2016 Dog Brain CPV-2c MK413745 b This study
41113c1/16 03 Nov 2016 Dog Rectal swab CPV-2c MF510158 a [36]

PA41113c2/16 03 Nov 2016 Dog Rectal swab CPV-2c MK413746 a This study
PA45984/16 01 Dec 2016 Dog Rectal swab CPV-2c MK413747 a This study

2743/17 06 Feb 2017 Dog Intestine CPV-2c MF510157 a [36]
CT1839id0018/17 02 Mar 2017 Dog Intestine CPV-2c MK413748 a This study
CT1839id2213/17 02 Mar 2017 Dog Intestine CPV-2c MK413749 a This study

PA27184/17 29 Sep 2017 Dog Rectal swab CPV-2c MK413750 a This study

* Samples in bold correspond to strain isolated. a ORF1 and ORF2 sequences; b NS1 gene sequence.

2.2. DNA Extraction and Parvovirus PCR

Viral DNA was extracted from 200 μL of swab/organ homogenate, obtained as previously
described [37], using a DNeasy Blood and Tissue Kit (Qiagen S.p.A., Milan, Italy) according to the
manufacturer’s instructions. Presence of FPLV and CPV DNA was evaluated using a primer pair
amplifying a 700-bp fragment of the VP2 gene [38] following a previously described PCR protocol [32].
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2.3. Viral Isolation

Samples that tested positive (in bold in Table 1) were processed as previously described [37] and
supernatants were inoculated in 80% confluent cell (A-72, CrFK) monolayers, cultured in minimum
essential medium (MEM) with 10% bovine fetal serum (EuroClone S.p.A., Pero, Italy), antibiotic and
antifungal solution (100 U/mL penicillin G sodium salt, 0.1 mg/mL streptomycin sulfate, 0.25 ug/mL
amphotericin B; PAA Laboratories GmbH, Austria), 1% sodium pyruvate (A-72 cells), and 0.1%
lactalbumin (CrFK cells). Inoculated cells were daily monitored for a maximum of five days and viral
growth was evaluated by detection of cytopathic effect (CPE) and PCR. A total of five passages were
carried out before considering virus isolation as unsuccessful.

2.4. Sequence Analysis

CPV/FPLV DNA from positive samples and from cell cultures with CPE were submitted to
sequencing. Analyses were conducted amplifying a long genomic sequence, encompassing both ORFs,
NS and VP, using primers pairs described by Pérez et al. [28] and the commercial kit GoTaq® G2
DNA Polymerase (Promega Italia s.r.l., Milan, Italy). Reaction mixes were prepared as previously
described [36], with minor modifications (thermal conditions: 2 min for the elongation steps). Positive
amplicons were purified with IllustraTM GFXTM PCR DNA and Gel Band Purification Kit (GE Healthcare
Life Sciences, Amersham, Buckinghamshire, UK) and submitted to BMR Genomics srl (Padua, Italy) for
direct Sanger sequencing. Overlapping sequences were assembled using BioEdit ver. 7.2.5 software [39]
and a nearly complete genomic sequence for each sample was obtained.

Ten positive cell culture supernatants were submitted to the Istituto Zooprofilattico Sperimentale
della Lombardia e dell’Emilia Romagna “Bruno Ubertini” (Parma, Italy) for sequencing service using
next-generation sequencing (NGS) methodologies. DNA was extracted using the One for All Vet
Kit (Qiagen, Milan, Italy) and amplified using primers F194/NS-Rext and 2161F/R4848 described by
Pérez et al. [28]. Sequencing libraries were prepared using the Nextera XT kit (Illumina Inc. San Diego,
CA, USA) and sequenced using the Illumina MiSeq (Illumina Inc. San Diego, CA, USA) system. Read
files generated by the sequencer were assembled and analyzed using the software SeqMan NGen 12.0.0
(DNASTAR, Madison, WI, USA).

The complete nucleotide NS1 coding sequences (2007 nt) alignments were obtained using the
ClustalW program included in the BioEdit software. Sequences were submitted to nBLAST [40]
to search related sequences in public domain databases. In December 2017, 26 FPLV and 141 CPV
complete NS1 sequences were obtained from NCBI database, including two FPLV and 18 CPV sequences
previously submitted to the same database from the Istituto Zooprofilattico Sperimentale della Sicilia
“A. Mirri”. Sequences originated from samples collected in years 1964–2016 (FPLV) and 1978–2017
(CPV), from domestic and wild animals in America (nine FPLVs and 34 CPVs from North America;
41 CPVs from South America), Europe (two FPLVs; three CPVs), Asia (14 FPLVs; 57 CPVs), and Oceania
(one FPLV; four CPVs) (see Dataset S1, Supplementary Materials).

NS1 and VP2 gene sequences were aligned with reference sequences obtained from the NCBI
database, translated into amino-acid (aa) sequences (668 and 584 aa, respectively), and analyzed using
the BioEdit software. The complete nucleotide NS2 coding sequences (498 nt) were also obtained from
the whole dataset of sequences using the ClustalW program and analyzed using the BioEdit software.
Viral typing was based on the analysis of VP2 amino-acid (aa) residues discriminating the viral type
(FPLV/CPV) and the CPV variants [41]. Sequence data were submitted to the DDBJ/EMBL/GenBank
databases under accession numbers reported in Table 1.

2.5. Recombination and Selection Pressure Analyses

The NS1 alignment was tested for the presence of potentially recombinant sequences with all
the different methods included in the RDP 4 software package [42], as described in Canuti et al. [43].
Detected recombination events were confirmed by constructing maximum-likelihood phylogenetic
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trees with MEGA7 software [44], inferred with the maximum-likelihood method based on the
Hasegawa–Kishino–Yano and Kimura 2-parameter models [45,46], the best-fitting models after the
model test analysis. A discrete Gamma distribution was used to model evolutionary rate differences
among sites.

To estimate the presence of selection pressure, the overall average synonymous (dS) and
non-synonymous (dN) substitutions for each alignment (whole dataset, CPV subset, and FPLV
subset) were calculated with the Z-test of selection implemented in MEGA 7. The Nei–Gojobori
method [47] was used to test hypotheses of deviation from strict neutrality (null hypothesis, dN=dS),
test of neutrality (dN =/=dS), purifying selection pressure (dN < dS), and positive selection pressure
(dN> dS). Variance was estimated with the bootstrap method and 1000 replicates.

Individual sites under positive and purifying selection were identified with FUBAR (Fast
Unconstrained Bayesian Approximation for inferring selection) [48], while those under episodic
diversifying selection were detected with MEME (Mixed-Effects Model of Evolution) [49]. Sites under
selection were considered acceptable only when statistically significant (p < 0.1 for MEME and posterior
probability >0.9 for FUBAR). Both methods are available on the Datamonkey Adaptive Evolution
Server (https://www.datamonkey.org). FUBAR and MEME were performed on the FPLV and CPV
branches separately, after excluding potentially recombinant sequences.

2.6. Phylogenetic Analysis

To elucidate the genetic relationships between the obtained CPV and FPLV strains and the
reference sequences, a phylogenetic tree was constructed. Due to the high number of sequences in
dataset 2, a subset of 86 sequences was generated by excluding highly identical or identical sequences
derived from the same geographic area and the same year. The model selection was performed
using the best-fit model of nt substitution with MEGA7 software [44]. A phylogenetic tree was
constructed with the MEGA7 software using the maximum-likelihood (ML) method according to
the Hasegawa–Kishino–Yano model [45] with discrete Gamma distribution (five rate categories) and
bootstrap analyses with 1000 replicates. Viral type or CPV variants, based on the analysis of the VP2 aa
residues as described above, were depicted in the phylogenetic tree for each NS1 sequence. Depicted
clades and subclades in the phylogenetic tree were numbered with Roman numerals and are not meant
as a classification of the type/variants, but rather to allow easier referencing in the text.

For comparison, a phylogenetic tree based on the VP2 gene sequences of the same strains included
in the NS1 tree was constructed with the MEGA7 software using the ML method according to the
Tamura three-parameter model [45] with discrete Gamma distribution (five rate categories) and
bootstrap analyses with 1000 replicates.

3. Results

3.1. Detection and Characterization of FPLV and CPV

All samples analyzed tested positive for Carnivore protoparvovirus 1. Positive samples were
obtained from tissues commonly known as viral targets, such as intestine, spleen, and lymph nodes, as
well as less tested tissues such as brain and cerebellum [50]. Based on the analysis of the VP2 amino-acid
residues, 17 strains from the 18 cats were typed as FPLV and one was typed as CPV-2c. Among the
samples collected from the 29 dogs, 13, one, and 15 strains were typed as CPV2a, CPV-2b, and CPV-2c
variants, respectively. The CPV-2c strain collected from the cat (sample identifier PA15423/16) showed
high identity with the other CPV-2c strains from this study collected from dogs (NS1: 100–99.75%;
VP2: 99.94–99.71%) and the highest identity rates with the strain 41113c1/16, collected in the same year.
Viral types/variants are listed in Table 1.

Interestingly, two unreported amino-acid changes were observed within the FPLV VP2 gene
sequences; the aa change A359G was also observed in two FPLV VP2 sequences (accession number
KY083101–KY083104) from Singapore in 2015, and the aa change D311N, which was unique to the
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strains analyzed in this study, was never reported in other FPLV sequences. VP2 non-synonymous
changes of analyzed FPLV and CPV strains are listed in Table S2 (Supplementary Materials).

3.2. Sequence Analysis of NS1 Gene

The NS1 gene sequences of 2007 base pairs in length were obtained from each sample. Among
FPLV NS1 sequences, 17 nucleotide substitutions were observed, resulting in 12 synonymous and five
non-synonymous (81V/I, 115I/V, 247H/Q, 595H/Q, 664Q/R) changes (Table 2).

Table 2. NS1 non-synonymous changes of analyzed FPLV strains described in this study.

Strain

NS1 Amino Acids (Nucleotides) a

81 115 247 248 545 595 664

(241–243) (343–345) (739–741) (742–744) (1633–1635) (1783–1785) (1990–1992)

72752/13 V
(GTT)

I
(ATT)

H
(CAT)

T
(ACT)

E
(GAA)

H
(CAC)

Q
(CAA)

4311/14 -- -- -- -- -- -- --

149/15 I
(ATT)

V
(GTT)

Q
(CAA) -- -- Q

(CAA)
R

(CGA)

3201c1/15 -- V
(GTT)

Q
(CAA) -- -- Q

(CAA)
R

(CGA)

55611/15 -- V
(GTT)

Q
(CAA) -- -- Q

(CAA)
R

(CGA)

RG21/16 -- V
(GTT)

Q
(CAA) -- -- Q

(CAA)
R

(CGA)
38056c/15 -- -- -- -- -- -- --
32369/15 -- -- -- -- -- -- --
42807/15 -- -- -- -- -- -- --

52333eva/15 -- -- -- -- -- -- --
58774/15 -- -- -- -- -- -- --

PA285c2/16 -- -- -- -- -- -- --
PA12880Felix/16 -- -- -- -- -- -- --
PA12880Red/16 -- -- -- -- -- -- --
PA12880Miele/16 -- -- -- -- -- -- --

PA11334/17 -- -- -- -- -- -- --
CT1375/17 -- -- -- -- -- -- --

a Amino-acid and nucleotide (in brackets) positions refer to the prototype FPLV isolate FPV-4.us_64 (U.S.A.–1964;
accession n.: EU659112). Sites where no variation was observed are marked by “--“.

Among the CPV NS1 sequences, 63 nucleotide substitutions were observed, resulting in 52
synonymous and 11 non-synonymous (60I/V, 239N/T, 350D/N, 397L/F, 544Y/F, 545E/V, 572K/E, 584T/A,
590P/S, 597L/P, 630L/P) changes (Table 4).
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Comparison of the analyzed sequences with those from the NCBI database evidenced only one
aa change clearly distinguishing FPLV from CPV strains; at residue 248, FPLV showed T while CPV
showed I, due to a nucleotide change in the second base of the codon (c743t).

Other differences among CPV and FPLV strains were found at aa residues 247, 545, and 595
(Tables 2 and 4; Dataset S1, Supplementary Materials). All CPV sequences showed a Q at residues
247 and 595 and an E at residue 545. The only exceptions were some strains of Asian origin, which
showed V at residue 545. In contrast, FPLV sequences showed an H at residues 247 and 595, and a Q at
residue 545. Unlike most of the FPLV sequences, nine analyzed FPLV sequences (Table 2; Dataset S1,
Supplementary Materials) evidenced residues identical to CPV-2 at these sites (Q at residues 247 and
595, and E at residue 545). Change Q545E was evidenced in all FPLV strains collected in Italy.

In some FPLV sequences obtained from this study, two additional changes (V115I and R664Q)
were evident (Table 2) that were previously observed only in three CPV sequences from China or
Vietnam (Dataset S1, Supplementary Materials).

Only old FPLV strains from domestic/wild felids in the United States of America (USA) (M38246,
EU659111, EU65913-15), Japan (AB000048-49, AB000057, AB000060, AB000062), and more recently
from wild carnivores in Canada (MF069445-47) showed the specific changes N23D, V165I, and I443V
(Dataset S1, Supplementary Materials).

Differences among CPVs were observed in strains collected in Italy in 2016–2017 (Table 4). Change
D350N was also observed in older sequences (1983–2008), almost all collected in the USA. Changes
Y544F and L597P were observed both in older sequences from the USA (1983–2010) and New Zealand
(1994), as well as in more recent sequences from South America, Canada, and China.

Among sequences from CPV-2c strains, specific residues were observed in different geographic
areas, such as Australia (11K, 25P, 72K, 73K, 74K), Uruguay and Brazil (351K), China and Vietnam, and
in an Italian imported dog (MF510157) (60V, 630P).

3.3. Sequence Analysis of NS2 Gene

Nucleotide substitutions resulting in some non-synonymous changes in NS1 also lie in the
NS2-encoding sequence (V81I and H595Q, and I60V, T584A, P590S, L597P, and L630P of the FPLV and
CPV NS1 sequences, respectively), while changes at codons 597 and 630 of NS1 CPV-2 sequences did
not result in any changes in the NS2 protein. Other changes generated the additional aa changes V81I
and S105R, and 60I/V, D93G, and S99F in the NS2 of FPLV and CPV sequences, respectively (Dataset
S3, Supplementary Materials).

Other amino-acid divergences in the CPV NS2-enconding sequences were observed among the
analyzed strains: 94T/A, 109S/F, 110D/N, 151N/D, and 160E/Q. These changes were synonymous in the
corresponding NS1 amino-acid residues. All these changes in the NS2 sequences are summarized in
Dataset S3 (Supplementary Materials).

Divergences between FPLV and CPV were observed at aa residues 152 and 163. At residue 152, an
M was observed in FPLV strains from the USA, Canada, Japan, and Australia, and a V was observed in
the most recent FPLV strains from Europe (Italy and Belgium) and China. On the other hand, amino
acid V was observed in almost all CPV strains, with the exception of old CPV-2 and CPV-2a strains from
the USA, which showed M at the same residue. At residue 163, the FPLV strains, including the strains
collected in Italy, showed the amino acid L, with the exception of some strains which showed F at the
same residue. These changes in the NS2 sequence resulted in silent mutations in the corresponding aa
residues of the NS1 sequence of the same strains (aa 642 and 653).

3.4. Recombination and Selection Pressure Analyses

The analysis performed with RDP identified only one potential recombination event, involving
three CPV sequences (recombinant: CPV-2a, KT382542; major parent: CPV-2b, KP749859; minor
parent: CPV-2c, KP749873) (Recombination and Selection Pressures S4, Supplementary Materials),
with one breakpoint (nt 1515), and this was confirmed by phylogenetic reconstructions (Recombination
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S5, Supplementary Materials). Therefore, as positively selected sites may be overestimated when
recombination is present [51], all selection pressure analyses were performed on the entire alignment
after excluding the potentially recombinant sequence.

The Z-test allowed us to reject the null hypothesis of strict neutrality and detected an overall
presence of purifying selection in all cases. FUBAR identified 124 and 42 sites to be under negative
selection pressure in the CPV and FPLV clades, respectively (Table 5), and only nine and two of these
sites were located within the helicase motives [23]. Only 13 sites were found to be under negative
selection pressure in both clades (in bold in Table 5). Within the CPV clade, FUBAR identified five
sites (19, 278, 545, 572, and 583) to be under pervasive positive selection and MEME identified two
additional sites (597 and 647) under episodic positive selection. Interestingly, in correspondence of the
positively selected site 545, a case of convergent mutation between the CPV and FPLV clades (mutation
C to G in some FPLV strains) was identified. Finally, only one site (443) resulted as being subjected to
pervasive positive selection in the FPLV clade. This site is located within the Walker motif B of the NS1
helicase domain (440 to 445, LIW(I/V)EE) and, whereas all analyzed CPV strains had the amino-acid I
in this position, 13 out of 43 of the analyzed FPLV strains possessed a V. However, 443V was identified
mainly in viruses from older cats (1967 to 1995 and only one in 2006) and in raccoons from a segregated
environment [34].

Table 5. List of codons within NS1 gene sequence identified as being under negative or positive
selection pressure. FUBAR—Fast Unconstrained Bayesian Approximation for inferring selection;
MEME—Mixed-Effects Model of Evolution.

Sites Under Negative Selection Pressure * Sites Under Positive Selection Pressure

FUBAR FUBAR MEME

CPV

7, 10, 14, 15, 31, 32, 47, 53, 54, 56, 66, 68, 69, 83, 92,
99, 102, 104, 105, 107, 114, 119, 123, 124, 132, 135,
137, 140, 154, 163, 164, 165, 170, 172, 179, 189, 200,
211, 219, 223, 240, 242, 250, 251, 279, 283, 284, 297,
307, 313, 323, 324, 325, 333, 336, 337, 340, 341, 343,
349, 353, 360, 366, 371, 374, 378, 384, 388, 391, 393,
394, 395, 403, 405, 408, 430, 432, 435, 439, 444, 451,
459, 463, 467, 473, 474, 475, 476, 483, 488, 489, 494,
495, 497, 499, 503, 505, 506, 512, 514, 517, 525, 527,
528, 529, 531, 536, 537, 541, 543, 554, 560, 563, 564,
584, 591, 596, 633, 640, 641, 642, 657, 659, 662

19, 278, 545, 572, 583 278, 572, 583, 597, 647

FPLV

6, 31, 39, 58, 60, 71, 97, 102, 174, 177, 185, 201, 207,
270, 284, 307, 323, 352, 357, 403, 418, 422, 428, 435,
462, 479, 488, 489, 493, 515, 517, 520, 533, 540, 541,
543, 549, 551, 560, 562, 653, 660

443

* codons in bold correspond to those identified in both CPV and FPV lineages.

3.5. Phylogeny

Figure 1 shows the phylogenetic tree inferred from NS1 sequences. Unfortunately, likely because of
high sequence identity, obtained bootstrap values were sometimes poor and only bootstrap-supported
sub-clades are indicated in the Figure. For clarity, only viral type, origin and year of detection, and
accession number of strains are reported, while the same tree with the full strain information is available
in Figure S6 (Supplementary Materials). Although with a low support (bootstrap = 49), the sequences
analyzed in this study clustered in separate clades according to the type of the virus (CPV/FPLV),
but not the CPV variant. Indeed, CPV-2 strains (indicated in black in the figure) tended to segregate
according to the country and the year of collection rather than according to the strain variant.
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Figure 1. Maximum-likelihood tree based on 133 complete NS1 gene sequences of feline panleukopenia
virus (FPLV, in green) and canine parvovirus type 2 (CPV-2, in black) strains (bootstrap 1000 replicates;
bootstrap values greater than 65 are shown). Green triangles and black dots indicate, respectively,
FPLV and CPV strains analyzed in this study. Each sequence is indicated with virus type (FPLV/CPV)
or variant (CPV-2, CPV-2a, CPV-2b, CPV-2c), country and year of collection, and accession number.
The term “new” was used to distinguish the CPV-2a/2b strains with S297A main capsid protein (VP2)
amino-acid changes from the early CPV-2a/2b variants. The same tree with more information about
used strains (strain/isolate name) is available in Figure S6 (Supplementary Materials).

Most of the CPV-2c variants, with the exception of two strains (KP749873, KR002800), clustered in
two distant subclades: the IIA subclade, in which strains collected in Italy, Uruguay, and Australia were
included, and the IID subclade, which included strains with Asian origin. The CPV-2a/2b sequences
collected from China were located together (subclade IIC) and were close to the CPV-2c strains of Asian
origin (subclade IID), although the bootstrap support for this clade was low (bootstrap = 47). However,
a common geographic origin was not maintained in the IIB subclade, which included CPV-2a/2b/2c
viruses collected in Asia, Uruguay, and Canada.

Within clade I, including the FPLV strains, most of the recent Italian FPLV strains and the oldest
FPLV strains clustered in statistically supported subclades (IA and IB, respectively), separately from
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those with convergent aa changes with CPV, which were located close to the CPV clade (between CPV
and subclades IA/IB).

Figure S7 (Supplementary Materials) shows the phylogenetic tree inferred from the VP2 sequences
of the same strains. Similar to the NS1 tree, the separation of the two main lineages was highly
supported, whereby the FPLV sequences with convergent NS1 mutations were located closer to the
CPV-2 clade, and geographic segregation of strains was partial. Finally, although without support, the
CPV-2c sequences were separated from other strains.

4. Discussion

Almost all molecular studies on Carnivore protoparvovirus 1 coding genes focused on the analysis
of the VP2 gene. The studies on the VP2 evolutionary dynamics helped clarify the spread of Carnivore
protoparvovirus 1 species, particularly after the first appearance of CPV-2. The VP2 protein determines
the host range and antigenicity and, indeed, clear descriptions of the coding aa residues, which
determine these features, were used to elucidate the host species jump from felids to canids [52–56].
Therefore, the separate evolution of FPLV and CPV was explained probably due to the different
degree of the evolutive driving forces and to the different mutation rates among the viral types [8,57].
Moreover, studies based on the VP2 sequences evidenced the genetic stability of FPLV [11] and the
continuous appearance of genetic mutants in CPV-2 [6,36,58]. In the current literature, there are only
a few studies on the FPLV and CPV nonstructural genes [18], also due to the limited availability of
updated NS genetic sequences for comparison [28], despite their essential role for viral replication,
cytotoxicity, and pathogenicity [23,59,60]. To expand the current knowledge on the evolution of the
Carnivore protoparvovirus 1 members, this study provided a molecular characterization and evolutionary
analysis of NS1 and NS2, comparing sequences of FPLV and CPV obtained from cats and dogs.

Early studies based on the comparison among only four FPLV and CPV NS1 sequences [61]
evidenced a lesser degree of conservation of the NS1 aa sequence of CPV compared to FPLV, and
13 aa changes among the sequences of these viruses were described. Subsequent studies, based
on few available sequences, detected only five or three aa differences in the NS1 protein between
FPLV and CPV [25,26]. In the present study, all the distinctive aa residues between FPLV and CPV
viral types in the VP2 gene [41] were maintained; however, in the NS1-encoding sequence, only one
amino-acid residue (248) clearly and constantly distinguished FPLV from CPV. Indeed, sequence
analysis demonstrated that amino acids at specific residues (247, 545, and 595), previously potentially
designated as discriminating the viral types, were present in nine FPLV strains collected in Italy, China,
and Belgium, as well as in all the available CPV sequences. Previously, potential recombination events
were hypothesized for some FPLV strains collected in China and Belgium [29,30,33,35] on the basis of
the evidence of potential breakpoints located between the NS1 and the VP2 gene sequences, and of
specific CPV-2 aa residues found in the NS1 sequence of FPLV strains. In this study, no evidence for
recombination between FPLV and CPV was found within the NS1 sequence, although a larger sequence
dataset in comparison to previous studies was evaluated. Moreover, specific amino acids supposed to
be characteristic of CPV (247Q, 545E, and 595Q) were also observed among FPLV strains. Similarly,
other substitutions (V115I and R664Q) emerged more recently both in FPLV and in CPV strains but in
separate environments. These observations led us to conclude that these changes are more probably
due to convergent substitutions that emerged independently in the two lineages (FPLV/CPV) rather
than as a result of recombination events. According to these data, recombination does not seem to play
an important role in shaping the evolution of the NS1 gene of CPV and FPLV, as our dataset contained
only one potentially recombinant sequence and no evidence for recombination between FPLV and
CPV was found. However, due to the high sequence identity between these two viruses, it is possible
that some recombination events went undetected and the importance of recombination may have
been underestimated.

The circulation of CPV-2 variants in cats [15–17,62] arose questions about the epidemiological role
of this species in parvovirus ecology [63] and suggested that cats may act as a potential source of new
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parvovirus variants [57]. Indeed, superinfection and co-infection with different species of parvovirus
in the feline host led to a high genetic variability and the potential emergence of new viruses [57].
Unfortunately, no NS1 sequence is available for comparison with strains associated to superinfections
or co-infections.

Moreover, our data do not confirm the detection of aa change L582S in the FPLV strains recovered
from the central nervous system compared to strains collected in other tissues [35]. All samples from
cerebral tissue of dogs and cats tested positive for Carnivore protoparvovirus 1, but no specific amino
acid change was observed in any sample. This change occurred rather in CPV strains in the spleen
tissues of coyotes in Canada in 2014 [34] and not in any other sequence of the analyzed dataset.

Several differences were found when studying selection pressure forces acting on the NS1 of CPV
and FPLV. Firstly, considerably more amino acids were identified to be both positively and negatively
selected in the CPV lineage compared to the FPLV lineage (7.0 and 3.4 times more, respectively).
However, as only a limited number of FPLV sequences are currently available, it is possible that the
wide FPLV diversity was not well represented in our dataset and, therefore, the number of positively
and negatively selected site was underestimated. However, our results are consistent with those of
previous studies that identified FPLV to be more stable and less subjected to positive selection [11,25].

Nevertheless, when we compared the sites that were subjected to selection pressure forces,
surprisingly, there was only a minimal overlap between the two viruses. Only 13 negatively selected
codons were identified in both viruses, while the vast majority of negatively selected codons were
identified in either FPLV or CPV lineage (about 69% and 89.5%, respectively) and there was no overlap
for positively selected codons. Our analyses evidenced a predominance of negative selection pressure
on nonstructural proteins, slightly more marked among CPV strains. Interestingly, whereas two
different amino acids could be observed among FPLV strains at residue 443 (V: 30%, I: 70%), within
one of the functional domains (Walker B) of the viral helicase, only amino acid I was identified in all
CPV strains. Although these two amino acids have very similar properties [64], keeping variation at
this site might be important for the overall viral fitness. However, these findings need to be confirmed
by specific mutagenesis studies.

Our results suggest that NS1 might be subjected to different evolutionary dynamics within the
two lineages. Furthermore, the reduced viral diversity within the FPLV lineage (mean within-group
distance: 0.6% for FPLV and 0.8% for CPV) could also reflect a different evolutionary behavior of
these viruses. FPLV has been circulating within the feline population for a long time, whereas the
CPV pandemic originated only recently and this virus was shown to evolve fast within the canine
population [13]. This could partially explain our results. Furthermore, different evolutionary dynamics
could be explained by the different infection dynamics and replication efficiency of the two viruses
in the feline and the canine hosts. In fact, a more sustained transmission and, therefore, a shorter
generation time favor a faster evolution [65]. These hypotheses highlight the need of acquiring the NS1
sequence of more strains in order to obtain a larger dataset, which is necessary to confirm our findings.

There are also limited studies on the NS1 protein, based only on evaluations of its functions [66–68]
and on the potential location of its functional domains [10,22,23]. Changes in specific residues of
NS1 CPV sequence [27] or affecting functional domains in others Carnivore protoparvovirus 1 such as
mink enteritis parvovirus [69] were hypothesized as potentially affecting the functions of this protein.
According to a previous study [22], several described changes lay in the encoding sequence of ORI
binding, helicase, and transactivation functional domains (Figure 2), despite only helicase domains
being analyzed in great detail [23]. This region includes the convergent mutation between the CPV
and FPLV clades (change Q to E in some FPLV strains) at the positively selected site 545 and the only
residue subjected to positive selection pressure within the FPLV strains (site 443). Whereas residue
443 putatively lies in the β3-sheet of the Walker motif B of the helicase domain protein sequence,
residues 350 and 544–545 are located between the α5- and α6-helices and just close to the α11-helix of
the same domain, respectively, as illustrated in Canuti et al. [70] and Niskanen et al. [23]. The evidence
of the convergent or divergent amino-acid changes between FPLV and CPV could contribute to further
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elucidate NS1 protein structure by clarifying any potential role of these residues. Moreover, the lack
of studies on the NS2 gene sequence [24] and its encoded protein highlights the need for additional
investigations to advance any hypothesis on the effect of changes observed in the NS2 aa sequences.

Figure 2. Schematic representation of the FPLV and CPV genome. The scheme, in the upper lines
(A), represents the complete nucleotide (nt) length of the genome from the 5’ to the 3’ UTR and of
the NS1 and NS2 genes. The relative positions of the described amino-acid changes in the NS1 gene
sequence are indicated in the middle lines (B). The lower line (C) represents the location of the potential
functional domains within the NS1 gene sequence, extended between the depicted amino-acid residues.
Colored squares highlight the amino-acid changes distinguishing FPLV from CPV strains (green) and
the convergent amino-acid changes between FPLV and CPV identified in the whole dataset (red) or
only among the Italian FPLV strains (orange).

The analyzed sequences clustered mainly according to the viral lineage, suggesting divergent
evolution between FPLV and CPV also for the NS1 gene, but also according to the geographical area
and the year of sample collection, especially for the CPV NS1 sequences. Separate clades in the
phylogenetic tree included the FPLV and the CPV strains, and, although these differences are due to few
aa changes, the molecular divergence could be considered as a useful tool in outbreak tracing [31,34].
Residues 23, 165, and 443 allow clustering old FPLV from domestic cats and wild carnivores from North
America and Japan [34], suggesting a potential common origin. Similarly, common aa changes were
also observed in the NS2 encoding sequence of the FPLV strains from the USA and Canada. Although
higher genetic stability compared to CPV was supposed, these few molecular markers contributed
to distinguishing the FPLV strains and, therefore, we could consider changes at these residues as
potential synapomorphies.

The lack of geographic segregation within the phylogenetic tree suggests the wide distribution
of viruses, possibly by trading or transport of animals, as well as by contaminated equipment.
As previously observed, infected animals represent a potential way of transport of CPV for long
distances [36], as also evidenced for other canine viruses [71–73], and further analyses are necessary
to evaluate both the spread and evolution within the canine population of variants that reach a
new location.

The comparison with the phylogenetic tree inferred from VP2 sequences shows that, based on
this dataset, the CPV sequences did not form clades corresponding to the CPV variant (2a/2b/2c) and
showed different phylogenetic relationships, possibly because of the different evolutive forces acting
on the different genes. As hypothesized by other authors, the CPV antigenic variants (CPV-2a/2b/2c)
could be considered as variants of CPV-2a rather than distinct subtypes [74] and the classification
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system based on a single amino acid (VP2 426) to identify CPV variants does not reflect phylogenetic
relationships of the strains; thus, it is not suitable to analyze CPV evolution [75]. Indeed, the molecular
characterization of both ORFs allows possibly reconsidering the current typing of CPV (2a/2b/2c),
which is not phylogenetically supported. The aa changes in the VP2 gene considered for viral typing
probably arose independently in different countries, also considering the global spread of CPV through
animal movements, and they are not reliable in defining the viral evolution. Therefore, the molecular
analysis based on long genome sequences encompassing both major ORFs could be helpful in the
epidemiological surveillance of both CPV and FPLV, supporting the tracking of viral spread, and could
contribute to further elucidate the evolution of Carnivore protoparvovirus 1.

In conclusion, a continuous molecular survey is necessary to better elucidate the ecology and
distribution of the described strains and to evaluate their fit in the canine and feline populations. The
reductionist evaluations based only on the VP2 genomic sequence should be replaced by a holistic
molecular approach, based on analysis of both ORFs, and the description of new CPV and FPLV
mutants should include at least the major structural and nonstructural proteins.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/4/308/s1:
Dataset S1: Amino-acid sequence variations in the NS1 gene sequence of CPV/FPLV and of the reference viruses
from the NCBI database. Table S2: VP2 non-synonymous changes of analyzed FPLV/CPV strains described
in this study. Dataset S3: Amino-acid sequence variations in the NS2 gene sequence of CPV/FPLV collected
in Italy. Recombination and Selection Pressure S4: Recombination and selection pressure file. Recombination
S5: Phylogenetic reconstructions of the complete NS1 gene of CPV-2 and FPLV strains based on different
genomic regions located upstream and downstream the putative recombination breakpoint (nt 1515). Figure S6:
Maximum-likelihood tree based on 133 complete NS1 gene sequences of feline panleukopenia virus (FPLV, in green)
and canine parvovirus type-2 (CPV-2, in black) strains (bootstrap 1000 replicates; bootstrap values shown greater
than 65). Green triangles and black dots indicate, respectively, FPLV and CPV strains analyzed in this study. Each
sequence is indicated with virus type (FPLV/CPV) or variant (CPV-2, CPV-2a, CPV-2b, CPV-2c), country and year
of collection, strain/isolate name, and accession number. The term “new” was used to distinguish the CPV-2a/2b
strains with S297A VP2 amino-acid change from the early CPV-2a/2b variants. Figure S7: Maximum-likelihood tree
based on 132 complete VP2 gene sequences of feline panleukopenia virus (FPLV, in green) and canine parvovirus
type-2 (CPV-2, in black) strains (bootstrap 1000 replicates; bootstrap values greater than 65 are shown). Green
triangles and black dots indicate, respectively, FPLV and CPV strains analyzed in this study. Each sequence is
indicated with virus type (FPLV/CPV) or variant (CPV-2, CPV-2a, CPV-2b, CPV-2c), country and year of collection,
strain/isolate name, and accession number. The term “new” was used to distinguish the CPV-2a/2b strains with
S297A VP2 amino-acid change from the early CPV-2a/2b variants.
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Abstract: Viruses belonging to the genus Bocaparvovirus (BoV) are a genetically diverse group of
DNA viruses known to cause respiratory, enteric, and neurological diseases in animals, including
humans. An intestinal sample from an alpaca (Vicugna pacos) herd with reoccurring diarrhea and
respiratory disease was submitted for next-generation sequencing, revealing the presence of a BoV
strain. The alpaca BoV strain (AlBoV) had a 58.58% whole genome nucleotide percent identity to a
camel BoV from Dubai, belonging to a tentative ungulate BoV 8 species (UBoV8). Recombination
events were lacking with other UBoV strains. The AlBoV genome was comprised of the NS1, NP1,
and VP1 proteins. The NS1 protein had the highest amino acid percent identity range (57.89–67.85%)
to the members of UBoV8, which was below the 85% cut-off set by the International Committee on
Taxonomy of Viruses. The low NS1 amino acid identity suggests that AlBoV is a tentative new species.
The whole genome, NS1, NP1, and VP1 phylogenetic trees illustrated distinct branching of AlBoV,
sharing a common ancestor with UBoV8. Walker loop and Phospholipase A2 (PLA2) motifs that are
vital for virus infectivity were identified in NS1 and VP1 proteins, respectively. Our study reports a
novel BoV strain in an alpaca intestinal sample and highlights the need for additional BoV research.

Keywords: alpaca; virus; Bocaparvovirus; genome; next-generation sequencing; metagenomics

Bocaparvoviruses (BoVs) belong to the genus Bocaparvovirus and are emerging pathogens of
the Parvoviridae family. BoVs are nonenveloped, single-stranded DNA viruses with an icosahedral
symmetry and were originally named according to their first identified members, bovine parvovirus
(BPV) and minute virus of canine (MVC) [1]. In the past few years, novel BoVs have been identified in
a variety of animals, including bats [2], camels [3], gorillas [4], marmots [5], pigs [6], and rodents [7].
BoVs are comprised of 21 species, including carnivore BoV 1–6, chiropteran BoV 1–4, lagomorph BoV
1, pinniped BoV 1 and 2, primate BoV 1 and 2, and ungulate BoV (UBoV) 1–6. A few new UBoVs have
been identified in dromedary camels (tentatively UBoV7 and UBoV8) [3] but have yet to be classified
by the International Committee on Taxonomy of Viruses (ICTV).

Initially, the classification of parvoviruses required the isolation of the virus; however, reporting
of the viral sequence containing all the non-structural and structural coding regions is now acceptable
provided the genomic, serological, or biological data supports infectious etiology [8]. Most of the
members of the Bocaparvovirus genus have been identified using molecular methods and lack isolation
in cell culture [3,4,9]. Human BoVs cause severe respiratory and gastrointestinal infections in young
children [10]. Bovine parvovirus (BPV) causes gastrointestinal and respiratory symptoms, reproductive
failure, and conjunctivitis in cattle worldwide [11]. Another important member of the BoV genus,
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canine minute virus (MVC), causes sub-clinical disease and fetal infections often leading to neonatal
respiratory disease or abortions [12]. However, Koch’s postulates have yet to be fulfilled to link newly
emerging BoVs with the clinical disease in animals [1,3,5].

Alpaca (Vicugna pacos) are domesticated members of the new world camelids closely related to
llama (Lama glama), guanaco (Lama guanicoe), and vicuna (Vicugna vicugna) [13]. Over the past couple
of decades, alpacas have gained significant popularity as pets, show animals, and fiber animals in the
United States, with a total of 264,587 alpacas registered in the US as of May 2019 [14]. A variety of
viruses have been identified in alpacas, including bovine viral diarrhea virus, coronavirus, adenovirus,
equine viral arteritis virus, rotavirus, rabies, bluetongue virus, foot-and-mouth disease virus, bovine
respiratory syncytial virus, influenza A virus, bovine papillomavirus, vesicular stomatitis virus,
parainfluenza-3 virus, West Nile virus, and equine herpesvirus [12,15–20]. However, BoVs have yet to
be reported in alpacas.

An alpaca farm in the mid-eastern United States reported recurrent diarrhea and respiratory
failure in young alpacas, with a case fatality rate up to 100%. In 2017, an alpha coronavirus was
identified as causing clinical disease in two animals, and vaccination was subsequently attempted.
However, diarrhea and respiratory distress continued to occur in juvenile animals despite increased
biosecurity measures and supportive herd management. In 2018, an intestinal sample from a deceased
alpaca was submitted to Kansas State University Veterinary Diagnostic Laboratory for metagenomic
next-generation sequencing (NGS) to further evaluate potential causes of disease. The intestinal sample
was processed, extracted, and sequenced using previously described methods [21,22]. The raw data
was analyzed using a custom bioinformatic pipeline [23]. Reads were trimmed, and the adapter/index
sequences were removed using Trimmomatic [24], Sickle [25], and Scythe [26].

A total of 334,052 cleaned reads were classified as eukaryotes (41%), bacteria (28%), viral (7%),
and other organisms (4%) by Kraken software, which applies a k-mer search strategy from a sequence
database to taxonomically classify reads (Figure 1) [27]. Kraken revealed a majority of the viral reads
(22,170) as BoV (77%); bacteriophages (14%); and miscellaneous viruses composed of retroviruses,
bacteria viruses, and unclassified viruses (9%). Reads lacking classification (no hits, n = 67,604) and
identified as viral reads (n = 22,170) were de novo assembled into contigs and BLAST (Basic Local
Alignment Search Tool) against the National Center for Biotechnology Information (NCBI) database,
identifying a contig with a 58.58% nucleotide percent identity to a camel BoV from Dubai (KY640435).
A full-length genome (5155 nucleotides) of an alpaca BoV (AlBoV, GenBank number MK014742) had
an average read coverage of 2440X. AlBoV was aligned with the 108 complete UBoV genomes from
GenBank using Multiple Alignment using Fast Fourier Transform (MAFFT) [28] in Geneious Prime [29].
AlBoV shared a 57.77–58.58% whole genome nucleotide identity to the UBoV8 strains (Table 1).
Recombination events were not detected in the UBoV alignment using RDP4 software [30], although
single-stranded DNA viruses such as parvoviruses possess a mutation rate similar to single-stranded
RNA viruses and a higher mutation rate than double-stranded DNA viruses [31].

AlBoV contained three open reading frames (ORFs), NS1, NP1, and VP1/VP2, which were 2154 bp
(411 to 2564 bp), 507 bp (2701 to 3207 bp), and 1395bp (3194 to 4588 bp), respectively. ICTV indicates
a new parvovirus species should have less than 85% amino acid identity of the NS1 protein with
other parvovirus species. The AlBoV identified in the present study shared the highest NS1 amino
acid percent identity (57.89–67.85%) with camel BoVs in UBoV8 (Table 1) and represents a tentative
new BoV species, UBoV9. The ancillary protein NP1, which is a unique feature of BoVs, is known to
influence RNA processing events by suppressing internal polyadenylation and splicing of an upstream
intron [32]. Unlike some of the other BoV sequences, the coding region of NP1 of AlBoV did not
overlap with the C-terminal region of NS1. Interestingly, VP1/VP2 gene of AlBoV was the shortest
among the identified UBoVs in the GenBank (Figure 2). Frameshift mutation were lacking in the AlBoV
VP1/VP2 sequence, and the nucleotide sequence after the VP1/VP2 stop codon varied among the 108
complete UBoV sequences in the GenBank.
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Figure 1. Metagenomic (a) and virome (b) results from the alpaca intestinal sample.

Table 1. Nucleotide (nt) and amino acid (aa) percent identities of NS1, NP1, and VP1 genes of the
alpaca bocaparvovirus (AlBoV) compared to the other ungulate BoV (UBoV) sequences (n = 108).

UBoV Virus Species Whole
Genome (nt)

NS1 NP1 VP1

nt aa nt aa nt aa

UBoV1 (n = 2) Bovine 36.22–38.98 33.32–37.70 26.75–30.08 35.14–35.42 40.44–42.62 36.51–36.72 28.49–31.45
UBoV2 (n = 18) Porcine 37.20–39.61 43.40–49.64 36.18–40.34 34.58–36.94 31.89–37.84 33.42–34.79 27.03–28.65
UBoV3 (n = 6) Porcine 33.73–36.17 45.64–45.83 36.23–36.61 34.13–34.49 35.96 25.96–28.63 20.10–20.83
UBoV4 (n = 5) Porcine 35.74–36.07 45.66–45.95 37.06–37.66 34.89–35.61 31.52–31.87 27.20–27.64 21.31–21.59

UBoV5 (n = 36) Porcine 44.37–47.32 52.83–59.39 46.58–52.8 37.59–40.40 34.78–40.53 39.02–40.54 30.76–35.81
UBoV6 (n = 2) Bovine 38.58–38.62 37.60–38.01 29.64 33.02 40.56–40.88 36.17–36.32 29.45–29.88

UBoV7 (n = 18) Camel 36.49–36.76 39.01–39.64 33.08–33.98 36.91–38.93 32.24–33.88 26.05–27.11 21.08–21.84
UBoV8 (n = 21) Camel 57.77–58.58 67.64–69.26 57.89–67.85 46.99–52.47 53.51–56.76 45.05–46.36 42.15–43.60

 
Figure 2. Genome organization of AlBoV compared to UBoV1–8. The purple, yellow, and green boxes
indicate the NS1, NP1, and VP1/VP2 open reading frames (ORFs), respectively.

To study the phylogenetic relationship between AlBoV and other UBoVs, whole genome, NS1,
NP1, and VP1 phylogenetic trees were created using a maximum likelihood method (phyML), using
500 bootstrap replicates in Geneious Prime. The trees were curated in FigTree (available from
http://tree.bio.ed.ac.uk/software/figtree/) and Adobe Illustrator CS6 (Adobe Systems Inc, San Jose, CA,
USA). Whole genome and NS1 phylogenetic trees illustrated that AlBoV shared a common ancestor
with the UBoV8 species from camels (Figure 3). All eight species of UBoV (1–8) illustrated clear
grouping in phylogenetic trees, which was observed in NP1 and VP1 phylogenetic trees as well.
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Figure 3. Mid-root Maximum Likelihood phylogenetic trees of AlBoV and other UBoV strains in the
GenBank. (a) Whole genome phylogenetic tree. (b) Phylogenetic tree of NS1 amino acid sequences.
Bootstrap values are indicated for major nodes. AlBoV is represented in red while the porcine, camel,
and bovine UBoV strains are represented in blue, green, and purple, respectively.

To investigate and identify the presence of virulence attributes, AlBoV was screened for the
ATP or GTP-binding Walker loop motif (GPASTGKT) and Phospholipase A2 (PLA2) motif with the
calcium-binding loop and phospholipase catalytic residues; GPASTGKT and PLA2 were found in
the NS1 and N-terminal of VP1 proteins, respectively (Figure 4). These protein motifs are conserved
and are required for parvovirus infectivity. Phospholipase A2 activity, with the calcium-binding loop
and phospholipase catalytic residues, is critical for efficient transfer of the viral genome from the
late endosomes/lysosomes to the nucleus for the initiation of replication, and hence is considered
essential for virus infectivity [33]. Mutations of critical amino acid residues in the VP1 protein of human
parvovirus B19 induces a strong reduction in phospholipase A2 activity and virus infectivity [34].
Considering their vital role in parvovirus infectivity, PLA2 inhibitors are also targeted for antiviral
drugs against parvovirus-associated diseases. The presence of the Walker loop and Phospholipase A2
motifs suggests that the newly identified alpaca BoV possesses the virulence determinants necessary
to cause disease.
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Figure 4. Detection of ATP and GTP-binding Walker-loop motif in NS1 protein (a) and Phospholipase
A2 (PLA2) motif in N-terminal of VP1 protein (b). Dots indicate residues matching the consensus
sequence and dashes represent gaps in the alignment.

A new species of UBoV was identified in an alpaca intestinal sample. Bocaparvoviruses cause
respiratory and gastrointestinal infections in humans, bovines, and other animals. However, the
causation of clinical disease in this alpaca farm is unclear. Establishing an association between the
presence of BoV and clinical disease would require comprehensive PCR testing of the alpaca farms.
Moreover, Koch’s postulates is required to establish a virus–disease association. A causal association
between the presence of BoV and clinical disease is often difficult due to prolonged viral shedding
by the host after infection, high prevalence of BoV infection, and high rate of co-infections [35].
Nevertheless, the discovery of a new BoV will help in developing new PCR diagnostics to determine
the prevalence of BoV in alpaca herds and also to develop vaccines to prevent clinical disease. Given
the high mutation rate of BoVs and increasing domestication of alpacas, identification of a new BoV in
alpaca presents a true risk of cross-species transmission to other mammals.
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Abstract: An equine parvovirus-hepatitis (EqPV-H) has been recently identified in association with
equine serum hepatitis, also known as Theiler’s disease. This disease was first described by Arnold
Theiler in 1918 and is often observed after applications with blood products in equines. So far,
the virus has only been described in the USA and China. In this study, we evaluated the presence
of EqPV-H in several commercial serum samples to assess the potential risk of virus transmission
by equine serum-based products for medical and research applications. In 11 out of 18 commercial
serum samples, EqPV-H DNA was detectable with a viral load up to 105 copies/mL. The same serum
batches as well as three additional samples were also positive for antibodies against the EqPV-H
VP1 protein. The countries of origin with detectable viral genomes included the USA, Canada,
New Zealand, Italy, and Germany, suggesting a worldwide distribution of EqPV-H. Phylogenetic
analysis of the EqPV-H NS1 sequence in commercial serum samples revealed high similarities in viral
sequences from different geographical areas. As horse sera are commonly used for the production of
anti-sera, which are included in human and veterinary medical products, these results implicate the
requirement for diagnostic tests to prevent EqPV-H transmission.

Keywords: equine parvovirus-hepatitis; horses; commercial horse serum; phylogeny

1. Introduction

Parvoviruses are small, non-enveloped viruses with a DNA genome typically encoding at least
two major gene complexes with the non-structural protein (NS1, multidomain nuclear phosphoprotein)
and capsid protein (VP1). In recent years, many viruses have been newly identified or reassigned to
the family Parvoviridae, which is divided into two subfamilies, the Densovirinae and the Parvovirinae,
according to whether they infect invertebrates or vertebrates, respectively [1,2]. Both subfamilies are
further divided into various genera based on their genome organization.

The parvovirus subfamily Parvovirinae is a large family with a wide host range, divided into eight
genera that can infect humans, domestic animals, and wild animals [1,3,4].

Recently, a novel equine parvovirus (equine parvovirus-hepatitis, EqPV-H) was discovered in the
serum of a horse that died of Theiler’s disease indicating that EqPV-H could be the causative agent
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of Theiler’s disease and also of subclinical infections [5–7]. Theiler’s disease is also known as equine
serum hepatitis and was initially described by Sir Arnold Theiler in 1918 [8]. After experimental
vaccination studies to prevent African horse sickness, Theiler observed hundreds of cases of a highly
fatal form of hepatitis. Theiler’s disease or serum hepatitis has since been reported worldwide after
treatment with a variety of equine serum products, for instance tetanus antitoxin, botulinum antitoxin,
antiserum against Streptococcus equi as well as pregnant mare’s serum, and equine plasma [5,8–12].
The clinical disease among horses receiving these products has a high fatality rate, and the incidence of
fulminant hepatitis in these outbreaks was in the range of 1.4%–18% [13]. Recent studies provided
evidence for the association of EqPV-H and Theiler’s disease. A prospective study on Theiler’s disease
cases described the detection of EqPV-H in 18 consecutive cases of Theiler’s disease that occurred
after administration of an equine-based biological product [13]. The same authors also reported
EqPV-H infection in 9 out of 10 cases of Theiler’s disease in the absence of an equine biological product
administration and noted 54% virus positivity of tested in-contact horses [14].

Given the potential risk of EqPV-H contaminated equine serum products for medical as well as
research applications, in this study we investigated the prevalence of EqPV-H among commercial
equine serum pools from various countries worldwide. To this end, a total of 18 serum samples from
different providers were analyzed for the presence of anti-EqPV-H-VP1-antibodies and EqPV-H DNA.
The results indicate that EqPV-H is highly prevalent in commercial horse serum around the world and
that blood-based products derived from equine donors should be tested for EqPV-H.

2. Materials and Methods

2.1. Serum Sample Collection

A total of 18 different horse serum samples were collected from a variety of providers. The samples
were shipped and stored at −20 ◦C until further analysis. Thaw and freeze cycles were kept at
a minimum.

2.2. Detection of EqPV-H DNA

Viral DNA was extracted with a viral DNA Kit from Qiagen (Cat. No. 1048147, Hilden, Germany)
according to the manufacturer’s recommendations. DNA samples were stored at −20 ◦C until further
analysis. A probe-based quantitative real-time polymerase chain reaction (qRT-PCR) was used with
primers and probe designed and provided by Dr. Amit Kapoor as described before [5]. A serial
dilution of a plasmid containing the EqPV-H VP1 sequence was generated as standard row for the
quantification of EqPV-H within the samples tested. Fluorescence was assessed with a LightCycler 480
(Roche, Mannheim, Germany).

2.3. Detection of Anti-EqPV-H Antibodies

Samples were analyzed regarding the presence of anti-EqPV-H-VP1 antibodies using the luciferase
immunoprecipitation system (LIPS) as described by Burbelo et al. [15,16] and Pfaender et al. [17].
For the EqPV-H-LIPS, the antigen VP1 was produced as described by Divers et al. [5]. Relative light
units (RLU) were measured in a plate luminometer (LB 960 XS3; Berthold, Bad Wildbad, Germany).
For calculation of sensitivity, a cut-off limit, analogous to Burbelo et al. (2012) and Pfaender et al.
(2015), was determined and defined as the mean RLU plus 3 standard deviations (SD) of a EqPV-H
negative horse serum. A cross-reaction of the LIPS with other related parvoviruses cannot be excluded.
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2.4. Sequencing and Phylogeny

For sequence analysis, two PCRs (I and II) were designed within the NS1 of EqPV-H (Table 1 and
Figure 3A). PCR was performed using the Expand High Fidelity PCR System (Roche Diagnostics) in
a total volume of 50 μL containing 5 μL of purified DNA, 5 μL of 10× buffer, 200 μM of each dNTP,
10 pmol of each primer, and 0.375 μL of Taq Polymerase.

The PCR profile was the following: 95 ◦C for 2 min, 45 cycles of 95 ◦C for 20 s, 60 ◦C for 30 s, and
72 ◦C for 1 min 30 s, followed by a final extension at 72 ◦C for 10 min. PCR products were visualized
on a 2% agarose gel, excised, and purified using a Monarch® DNA Gel Extraction Kit (New England
Biolabs). Purified products were then sent for Sanger sequencing using the applicable PCR primers.

Phylogenetic trees were constructed using the maximum likelihood method and general time
reversible model [18,19] implemented in MEGA X version 10.0.5 [20]. The tree is drawn to scale, with
branch lengths measured in the number of substitutions per site.

Table 1. Primer positions and sequences used for sequencing analysis.

PCR Primer Sequence

I EPVf1 GGGTGGTAAATGCCTTCG
EPVseqr01 TGGTTGGTGACGCCTGTC

II EPVseqf01 GACAGGCGTCACCAACCA
1104R1 GGGAATGTCATTGAACGGGAA

1 Lu et al. [6].

2.5. Purification of Viral Particles

Particle associated nucleic acid (PAN) purification was performed in detail as originally
described [21]: 11 mL of horse serum was clarified (3220 g, 30 min) and subsequently filtered
through a 0.22 μm pore-size sterile filter to eliminate particles of higher density and mass such as
bacteria, eukaryotic cells, or fragments of them. To concentrate virus particles and separate them from
particles of lower density, 10 mL of sterile filtered serum was layered onto 2 mL of 30% (wt/vol) sucrose
in PBS, followed by ultracentrifugation for 3 h in an SW41 rotor at 30,000 rpm. For preparation of
DNA, the pellet was resuspended in 250 μL of PBS containing 20 mM MgCl2. To degrade DNA that
is not inside a particle, a DNase step was performed by the addition of 5 U of DNase I followed by
incubation at 37 ◦C for 30 min, followed in turn by DNA extraction with a Blood-Mini-Kit (Qiagen).

3. Results and Discussion

3.1. EqPV-H DNA is Frequently Detectable in Commercial Horse Sera

To evaluate the potential presence of EqPV-H in commercial serum pools, eighteen different serum
samples were obtained from different countries with a specific serum type and number of individual
horses per pool (Table 2).

Table 2. General information about the serum samples regarding serum type, land of origin, and the
number of individuals.

Serum ID Serum Type Origin Number of Individuals

1 Horse Serum New Zealand donor herd
2 Fetal Horse Serum Mexico unknown
3 Donor Horse Serum USA pooled
4 Horse Serum USA donor herd
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Table 2. Cont.

Serum ID Serum Type Origin Number of Individuals

5 Horse Serum USA donor herd
6 Donor Horse Serum Italy pooled
7 Horse Serum France pooled
8 Donor Horse Serum Canada unknown
9 Donor Horse Serum Chile unknown
10 Donor Horse Serum Germany unknown
11 Donor Horse Serum Italy unknown
12 Fetal Horse Serum Brazil unknown
13 Donor Horse Serum (heat inactivated) Chile unknown
14 Horse Serum Europe pooled
15 Donor Horse Serum Europe pooled
16 Donor Horse Serum USA unknown
17 Horse Serum New Zealand unknown
18 Donor Horse Serum Canada unknown

Eleven out of 18 commercially available sera tested positive for EqPV-H DNA, illustrated using
gel electrophoresis of the qPCR products (Figure 1A). As depicted in Figure 1B, quantification of the
viral DNA revealed loads ranging from 102 to 105 DNA copies/mL (Figure 1B). Next, the commercial
horse serum samples were tested for the presence of anti-VP1-antibodies via LIPS assay. All EqPV-H
DNA positive samples also yielded positive results in the antibody assay, while three additional sera
were exclusively anti-VP1-antibody positive (7, 9, and 13) (Figure 1C). However, the measured relative
light units (RLU) of these three seropositive samples were lower compared to the eleven sera that had
also been tested DNA positive (Figure 1C). Due to the pooling of sera from several horses for one
commercial serum batch, a potential dilution has to be considered, and the detection limit of EqPV-H
PCR was determined at 175 DNA copies/mL. In line with these results, tetanus-antitoxins as one of
the most common medical products administered to horses tested positive for EqPV-H in several
cases of Theiler’s disease [13]. Importantly, an experimental infection study had previously confirmed
transmission of EqPV-H from a PCR-positive biological product to seronegative horses [5]. To evaluate,
if the detected parvovirus DNA was encapsidated or just plain unprotected DNA, we performed PAN
DNA isolation [21] with serum 1 as one example. This method contains a DNAse treatment step,
which degrades all unprotected DNA, thus selects highly specific for DNA protected by a capsid. After
purification we performed quantitative PCR for both the DNA isolation with and without selection for
PAN-DNA. We found that around 1% of total parvovirus DNA could be recovered using this method.
A recovery rate of 1% corresponds to our own findings with various viruses (DNA, RNA, enveloped,
and non-enveloped), spiked to PBS for evaluation of this method. The relatively high losses can be
either explained by the high stringency of the method or simply by presence of non-protected nucleic
acid naturally occurring for different viruses. Either way, for this horse serum it is highly likely that
parvovirus DNA is encapsidated in viral particles and so viral particles are present. Due to the lack of
an infection cell culture system, we could not determine if these particles are infectious.

Of note, serum samples 8 to 13 have also been tested previously by us for the presence of equine
hepacivirus (EqHV), equine pegivirus (EPgV), and Theiler’s disease associated virus (TDAV) [22].
All samples were shown to be EPgV and EqHV positive except serum sample 12, which tested negative
for EqHV. Furthermore, TDAV was detected in samples 10, 11, and 13 [22]. In summary, these results
demonstrate a frequent detection of EqPV-H in commercial serum pools with 61.10% PCR positivity
and 77.70% sero-positivity.
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Figure 1. Occurrence of EqPV-H DNA and antibodies within commercial serum samples. (A) Agarose
gel electrophoresis of quantitative PCR of commercial serum pools. (B) Viral loads of EqPV-H were
determined using qPCR and are displayed in DNA copies/mL. The dotted line indicates the limit
of detection. Every bar represents the mean of 5 technical replicates performed in 3 independent
measurements. (C) Depicted are anti-EqPV-H antibodies as RLU measured in triplicates. The cut-off
was determined by the mean value of the EqPV-H negative serum plus 3*SD and is indicated by a
dashed line.

3.2. EqPV-H Can be Detected in Different Countries Worldwide

As the novel parvovirus has only been recently described [5], prevalence studies with EqPV-H
have so far only been performed in the USA and China. Lu et al. showed that EqPV-H has a very low
genetic diversity between farms in the same geographic region, similar to what has been observed in
the USA [5,7]. When comparing the origin of the here-tested commercial sera regarding the presence
of EqPV-H DNA and antibodies, all South American sera (green) tested negative for EqPV-H, while
the majority of sera from North America (red), Europe (blue), and Oceania (orange) were positive for
EqPV-H DNA and antibodies (Figure 2A). These included the countries New Zealand, the USA, Italy,
Germany, and Canada indicating a worldwide circulation of EqPV-H. The two fetal horse sera that
were included in the study tested EqPV-H PCR and antibody negative in contrast to the adult horse
sera (Figure 2B,C). However, further investigations with more samples are needed to determine the
importance of EqPV-H for vertical transmission and prevalence in young horses. However, PCR- and
sero-negativity could also be a coincidence due to the origin of the fetal horse serum from Central and
South America.
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Figure 2. The origin of the serum pools is indicated on a world map (A). Reduced opacity indicates
EqPV-H negative serum pools. Graphs (B) and (C) show the correlation of age (determined by the
serum type) and origin on EqPV DNA and antibody prevalence, respectively. Every dot represents
the mean of 5 technical replicates performed in two independent measurements. Negative samples
were assigned the value 1. Red color corresponds to North America, while sera from South American
countries are colored green. Blue indicates serum samples originating from Europe and orange belong
to samples from Oceania (A–C).

3.3. Sequence and Phylogenetic Analysis of EqPV-H in Commercial Serum Pools

For a molecular characterization of the EqPV-H positive samples, primers (Table 1) in the NS1
gene were designed to obtain two PCR fragments (Figure 3A). Due to low viral loads being present for
only some of the qPCR positive samples, sequencing of PCRI and II fragments was possible. We were
able to recover 7/11 and 9/11 sequences for PCRI and II, respectively. These sequences were submitted
to the GenBank database with the accession numbers indicated in Table 3. A maximum likelihood
approach was used, and robustness of the trees tested with a bootstrap analysis was performed with
a replicate rate of 1000. As depicted in Figure 3B,C, the obtained sequences were highly similar for
all commercial serum pools around the world and clustered with the published American and Asian
EqPV-H sequences (Figure 3B,C). This can be observed for two individually amplified regions in the
NS1 gene. These results point to a high conservation between the world-wide circulating strains and
low genetic variability of the EqPV-H strain.
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Figure 3. (A) Genomic organization of EqPV-H and primer positioning for PCR I-II. (B) Phylogenetic
tree based on the fragments generated using PCR I. (C) Phylogenetic tree based on the fragments
generated using PCR II. Evolutionary history was inferred by using the maximum likelihood method
and general time reversible model. The trees with the highest log likelihood are shown. Red corresponds
to North America, while blue indicates serum samples originating from Europe and orange matches
samples from Oceania. Black corresponds to Asian strains. Circles indicate previously published
EqPV-H sequences identified by various groups, whereas squares label newly found EqPV-H sequences
within this study. Human parvovirus B19 was used as outgroup to root the tree.

Table 3. The newly identified specimens were submitted to NCBI and were assigned with respect to
the serum ID and the land of origin.

Serum ID EqPV Sequence Name NCBI Accession Number

1 Equine Parvovirus H/seq1_NZ_518-1104nt MK792430
3 Equine Parvovirus H/seq3_USA_518-1104nt MK792431
4 Equine Parvovirus H/seq4_USA_518-1104nt MK792432
5 Equine Parvovirus H/seq5_USA_518-1104nt MK792433
6 Equine Parvovirus H/seq6_IT_518-1104nt MK792429
11 Equine Parvovirus H/seq11_IT_518-1104nt MK792434
16 Equine Parvovirus H/seq16_USA_518-1104nt MK792435
17 Equine Parvovirus H/seq17_NZ_518-1104nt MK792436
18 Equine Parvovirus H/seq18_CN_518-1104nt MK792437
1 Equine Parvovirus H/seq1_NZ_20-535nt MK792438
3 Equine Parvovirus H/seq3_USA_20-535nt MK792439
4 Equine Parvovirus H/seq4_USA_20-535nt MK792440
11 Equine Parvovirus H/seq11_IT_20-535nt MK792441
16 Equine Parvovirus H/seq16_USA_20-535nt MK792442
17 Equine Parvovirus H/seq17_NZ_20-535nt MK792443
18 Equine Parvovirus H/seq18_CN_20-535nt MK792444
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4. Conclusions

In this study, we investigated the occurrence of EqPV-H DNA and antibodies within commercial
horse sera. We showed that anti-EqPV-H DNA and EqPV-H antibodies are frequently detectable in
commercially available horse sera from various origins indicating a worldwide circulation of EqPV-H
infections. As horse sera are commonly used for production of anti-sera, which are licensed for various
treatments in different animal species as well as humans (snake antivenom immunoglobulins and
botulism antitoxin), these results should raise awareness for EqPV-H contaminations. Furthermore,
other biologicals like live vaccines might harbor infectious EqPV-H, for instance when cell lines used
for virus propagation were cultivated with horse serum. Sensitive diagnostic assays should be used
for the detection of EqPV-H DNA and a careful risk assessment should be performed when using
commercial horse sera in medical and research applications.
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Abstract: To analyze the methylation status of wild-type adeno-associated virus type 2 (AAV2),
bisulfite PCR sequencing (BPS) of the packaged viral genome and its integrated form was performed
and 262 of the total 266 CG dinucleotides (CpG) were mapped. In virion-packaged DNA,
the ratio of the methylated cytosines ranged between 0–1.7%. In contrast, the chromosomally
integrated AAV2 genome was hypermethylated with an average of 76% methylation per CpG site.
The methylation level showed local minimums around the four known AAV2 promoters. To study
the effect of methylation on viral rescue and replication, the replication initiation capability of CpG
methylated and non-CpG methylated AAV DNA was compared. The in vitro hypermethylation of
the viral genome does not inhibit its rescue and replication from a plasmid transfected into cells.
This insensitivity of the viral replicative machinery to methylation may permit the rescue of the
integrated heavily methylated AAV genome from the host’s chromosomes.

Keywords: AAV2; adeno-associated virus; bisulfite PCR; CpG methylation; DNA virus; Parvoviridae

The Parvoviridae family consists of small, single-stranded DNA viruses with 4–6 kb linear
genomes. It is a very diverse virus family with the capability to infect a wide range of hosts from
insects to mammals [1]. Adeno-associated dependoparvoviruses (AAVs) are separated from other
parvoviruses by their CpG island-like genome structure with high GC content (>50%) and high
observed/expected CpG ratio (>70%) [2]. AAVs are also distinguished from other parvoviruses by
their different reproductive strategy, because they require the presence of an unrelated helper DNA
virus for successful reproduction. In the absence of a helper virus, they can establish a latent infection
by preferentially integrating into the open chromatin structures of the host’s genome or remaining
latent as nuclear episomes [3,4].

AAVs are among the most frequently used gene therapy vectors, because they can infect many
tissues in the human body without known adverse effects [5]. During the first months, recombinant
AAV-mediated gene transfer results in a peak of transgene expression, but later this level decreases
and reaches a reduced steady-state level [6,7]. Since CpG methylation can inhibit transcription [8],
the methylation pattern of the promoter and vector in episomal adeno-associated dependoparvovirus
A (AAV2)-based gene therapy constructs have been examined, but no significant CpG methylation
has been found [9]. The methylation status of the replicative and the integrated form of the wild-type
AAV2 remained unknown.
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We previously determined that the genome of Ungulate protoparvovirus 1 (PPV) remains
hypomethylated during the entire viral life cycle independent of its tissue of origin, and in vitro
CpG methylation has no significant effect on viral replication [2]. The different reproductive strategy
and the strikingly different genome composition of the AAV2 (AAV has 266 CpG sites, 54% GC content
and 0.78 observed/expected CpG ratio (oCpGr) value compared to the 60 CpG sites, 38% GC content
and 0.33 oCpGr of the PPV) suggested that CpG methylation may have a more significant role in the life
cycle of the AAV2 than in the life cycle of the PPV. Therefore, we sought to investigate the methylation
status of wild-type AAV2 genome during the different stages of the viral life cycle including the
packaged viral DNA and the integrated and excisable form of the genome.

AAV2 virions were produced as previously described [10] by co-transfecting pTAV2-0 [11] and
pDG [12] into HEK-293 cells. Freeze-thaw lysates were treated with benzonase (Merck, Darmstadt,
Germany) to degrade non-encapsidated DNA, and AAV genomes were purified using proteinase K
(Carl Roth, Karlsruhe, Germany) and phenol/chloroform extraction. The integrated viral genome
was purified from latently infected Detroit 6 cells [13] using lysis buffer (1% N-lauroylsarcosine,
25 mM Tris-Cl pH 8.5, 10 mM EDTA pH 8.0) and proteinase K treatment followed by repeated
phenol/chloroform extractions and ethanol precipitation.

To detect and separate the integrated form of the genome from spontaneously released AAV
genomes, total Detroit 6 cell DNA was run on an agarose gel. Despite the typical low molecular weight
AAV bands of 4.7 replicative form 1 (RF1) or 9.4 kb (RF2) were not being detected the high molecular
weight chromosomal DNA was isolated by the Zymoclean Gel DNA Recovery Kit (Zymo Research,
Irvine, CA, USA), as recommended by the manufacturer.

The methylation pattern of the AAV genomes derived from total Detroit 6 cell DNA, from the
isolated high molecular weight DNA, and from the packaged viral DNA was determined by bisulfite
PCR. The bisulfite treatment of the encapsidated, single-stranded DNA was performed with the
EpiTect Bisulfite Kit (Qiagen, Venlo, The Netherlands) according to the manufacturer’s instructions.
Treatment of the genomic DNA was optimized by adding an extra denaturation step (95 ◦C, 5 min)
followed by incubation at 60 ◦C for 2 h. The conversion efficiency of the unmethylated cytosines was
verified by Sanger sequencing of several PCR fragments from the 27 CpG sites containing fragment
AAV11 (Table 1). Sanger sequencing was performed with the BigDye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, Foster City, CA, USA), according to the manufacturer’s recommendations.

For the amplification of the modified CpG-containing DNA fragments, 22 PCR primer pairs
were designed using the MethPrimer program [14] (Table 1). The 22 PCR fragments covered all CpGs
of the AAV genome except the first and the last two sites (262 out of 266). DNA amplifications of
most of the fragments were carried out by an initial denaturation for 5 min at 95 ◦C, followed by
35 cycles at 95 ◦C for 20 s, 52 ◦C for 20 s, and 72 ◦C for 20 s by using DreamTaq DNA Polymerase
(Thermo Fisher Scientific, Waltham, MA, USA). For certain PCR fragments, the thermal conditions
were altered. The temperature of the elongation step was changed to 58 ◦C at the 6th, 10th, 14th,
18th, 21st and 22nd fragments (Table 1), while the elongation occurred at 60 ◦C in the case of the
2nd and 20th fragments. The amplified fragments were purified from 1.2% agarose gel using the
Zymoclean Gel DNA Recovery Kit. Finally, the PCR fragments were pooled in equal amounts and
were sequenced with an Ion Torrent PGM sequencer. The CLC Genomics Workbench 7.0.4 was used
for data analysis. The average read length was 213 nucleotides and 262 (of the total 266) CpG sites
were mapped. The read depth of the 262 CpG sites of the virion-packaged DNA, the AAV genome
from the total DNA and the AAV genome from the isolated chromosomal DNA were between 112 and
12603, 49 and 4335, and 71 and 4953, respectively.
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Table 1. Primers used for bisulfite PCR.

Primer Name Sequence Product Size (bp) CpGs in Product

AAV1F 5′-TTGGTTATTTTTTTTTTGCGCGTT-3′
205 19AAV1R 5′-CCTCTAATACAAAACCTCCCTA-3′

AAV2F 5′-GGGTTAGGGAGGTTTTGTATT-3′
279 17AAV2R 5′-ATTCAAATCCATATCAAAATCTAAC-3′

AAV3F 5′-ATTTTGATATGGATTTGAATTTGATT-3′
343 23AAV3R 5′-AAAATATAACACTCATCCACCACCT-3′

AAV4F 5′-AGGGAGAGAGTTATTTTTATATGTA-3′
372 25AAV4R 5′-TCTAATTCTCTTTATTCTACTCCTAC-3′

AAV5F 5′-AAGGTGGTGGATGAGTGTTATATTT-3′
309 15AAV5R 5′-AACCTAATCCTCCTAAATCCACTACTT-3′

AAV6F 5′-GGAGAAGTAGTGGATTTAGGAGGAT-3′
298 14AAV6R 5′-AATTACAAACCCAAACAACCAAATA-3′

AAV7F 5′-GGAAAGATTATGAGTTTGATTAAAAT-3′
284 15AAV7R 5′-AAAAAATTCTCATTAATCCAATTTAC-3′

AAV8F 5′-AATTGGATTAATGAGAATTTTTTTT-3′
315 21AAV8R 5′-AATAACCTTCCCAAAATCATAATCC-3′

AAV9F 5′-TGATTTTGGGAAGGTTATTAAGTAG-3′
274 17AAV9R 5′-ACAAAAAAACAACATCAAATTCATAC-3′

AAV10F 5′-TGATGTTGTTTTTTTGTAGATAATG-3′
345 10AAV10R 5′-TAAACCAAATTTAAACTTCCACCAC-3′

AAV11F 5′-TGGTGGAAGTTTAAATTTGGTTTAT-3′
323 27AAV11R 5′-AAAAATTCAAAAACCCTCTTTTTC-3′

AAV12F 5′-AAAAAGAGGGTTTTTGAATTTTTG-3′
152 6AAV12R 5′-TTCAATCTTTTTCTTACAAACTACTAACC-3′

AAV13F 5′-TTTGGTTGAGGAATTTGTTAAGA-3′
369 18AAV13R 5′-TTATAAATAAACAAAACCCAAATTC-3′

AAV14F 5′-GTTTTTTTTGGTTTGGGAATTAATA-3′
282 12AAV14R 5′-AAATCTATTAAAATCAAAATACCCCC-3′

AAV15F 5′-TTGGGTTTTGTTTATTTATAATAATTATTT-3′
217 4AAV15R 5′-AATATTAAAAAACTTAAAATTAAATCTCTT-3′

AAV16F 5′-AGATTTATTAATAATAATTGGGGATTT-3′
299 18AAV16R 5′-TACTCCAAACAATAAAATAAAAAAC-3′

AAV17F 5′-AGTATGGATATTTTATTTTGAATAA-3′
316 12AAV17R 5′-AAAAACCAATTCCTAAACTAATCCC-3′

AAV18F 5′-AGTTAAGGTTTTAGTTTTTTTAGGT-3′
340 12AAV18R 5′-AAATTAATTATCCTAATTTCCTCTTC-3′

AAV19F 5′-AATGGTAGAGATTTTTTGGTGAATT-3′
317 9AAV19R 5′-AACCCCTAAAAATACACATCTCTATC-3′

AAV20F 5′-AGGTATGGTTTGGTAGGATAGAGAT-3′
340 12AAV20R 5′-ATCCACAATAAAATCCACATTAACAA-3′

AAV21F 5′-AGTGGGAGTTGTAGAAGGAAAATAGTA-3′
312 10AAV21R 5′-TAACCAACTCCATCACTAAAAATTC-3′

AAV22F 5′-GTTTGTTAATGTGGATTTTATTGTGGAT-3′
360 22AAV22R 5′-TAACCACTCCCTCTCTACGCGCT-3′

In virion-packaged DNA, the ratio of the methylated cytosines was between 0–1.7% with an
average of 0.6% methylation/CpG sites. In contrast, despite the CpG island-like genome structure,
the integrated AAV2 genome was found to be hypermethylated, and the methylation ratio of the
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CpG sites varied between 20.4% and 98.3% with an average of 76% methylation per site (Figure 1a).
Sequencing of the isolated high molecular weight DNA yielded very similar results: the methylation
of the CpG cytosines was between 21% and 98.8% with an average of 78.2% methylation per
site (Figure 1b). Minimal differences (0.003–12.3%) were detected in the methylation status of
CpGs determined from total cellular DNA or isolated chromosomal DNA, confirming that the
overwhelming majority of the detected methylation pattern derived from integrated copies and
not from episomal forms.

Figure 1. Deep sequencing of the bisulfite treated adeno-associated virus type 2 (AAV2) genomes.
Vertical bars label the position of the CpGs in the AAV2 genomes in the diagrams: (a) Methylation
values of the packaged AAV2 genome and the integrated AAV2 genome from total Detroit 6 DNA
are represented by blue and red bars, respectively; (b) methylation values of the integrated AAV2
genome from purified chromosomal DNA; (c) the AAV2 genome and its transcription–translation
map [15–17] is presented in scale showing the CpG-containing binding sites of transcription factors as
well. The methylation-sensitive transcription factors are labelled by an asterisk.

The methylation level showed local minimums around the four promoters (p5, p19, p40 and
p81) and the least methylated CpG sites were found in the X protein-coding ORF (Figure 1b,c). It is
tempting to speculate that the lower level of methylation of these CpG sites might play a functional
role in the reactivation of the promoters.

Our results indicate that the packaged and replicating AAV DNA is hypomethylated, as has
been shown for other parvoviruses (PPV, B19) [2,18] and small- or medium-sized DNA viruses
(e.g., papillomaviruses, adenoviruses) [19]. Hypomethylation is a characteristic feature of the
replicating of small DNA viruses, despite the fact that unmethylated CpGs may provide an access of
the host immune system to immunostimulatory, unmethylated CpGs during in vivo replication and
cell lysis. It is likely that hypomethylation is the result of rapid replication, compartmentalization or
active exclusion of the DNA methylases by the viral proteins from the replicating DNA [19].

Although the hypermethylation of the latently integrated AAV genome is not fully unexpected,
it is somewhat surprising. Some of the earlier observations indeed implied methylation. Usually,
newly integrated replication-incompetent viral fragments inserted into the host genome become
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rapidly methylated. Complete and replication-competent retrovirus sequences are also recognized by
the host defense system (e.g., Daxx protein) and integrated proviruses are rapidly silenced by antiviral
epigenetic responses including histone modification and DNA methylation [20].

On the other hand, the AAV2 genome was reported to integrate into transcriptionally active
open chromatin regions and in CpG islands [4,21] and it can be released from latently infected Detroit
6 cells by helper virus infection [13]. Furthermore, the AAV genome has a CpG island-like genome
composition that in the host genome most frequently remains unmethylated, and its methylation
silences gene expression [22,23]. Thus, these data may suggest that the unique CpG island-like
structure of the AAV genome evolved to avoid methylation and keep the open chromatin structure
of the integrated genome to ensure easy access for transcription factors to viral promoters. However,
our findings challenge this hypothesis.

For replication initiation, Rep proteins are needed to release the integrated AAV DNA from the
host genome [24–28]. DNA hypermethylation is usually associated with transcriptional repression.
Accordingly, the crucial question is how the RNAs of the viral Rep proteins are transcribed
from the methylated integrated copies to supply the required proteins, especially because several
methylation-sensitive transcription sites are localized in, or in close proximity of, the AAV promoters
(Figure 1).

To further analyze how methylation influences viral rescue, we compared the replication initiation
capability of CpG methylated and non-CpG methylated AAV DNA. The pTAV2-0 plasmid produced
in bacteria supplied the non-CpG methylated genome (although it contained bacterial DAM and
DCM methylation). For the production of CpG methylated AAV DNA, the pTAV2-0 plasmid was
linearized by FastDigest EcoRV restriction enzyme (Thermo Fisher Scientific, Waltham, MA, USA) and
in vitro methylated using the CpG methylase kit (Zymo Research, Irvine, CA, USA). The reaction mix
included 2 μg DNA, 4 μL of 10× CpG Reaction Buffer, 6 μL of 20× SAM (12 mM), 2 μL of 4 U/μL
CpG Methylase (M.SssI)) and distilled water to a final volume of 40 μL, and was incubated overnight
at 30 ◦C.

The efficiency of hypermethylation was estimated to be more than 90% by the ImageJ program [29]
after comparing the intensity of the linearized methylated undigested and the methylation-sensitive
SsiI-enzyme digested (Thermo Fisher Scientific, Waltham, MA, USA), vector bands (Figure 2a, lanes 5
and 2 respectively).

Figure 2. Replication initiated by differently methylated AAV DNAs: (a) digestion of the differently
methylated pTAV2-0 DNAs. Lane 1, CpG unmethylated EcoRV linearized vector digested with SsiI
(cutting at 57 sites); lane 2, CpG methylated EcoRV linearized vector digested with SsiI; lane 3,
GeneRuler 1 kb Plus DNA Ladder; lane 4, CpG unmethylated EcoRV linearized vector; lane 5,
CpG methylated EcoRV linearized vector; (b) copy numbers of the viral genome in the supernatant of
cells transfected by differently methylated AAV2 plasmids. Vertical bars indicate twice the standard
deviation in each case.
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Linearized methylated and unmethylated plasmids were transfected together with pHelper
plasmid [30] in equal amounts (0.5 μg each) into HEK-293 cells by TurboFect reagent (Thermo Fisher
Scientific, Waltham, MA, USA) in triplicate according to the supplier’s recommendations. Transfection
of the unmethylated plasmid without pHelper was carried out as a negative control, also in triplicate.
At 4, 24, 48 and 72 h post-transfection, the viral DNA was extracted from 200 μL tissue supernatant
by the High Pure Viral Nucleic Acid Kit (Roche, Basel, Switzerland) according to the manufacturer’s
recommendations. The titer of progeny viruses was compared by qPCR from three independent
transfection experiments. The PCR conditions were the following: initial denaturation for 5 min at
95 ◦C, followed by 30 cycles at 95 ◦C for 20 s, 64 ◦C for 20 s, and 72 ◦C for 20 s using DreamTaq DNA
Polymerase, EvaGreen (Biotium, Fremont, CA, USA) DNA binding dye and a primer set (forward:
5′-TGC GTA AAC TGG ACC AAT GAG AAC-3′; reverse: 5′-TGT TGG TGT TGG AGG TGA CGA
TCA-3′). The Mann–Whitney U test was applied for the statistical analysis of the data.

The result indicates that in vitro CpG hypermethylation of the viral genome does not inhibit its
rescue from a plasmid. It also minimizes the possibility that helper rescue of integrated AAVs could
be the result of the activation of incidentally existing un-methylated episomes [31,32] in these cells
rather than the rescue of the integrated methylated genome. Hypermethylation has even a biologically
minor but statistically significant positive effect (Figure 2b) on the output virus titers at 48 h and 72 h
(p = 0.00058 and p = 0.00018).

Recently, it was found that AAV2 latency is mediated by rapid heterochromatin formation by the
heterochromatin hallmark trimethylated histone 3 lysine 9 (H3K9me3) and the chromatin regulating
KAP1 protein [33]. In addition to H3K9me3, the CpG hypermethylation of the DNA is one of the most
characteristic features of the heterochromatin [34]. Accordingly, our data—that the integrated AAV2
is hypermethylated in Detroit 6 cells—give additional support to the heterochromatinization of the
latent AAV2 genome.

Despite being hypermethylated, AAV2 is rescuable from Detroit 6 cells. We demonstrated that
AAV indeed can be rescued even from in vitro hypermethylated plasmid DNA. Yet, the question can be
raised of whether the results obtained from “naked plasmids” can be extrapolated to the chromatinized
AAV genome [35]. However, transfected plasmid DNA, just like the nonintegrated wild-type AAV
genome, is rapidly associated with histones and chromatinized [36], which makes it highly probable
that similar mechanisms permit the rescue of the heavily methylated integrated AAV genome from
transfected plasmids or from the host’s chromosomes.

It is widely accepted that the binding of YY1 and MLTF to p5 is a key factor in the establishment
and maintenance of latency [37,38]. However, the binding of these transcription factors to DNA is
methylation-sensitive [39,40] and the effect of methylation to p5 binding was not considered in the
original studies in the early 1990s. A recent publication of the epigenetic regulation of AAV latency [37]
and our present data may warrant the reinvestigation of the role of these transcription factors in the
maintenance of the latency of the methylated genome.

A voluminous literature demonstrates that the CpG methylation of the promoter regions is
strongly associated with transcriptional repression, and DNA methylation is dominant over other
epigenetic mechanisms for regulating gene expression. However, it is still unclear whether the
changes in DNA methylation are the cause or the consequence of the altered gene expression [41,42].
Further studies of the methylated AAV genome release from latency can provide additional valuable
data about the relationship between CpG methylation and the dynamics of the chromatin structure.
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Abstract: Human bocavirus 1 (HBoV1) infects well-differentiated (polarized) human airway
epithelium (HAE) cultured at an air-liquid interface (ALI). In the present study, we applied
next-generation RNA sequencing to investigate the genome-wide transcription profile of HBoV1,
including viral mRNA and small RNA transcripts, in HBoV1-infected HAE cells. We identified novel
transcription start and termination sites and confirmed the previously identified splicing events.
Importantly, an additional proximal polyadenylation site (pA)p2 and a new distal polyadenylation
site (pA)dREH lying on the right-hand hairpin (REH) of the HBoV1 genome were identified in
processing viral pre-mRNA. Of note, all viral nonstructural proteins-encoding mRNA transcripts use
both the proximal polyadenylation sites [(pA)p1 and (pA)p2] and distal polyadenylation sites [(pA)d1
and (pA)dREH] for termination. However, capsid proteins-encoding transcripts only use the distal
polyadenylation sites. While the (pA)p1 and (pA)p2 sites were utilized at roughly equal efficiency for
proximal polyadenylation of HBoV1 mRNA transcripts, the (pA)d1 site was more preferred for distal
polyadenylation. Additionally, small RNA-seq analysis confirmed there is only one viral noncoding
RNA (BocaSR) transcribed from nt 5199–5340 of the HBoV1 genome. Thus, our study provides a
systematic and unbiased transcription profile, including both mRNA and small RNA transcripts,
of HBoV1 in HBoV1-infected HAE-ALI cultures.

Keywords: parvovirus; human bocavirus 1; RNA-seq; transcription profile; human airway epithelia

1. Introduction

Human bocavirus 1 (HBoV1) was identified from nasopharyngeal aspirates of pediatric patients
with acute respiratory tract infections in 2005 [1,2]. HBoV1 genome has been frequently detected
worldwide after respiratory syncytial virus, rhinovirus, and adenovirus infections in hospitalized
young children under 2 or 5 years old with acute respiratory tract infections [3–8]. Severe and
deadly cases, which are associated with high viral loads in respiratory specimens and with
anti-HBoV1 IgM antibody detection, increased IgG antibody production, or viremia in serum
samples, have been apparently linked to acute respiratory tract infections [9–14]. Using RNA-seq
to detect the viral RNA genomes and also the viral mRNAs that are transcribed from both RNA
and DNA viruses in respiratory secretions, a recent study has identified HBoV1 infections in a
significantly greater proportion of patients with community-acquired pneumonia (18.6%) than in
controls (2.2%), suggesting that mono-detection of HBoV1 infection is significantly associated with
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community-acquired pneumonia [15]. In vitro, HBoV1 infects polarized human bronchial airway
epithelium (HAE) cultured at an air-liquid interface (ALI; HAE-ALI) and causes damage of the
airway epithelium [16–20].

HBoV1 belongs to genus Bocaparvovirus of the Parvoviridae family. The two prototype members
of this genus are minute virus of canines (MVC) and bovine parvovirus type 1 (BPV1) [21,22].
RNA transcription profiles of these three bocaparvoviruses have been well studied through the
traditional RNA analysis methods: reverse transcription (RT)-PCR, RNase protection assay (RPA) and
Northern blotting [16,21–26]. In HBoV1-infected HAE-ALI, through RT-PCR and RPA, we identified
novel splicing donor and acceptor sites (D1’ and A1’) of viral pre-mRNA that are used to process
HBoV1 mRNAs encoding novel viral nonstructural proteins NS2, NS3, and NS4 [24]. More importantly,
we identified the first parvoviral long noncoding RNA (lncRNA), bocavirus-transcribed small RNA
(BocaSR), during HBoV1 infection of HAE-ALI, which plays an important role in virus replication [26].
The identification of these novel HBoV1 RNA transcripts highlights the unique features of HBoV1
transcription among parvoviruses. In order to identify additional HBoV1 transcripts and avoid
biases imparted by traditional RNA analysis methods, here, we utilized a systemic and unbiased
approach to explore the transcription profile of HBoV1 during infection in human airway epithelia.
RNA samples extracted from HBoV1-infected HAE-ALI cultures were analyzed with both mRNA-seq
and small RNA-seq.

2. Materials and Methods

2.1. Human Airway Epithelium Cultured at an Air-Liquid Interface (HAE-ALI)

Primary human bronchial airway epithelial cells were isolated from the lungs of healthy donors at
the Cell Culture Core of the Center for Gene Therapy, University of Iowa, under a protocol approved
by the Institutional Review Board of the University of Iowa (IRB ID No. 9507432). Pseudostratified
human airway epithelia as the polarized HAE-ALI cultures were differentiated from the isolated
primary cells as previously described [17]. In brief, primary human airway epithelial cells were
seeded on collagen-coated, permeable polyester membrane of Costar Transwell® inserts (Cat #3470,
Corning, Tewksbury, MA, USA), and then were differentiated (polarized) at an air-liquid interface (ALI)
for 3–4 weeks. UltraserTM-G (USG) serum substitute medium (Pall Corporation, Port Washington,
NY, USA) was used for the polarization and maintenance of the HAE-ALI. HAE-ALI cultures with
a transepithelial electrical resistance (TEER) of >2000 Ω·cm2, as determined by Millicell ERS-2
Voltohmmeter (EMD Millipore, Burlington, MA, USA), were used for virus infection in this study.

2.2. Virus Infection and Quantification of Apically Released Virions

HBoV1 virions were produced in HEK293 cells transfected with pIHBoV1, a HBoV1 duplex
form genome and purified as described previously [17]. HAE-ALI was infected the purified HBoV1
stock at a multiplicity of infection (MOI) of 1000 viral genome copy number (vgc)/cell, as described
previously [17]. At 7 days post-infection, an aliquot of 100 μL of phosphate buffered saline (PBS),
pH7.4, was added to the apical chamber of the HAE-ALI culture, and harvested as an apical
wash. The presence of progeny virions in the apical washes was an indicator of the productive
HBoV1 infection in HAE-ALI. All the apical washes were stored at 4 ◦C for quantification of vgc
using a quantitative PCR (qPCR) with HBoV1-specific primers and probe, following the method
described previously [17].

2.3. Immunofluorescence Analysis

We fixed a small piece of the insert membrane with 3.7% paraformaldehyde in PBS, and permeabilized
with 0.2% Triton X-100 in PBS, followed by direct staining with an anti-HBoV1 NS1C antibody [23].
Immunofluorescence analysis was performed using a method described previously [17]. Confocal
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images were taken with an Eclipse C1 Plus confocal microscope (Nikon, Tokyo, Japan) controlled by
Nikon EZ-C1 software. DAPI (4′,6-diamidino-2-phenylindole) was used to stain the nucleus.

2.4. RNA Extraction

At 7 days post-infection, mock- and HBoV1-infected cells were collected for total RNA isolation
using miRNeasy Mini Kit (Qiagen, Valencia, CA, USA) following the manufacturer’s instructions with
DNase I treatment. HAE cells from two Transwell® inserts were used to prepare one RNA sample.
A total of 6 RNA samples from HBoV1-infected HAE-ALI cultures (HBoV1 group) and 6 RNA samples
from mock-infected HAE-ALI cultures (Mock group) were prepared. The quality of RNA samples was
analyzed on an Agilent 2100 Bioanalyzer using an Agilent RNA 6000 Nano Kit for an RNA Integrity
Number (RIN). Three RNA samples with RINs ≥ 8.0 were chosen randomly from each group and
used for mRNA-seq and small RNA-seq.

2.5. mRNA-seq and Small RNA-seq

mRNA-seq was performed at Otogenetics Corporation (Atlanta, GA, USA). For mRNA-seq,
the TruSeq Stranded Total RNA with Ribo-Zero HMR library Prep Kit (#RS-122-2201, Illumina,
San Diego, CA, USA) was used to prepare the sequencing library from 1 μg of total RNA, and 2
× 106 bp paired-end sequencing in high output run mode was performed using Illumina HiSeq
2500 system. Small RNA-seq was performed at SeqMatic Company (Fremont, CA, USA). TailorMix
miRNA V2 library preparation kit was used to prepare the small RNA library. 2 × 150 bp paired-end
sequencing was performed using Illumina MiSeq system (San Diego, CA, USA).

2.6. mRNA-seq Read Mapping and Junction Analysis

The resulting base calling (bcl) files of mRNA-seq were converted to FASTQ files using Illumina’s
bcl2fastq v2.17.1.14 software (San Diego, CA, USA). TopHat 2.0.9 was used to map mRNA-seq reads
against the HBoV1 full-length genome (GenBank accession no: JQ923422) using default parameters.
Samtools were used to convert a BAM (.bam) file to a SAM (.sam) file. The HBoV1 mapping reads
were extracted using an in-house-developed script. The alignment data were used to build the junction
tracks by Integrative Genome View (IGV; http://software.broadinstitute.org/software/igv/home).
The junctional events were identified only when a single read splits across two exons.

2.7. Detection of Polyadenylation Sites

We searched the paired-end mRNA-seq reads for polyadenine repeats of a length of 9 (i.e.,
AAAAAAAAA for R2, and TTTTTTTTT for R1), and then mapped those reads with the polyadenine
repeats to the HBoV1 full-length genome by BWA (Burrows-Wheeler Aligner). It is noted that HBoV1
genome contains no polyadenine repeats longer than 8.

2.8. HBoV1 RNA Transcripts Assembling

Three samples FASTQ files were merged together. TopHat 2.0.9 was used to map RNA-seq reads
against the HBoV1 full-length genome using default parameters. Based on the previous identified
transcripts, splicing junctions and polyadenylation signals in the present study, we listed all possible
HBoV1 mRNA transcripts as the reference viral transcript profile. Transcript assembly and abundance
estimation were conducted with StringTie software and reported in Fragments Per Kilobase of exon
per Million fragments mapped (FPKM).

2.9. Mapping of Small RNA-seq Reads and Transcript Abundance Estimation

The CAP-miRSeq v1.123 pipeline was employed for read pre-processing, alignment, mature/
precursor/novel miRNA detection and quantification. In this pipeline, Cutadapt was used to trim
reads adaptor at the 3′-end. After adaptor trimming, reads length less than 17 bp were discarded.
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Then the reads were mapped to the full-length HBoV1 genome by mapper, identified as known and
novel miRNA by miRDeep2, and quantified expression by quantifier. Meanwhile, we used Bowtie 2 to
align small RNA-seq reads to HBoV1 genome for identification of all small RNA transcripts. The count
of HBoV1 mapping reads was extracted using an in-house-developed script from an alignment file.
The alignment data were used to build the coverage tracks by Integrated Genome Browser (IGB;
http://igb.bioviz.org/).

3. Results

3.1. Virus Infection

To ensure a high infectivity, HAE-ALI cultures were infected with HBoV1 at an MOI of
1000 vgc/cell. At 7 days post-infection, immunofluorescence analysis revealed that majority HAE cells
were infected (Figure 1), and qPCR for HBoV1 genome in the apical washes found that HBoV1 virions
released from the apical side of the HAE-ALI culture reached a level of >1.5 × 1011 gc/mL, representing
effective HBoV1 infections in HAE-ALI cultures [18]. Total RNA samples for next-generation RNA
sequencing were extracted from these highly infected HAE-ALI cultures.

Figure 1. HBoV1 infection of HAE-ALI cells. HAE-ALI cultures were infected with HBoV1 at an MOI
of 1000 vgc/cell, or mock-infected. At 7 days post-infection, the pieces of the inserts were fixed and
subjected to direct immunofluorescence analysis. The membranes were stained with anti-HBoV1 NS1C
antibody that detected all NS1-4 proteins. Images were taken using an Eclipse C1 Plus (Nikon) confocal
microscope under 40×, which was controlled by Nikon EZ-C1 software. The nuclei were stained with
DAPI (blue).

3.2. Illumina mRNA-seq Next-Generation Sequencing

We chose three total RNA samples isolated from HBoV1- or mock-infected HAE cells that had
RIN values of ≥8 for Illumina mRNA-Seq. The complete raw and normalized mRNA-seq data have
been deposited in the Gene Expression Omnibus of the National Center for Biotechnology Information
(accession no. GSE102392). Reads between 71.8 and 92.3 million were obtained by Illumina RNA-Seq
(Table 1). Approximate 75% of total reads were successfully mapped either to the human genome
or to the HBoV1 genome. In three repeated RNA samples extracted from mock-infected HAE-ALI,
all reads were mapped to the human genome except less than 20 reads that were mapped to the HBoV1
genome. In three repeated HBoV1 RNA samples, 0.21–0.47 million reads (0.23–0.55%) were mapped to
the plus strand of the HBoV1 genome. Of note, there were also a few reads (9458–21,580) mapped to
the minus strand of the viral genome, indicating the potential transcription capability of the minus
strand. However, in this study, we only focused on these reads from the positive strand.
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Table 1. Summary of mRNA-seq results.

Groups Total
Reads

No. (%) of
Mapped Reads

No. (%) of
Human Reads

No. (%) of HBoV1 reads

Plus Strand Minus Strand Ambiguous

Mock-8 92,255,534 69,845,826 (75.71) 69,845,805 (75.71) 19 (0.00) 2 (0.00) 0 (0.00)
Mock-9 83,459,160 63,548,966 (76.14) 63,548,950 (76.14) 15 (0.00) 1 (0.00) 0 (0.00)

Mock-10 95,389,110 72,602,804 (76.11) 72,602,787 (76.11) 17 (0.00) 0 (0.00) 0 (0.00)
HBoV1-11 86,814,188 64,362,968 (74.14) 63,865,552 (73.57) 474,990 (0.55) 21,580 (0.02) 846 (0.00)
HBoV1-20 90,567,600 68,650,250 (75.80) 68,429,393 (75.56) 208,998 (0.23) 9458 (0.01) 56 (0.00)
HBoV1-21 7,175,830 54,487,120 (75.93) 54,162,045 (75.48) 309,318 (0.43) 12,952 (0.02) 142 (0.00)

3.3. mRNA-seq Reads Mapping on the HBoV1 Plus Strand

We analyzed the reads mapped to the plus strand of HBoV1 genome. By sequence alignments,
a coverage map of the HBoV1 genome was created, which displays the number of reads that are
mapped to a specific position of the HBoV1 genome (Figure 2A). Although there were some variations
between the three repeats in terms of total reads, we obtained a similar trend in the read coverages
across the biologic replicates. Steep increases of mRNA-seq read counts are indicative of either
transcription initiations or splicing events.

Figure 2. Coverage plots of viral mRNA-seq reads mapped to the HBoV1 genome. Red, blue and green
lines represent three RNA samples of HBoV1-infected HAE-ALI cultures. (A) Reads mapped to HBoV1
full-length genome. The reads mapped to HBoV1 full-length genome are shown with the coverage
across the entire HBoV1 genome (GenBank accession no: JQ923422). (B and C) Read coverages of
the left- and right-hand ends. The read coverages of the left (nt 50–400) (B) and right (nt 5150–5450)
(C) ends of the viral genome are enlarged for details.

From the mRNA-seq reads mapped to the HBoV1 full-length genome, it showed that viral mRNA
transcripts initiated as early as nt 80, but at an abundance much lower than reads initiating at nt
291–296 (Figure 2B). These results confirmed transcriptional initiation from P5 promoter at nt 291–296,
which was close to the previously determined initiation site at nt 282 [23], and suggest that the left-end
hairpin (LEH) contains properties of promoter activity; this property is similar to what has been
observed with the inverted terminal repeats (ITRs) of adeno-associated viruses (AAVs) [27,28]. On the
right-hand hairpin (REH) end, all the three HBoV1 RNA samples contained viral mRNAs that ended
as far as to nt 5499 (Figure 2C), suggesting an alternative distal polyadenylation signal. The results
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also confirmed the major mRNA transcripts ended at the previously identified polyadenylation site,
(pA)d1, at nt 5171 immediately after capsid proteins (VP)-coding sequence [23].

3.4. Analyses of Alternative Splicing of the HBoV1 pre-mRNA

Previously, we and other groups had shown that there were six introns in the single HBoV1
pre-mRNA [16,23,24]. mRNA-seq reads confirmed all the six splice junctions including D1/A1’,
D1’/A1, D1/A1, D1/A2, D2/A2, and D3/A3 (Figure 3 and Table 2). The junction reads revealed that
the second intron splicing (D2/A2) had the highest frequency, which is consistent with a previous
study showing that nearly 75% HBoV1 mRNAs splice out the second intron [23]. There was also
a relatively high frequency of junction reads at the D3/A3 sites, splicing of which is required for
production of VP-expressing mRNAs. However, the reads at the junctions for D1 to A1’ and D1’ to A1
splicing events were relatively low, indicating the virus only expresses few mRNAs that encode NS2,
NS3, and NS4 [24]. Of note, two novel splicing events between sites of nt 337 and nt 1108 and sites of nt
337 and nt 2198 were identified in all three RNA samples of HBoV1 infection. The two novel acceptor
sites nt 1108 and nt 2198 are close to the A1’ (nt 1017) and A1 (nt 2140) acceptor sites, respectively.
There were also other novel splicing events that were detected in two or one of the samples (Table 2).
Although all newly identified splicing events could produce novel HBoV1 transcripts, these spliced
mRNAs have unchanged open reading frames (ORFs). Of note, we did not find any splicing events
from D1 to A3 sites, which we previously predicted to produce VP-expressing mRNA R8 [23,25],
indicating that R6 and R7 VP-expressing mRNAs are the only mRNA transcripts for production of
capsid proteins.

Figure 3. Analysis of alternative splicing of HBoV1 pre-mRNA. The mRNA-seq reads of three
HBoV1-infected (HBoV1-11, 20, and 21) and three mock-infected (Mock-8, 9, and 10) RNA samples are
mapped to HBoV1 genome. Histograms show the frequency of mRNA reads across the coverage of
the HBoV1 genome. The junction events were identified only when at least a single read splits across
two exons. The identified splicing junctions are labeled at the bottom with nucleotide numbers shown.
The range of reads numbers are shown in each sample. The reads number of all identified splicing
events including novel identified splicing and the donor and acceptor sites are shown in Table 2.

3.5. Analyses of Alternative Polyadenylation in the HBoV1 pre-mRNA

HBoV1 pre-mRNA is polyadenylated at (pA)p and distal (pA)d polyadenylation sites, although
the mechanism controlling polyadenylation choice remains unclear [23]. There are five consensus
polyA signals (CPSF160-binding site AAUAAA) [29] that can be used for polyadenylation at the
proximal site, which are located at nt 3295–3300, nt 3329–3334, nt 3409–3414, nt 3440–3445, and nt
3485–3490 [25]. There is only one AAUAAA site located at the end of the genome (nt 5153–5158).
By searching polyA sequences [>(A)9] in the mRNA-seq reads and mapping these reads containing a
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sequence of nine or more A residues to HBoV1 genome, we found that AAUAAA at nt 3329 and the
previously identified AAUAAA at nt 3485 were most commonly used for proximal polyadenylations at
the (pA)p2 and (pA)p1 sites, respectively (Table 3). While the previous reported distal polyadenylation
site (pA)d1 at nt 5171 [23] was confirmed, our analyses also found a novel (pA)dREH at the REH region
where HBoV1 mRNA transcripts were cleaved and polyadenylated (Table 3). Of note, instead of
adding polyA at a specific nucleotide, the polyadenylation at (pA)dREH occurs in a wide range of
130 nts from nt 5369 to 5499 with hot sites at nt 5443 and 5444 (Figure 3).

Table 2. Detected splicing events in HBoV1 infected HAE cells.

Donor Acceptor Splicing Events Strand HBoV1-11 HBoV1-20 HBoV1-21 Ratio # (%)

337 § 1016 D1/A1’ + 2349 1081 1334 85.10
337 1060 + 35 0 0
337 1108 + 327 144 160 14.90
337 1118 + 101 0 67

337 2139 D1/A1 + 7962 2985 4698 97.82
337 2198 + 158 83 107 2.18

337 2331 D1/A2 + 4734 2084 3124 99.4
337 861 + 30 0 0 0.60
337 998 + 0 0 30

1212 2139 D1’/A1 + 3818 1462 1814 95.12
1212 2198 + 0 89 111 4.88
1201 2187 + 0 52 112

1212 2331 D1’/A2 + 95 71 46 14.73
1212 2372 + 414 0 0
1630 2139 + 644 0 0 85.27
2250 2362 + 169 0 0

2260 2331 D2/A2 + 14,175 6222 8782 98.86
2423 2576 + 228 107 0 1.14

2453 3090 D3/A3 + 12,973 5794 9006 99.44
3180 3865 + 0 0 156 0.56

§ Nucleotide numbers of the HBoV1 genome. # The ratio was only counted based on single splicing events.

Table 3. Assembled HBoV1 mRNA transcripts and expression level.

Transcripts (Splicing form)
mRNA Polyadenylation Sites

(pA)p1 (pA)p2 (pA)d1 (pA)dREH

NS1 (D2A2) 15,342 16,071 10,029 9364
NS70 3686 3883 2440 2303

NS2 (D1’A1/D2A2) 11,700 12,500 6646 6243
NS2 (D1’A1) 5721 6105 3313 3098

NS3 (D1A1’/D2A2) 1938 2061 1155 1101
NS3 (D1A1’) 2102 2227 1268 1190

NS4 (D1A1’/D1’A1/D2A2) 4549 4998 2181 2007
NS4 (D1A1’/D1’A1) 4870 5350 2397 2213
NP1 (D1A1/D2A2) 11,434 12,782 5114 4667

NP1 (D1A2) 11,724 13,269 4971 4580
VP (D1A1/D2A2/D3A3) NA NA 26,107 4306

VP (D1A2/D3A3) NA NA 29,504 4378

Note: NA, not available.

3.6. Summarized HBoV1 mRNA Transcripts by RNA-seq

Due to the fact that different HBoV1 mRNA transcripts share the same exon sequences, but the
alternative usage of the introns and alternative polyadenylation sites, it is hard to assemble de novo
HBoV1 mRNA transcripts, based on the mRNA-seq reads. Thus, we used the newly identified (pA)p2
and (pA)dREH and the previously identified mRNA transcripts as templates to assemble HBoV1
mRNA transcripts using the mRNA-seq data. The results showed that almost all NS- and NP1-coding
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mRNA transcripts used all four polyadenylation sites (pA)p1, (pA)p2, (pA)d1, and (pA)dREH; whereas
VP-expressing mRNAs only used (pA)d1 and (pA)dREH sites (Figure 4). All NS- and NP1-coding
mRNAs showed the same expression levels at the (pA)p sites, (pA)p1 vs (pA)p2, as well as the (pA)d
sites, (pA)d1 vs (pA)dREH. Of note, they utilize the (pA)p site [(pA)p2 + (pA)p1] 1.5–2.5-fold more
frequently than the (pA)d sites [(pA)d1 + (pA)dREH] (Table 3 and Figure 4).

 

Figure 4. Analyses of all HBoV1 mRNA transcripts based on mRNA-seq data. HBoV1 genome is
schematically diagramed with identified donor and acceptor sites, as well as the identified (pA)p1,
(pA)p2, (pA)d1 and (pA)dREH polyadenylation sites, used during virus infection. Assembled transcripts
of NS1, NS1-70, NS2, NS3, NS4, NP1, and VP using alternative splicing sites and alternative
polyadenylation sites [(pA)p1, (pA)p2, (pA)d1 and (pA)dREH] are diagramed. Percentage (%) of
each transcript in total and the length of each transcript (nt), as determined from the initiation site at
nt 291 to the cleavage site (minus the polyA tail), are shown to the right side. Boxes in color indicate
ORFs of the exons. Nucleotide numbers of start (AUG; GUG at nt 3422 for VP2) and stop (e.g., UAA)
are shown in the first appeared ORF. Introns in the mRNA transcript are diagrammed with dot lines.
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NS1-coding transcripts spliced at D2/A2 sites were expressed at the highest level followed by
NP1-, NS2- and NS4-coding transcripts in order, while NS1-70 and NS3 mRNAs were expressed
at lower levels (Table 3). NS2 transcripts contain mRNA spliced at D1’/A1 and D2/A2 sites and
mRNA spliced at D1’/A1 site, and the former mRNA showed an expression level twice more than
the second one. NS3 transcripts contained two splicing forms, mRNA spliced at D1/A1’ and D2/A2
sites and mRNA spliced at D1/A1’ sites. NS4 transcripts contained mRNA spliced at D1/A1’, D1’/A1,
and D2/A2 sites, and mRNA spliced at D1/A1’ and D1’/A1 sites. NP1 transcripts also had two
splicing forms, mRNA spliced at D1/A1 and D2/A2 sites and mRNA spliced at D1/A2 site. The two
splicing forms of NS3, NS4 and NP1 transcripts showed the similar expression level. All these NS- and
NP1-coding mRNAs were polyadenylated at (pA)d1 and (pA)dREH sites at a similar ratio (Table 3 and
Figure 4). VP-coding mRNA transcripts contain two spliced forms, mRNA spliced at D1/A1, D2/A2,
and D3/A3 sites, and mRNA spliced at D1/A2 and D3/A3 sites. Importantly, the VP-coding mRNA
transcripts polyadenylated at the (pA)d1 site was at a level of approximately 7-fold higher than those
polyadenylated at (pA)dREH (Table 3 and Figure 4).

3.7. Small RNA-seq Analysis

The complete raw and identified viral small RNA read counts of small RNA-seq data have been
deposited in the Gene Expression Omnibus of the National Center for Biotechnology Information
(accession no. GSE GSE123253). Data of the small RNA-seq does not suggest that HBoV1 produce any
classical miRNA, however, it revealed a small RNA hot spot located between nt 5199–5340 (Figure 5),
which confirmed the expression of BocaSR encoded at nt 5199–5338 [26]. Of note, in addition to the
full-length small RNA between 5199–5340, we also identified many smaller RNAs with different
lengths located within this region (Table 4). However, we did not detect any of these smaller RNAs by
Northern blotting using high percentage of polyacrylamide gels (data not shown), suggesting that
these smaller RNAs detected by small RNA-seq might be artifacts of sequencing due to the secondary
structure. Taken together, our results confirm that HBoV1 express small RNAs from the 3’ end of the
genome at nt 5199–5340, but not from anywhere else of the viral genome.

Table 4. Top 20 identified small RNAs by small RNA-seq.

Start End Length Strand
Sample 1
(Reads)

Sample 2
(Reads)

Sample 3
(Reads)

Total
(Reads)

5199 5228 29 + 373 664 277 1314
5317 5340 23 + 316 532 421 1269
5221 5315 94 + 356 284 306 946
5221 5314 93 + 198 326 362 886
5199 5295 96 + 415 235 179 829
5199 5229 30 + 253 395 165 813
5199 5293 94 + 386 202 158 746
5199 5221 22 + 128 297 216 641
5200 5228 28 + 131 184 85 400
5317 5336 19 + 97 151 129 377
5317 5339 22 + 90 168 108 366

5199 # 5339 140 + 37 94 148 279
5221 5317 96 + 135 61 80 276
5199 5294 95 + 109 88 71 268
5317 5341 24 + 63 122 82 267
5199 5290 91 + 111 72 61 244
5199 5227 28 + 76 120 40 236
5221 5313 92 + 45 69 118 232
5199 5338 139 + 21 67 134 222
5199 5340 141 + 34 72 113 219

# Numbers in red are indicative of coverages of the entire BocaSR.
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Figure 5. Coverage plots of viral small RNA-seq reads mapped to the HBoV1 genome. The small
RNA-seq reads of three HBoV1-infected RNA samples are mapped to HBoV1 genome. Histograms
show the frequency of small RNA reads that have the coverage across the HBoV1 genome. The reads
coverage of the right ends (nt 5150–5400) of the HBoV1 genome are enlarged for detailed information,
show as histograms at the bottom.

4. Discussion

Next generation RNA sequencing technology has been widely used in many aspects of
biological research, including virology for the study of gene expression by both the host and
virus. This technology is a powerful tool for the systematic and unbiased profiling of viral
transcription/expression. Both mRNA-seq and small RNA-seq have been applied to profile gene
expression of AAV2 in the presence or absence of coinfection of helper viruses, which identified novel
AAV2 mRNA transcripts from both the positive and negative stands of the AAV2 genome, as well as
viral miRNAs [30]. In the present study, we utilized mRNA-seq and small RNA-seq of RNA samples
isolated from HBoV1-infected HAE-ALI cultures to study the transcription profile of HBoV1. Through
this study, we have mapped HBoV1 transcriptional initiation sites, usage of different splicing donor
and acceptor sites, and alternative polyadenylation sites. Importantly, the mRNA-seq also provided
quantitative information on various HBoV1 mRNA transcripts, which will be useful for understanding
HBoV1 transcription regulation from a single promoter.

Transcription start site. We previously identified the HBoV1 P5 promoter starts transcription
at nt 282 from total RNA extracted from termini-less HBoV1 plasmid-transfected HEK293 cells [23],
which was confirmed by this mRNA-seq. Additionally, our data also showed that a portion of HBoV1
mRNAs are transcribed as early as nt 80, which is located in the LEH region, suggesting the presence
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of cryptic promoter activity in the LEH. Interestingly, the LEH region of bocavirus BPV1 and the AAV
ITRs also have promoter activities [22,27,28]. The reads covering nt 80–282 demonstrated a Poisson
distribution (Figure 2). These extended 5’ untranslated regions (UTR) may also contain regulatory
functions, though the abundance of these early mRNA transcripts is quite low.

Alternative RNA splicing sites. Pre-mRNA splicing is the key strategy that HBoV1 applies to
generate different mRNA transcripts since all HBoV1 transcripts are generated from one pre-mRNA.
There are nearly twenty matured mRNAs generated to encode nonstructural proteins (NS1/NS1-70,
NS2/NS2’, NS3/NS3’, NS4/NS4’, and NP1) and structural proteins (VP1, VP2, and VP3) (Figure 4).
The expression levels of NS2’, NS3’, and NS4’ were too low to be detected by Western-blotting [24].
Two novel donor sites (nt 1201 and nt 2423) and five acceptor sites (nt 1108, nt 1118, nt 2187, nt 2198
and nt 2576) were identified in at least two repeated RNA samples. The novel donor site at nt 1201
is closed to D1’ (nt 1212), and the one at nt 2423 is closed to D3 (nt 2453). Of note, both novel donor
sites do not contain the canonical donor sequence of GU. All five novel acceptor sites contain classical
AG sequence except the one at nt 2187 site. The acceptors at nt 1108 and nt 1118 are close to the A1’
site (nt 1017), and the ones at nt 2187 and nt 2198 are close to the A1 acceptor at nt 2140. Interestingly,
the D1 donor site used three novel acceptor sites at nt 1108, nt 1118 and nt 2198. There are also mRNA
transcripts spliced at D1’ donor and the acceptor at nt 2198. The donor at nt 1201 used the acceptor at
nt 2187, and the donor at nt 2423 used the acceptor at nt 2576. Nevertheless, all these mRNA transcripts
processed at these novel splice sites are predicated not to produce novel proteins as they do not have
novel ORFs. We speculate that they may serve as backup mRNA transcripts that will be used in case
the original donor or acceptor sites are mutated during virus replication. Therefore, these alternative
donor and acceptor sites can still generate mRNA transcripts for production of viral proteins in the
events that the viral genome has mutations.

Alternative polyadenylation. Both the NP1 of HBoV1 and MVC regulate proximal polyadenylation
to facilitate production of VP-coding mRNAs, which ensures a productive infection [25,31–33].
We identified an additional (pA)p site [(pA)p2] used for proximal polyadenylation, in addition to
the previously identified proximal polyadenylation site [called (pA)p1 here] [23], highlighting the
complexity of internal polyadenylation regulation by the NP1 protein. The mRNA-seq data showed
a ratio of 1.08 that the mRNAs are polyadenylated at the sites (pA)p2 vs (pA)p1, suggesting that
HBoV1 mRNA is polyadenylated at the (pA)p2 site with a roughly equal efficiency at the (pA)p1 site,
consistent with a previous report [34].

In addition to the previously identified (pA)d site at nt 5171 [(pA)d1], we identified a stretch of
distal polyadenylation sites [(pA)dREH] ranging from nt 5369 to nt 5499 with peak sites at nt 5443 and
nt 5444, which was located in the REH. The (pA)dREH might be a universal feature of bocaviral mRNA
polyadenylation. In fact, bocaparvoviruses MVC and BPV1 utilize only the distal polyadenylation sites
located at similar positions on the REH (close to the turn-round or the loop) [21,22]. However, there are
no AAUAAA or degenerative polyA signals presented on or close to the HBoV1 REH. We hypothesize
that the bocavirus REHs intrinsically contain strong upstream and downstream polyadenylation
signals [35], and HBoV1 (pA)dREH contains a non-canonical polyadenylation signal that helps addition
of polyA resides at a long stretch of cleaved RNA ends that read through the (pA)d1. The feature that
HBoV1 mRNAs utilize two polyadenylation sites at the distal end is unique among all parvoviruses,
which warrants further characterization.

It has been reported that HBoV1 mRNAs, which were generated from transfection of a full-length
HBoV1 clone in HEK293 cells, were polyadenylated dominantly at the (pA)dREH site at nt 5445 [36].
However, analyses of the mRNA-seq on the RNA samples derived from HBoV1 infection in HAE-ALI
suggests that the majority of HBoV1 mRNAs are distally polyadenylated at (pA)d1, with a ratio of the
total RNA reads at (pA)d1 vs. (pA)dREH of 2.09. We speculate that viral mRNA transcripts generated
from a transfected plasmid are polyadenylated differently from those produced during virus infection.

HBoV1 mRNA transcripts. Identification of novel (pA)p2 and (pA)dREH polyadenylation sites
make the HBoV1 mRNA transcripts more diversified. Our previous study identified that NP1 plays
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an important role in regulating splicing at the A3 acceptor site and facilitates HBoV1 mRNAs to read
through the (pA)p sites for production of VP-coding mRNAs [25]. We found that NP1 transcripts used
(pA)p1 vs. (pA)p2 and (pA)d1 vs. (pA)dREH equivalently. However, NS1-4 transcripts are preferred to
use the proximal polyadenylation sites than the distal polyadenylation sites.

Although the mRNA-seq showed that NS1 transcripts are expressed at the highest level among
these NS1-4-coding transcripts, the NS1 protein is expressed at a much lower level than NS2-4 in
HBoV1-infected HAE cells [24]. The details of this regulatory mechanism warrant further investigation.
It is hard to determine the protein expression levels of NS2 and NS3 in HBoV1- infected HAE cells
because of their close molecular weight [24]. The fact that NS2 transcripts are expressed at a much
higher level than NS3 transcripts may be associated with the observation that NS2 is indispensable to
virus replication in HAE cells, whereas NS3 is dispensable [24].

HBoV1 small RNA transcripts. Recently, we identified a HBoV1 long noncoding RNA (BocaSR)
located between nt 5199–5338 [26]. BocaSR regulates the expression of HBoV1-encoded non-structural
proteins NS1, NS2, NS3, and NP1, but not NS4. BocaSR accumulates in the viral DNA replication
centers within the nucleus and also plays a direct role in replication of the viral DNA [26]. The small
RNA-seq further confirmed the expression of BocaSR. Interestingly, except for the BocaSR, we identified
many smaller RNAs spanning this region; however, we did not find any canonical secondary structure
in these detected smaller RNAs that might be suggestive of biologic function. Currently, we are unsure
whether these detected small RNAs are degraded RNAs of BocaSR or artifacts of small RNA-seq.

In conclusion, we used both mRNA-seq and small RNA-seq data to profile RNA transcripts during
HBoV1 infection of human airway epithelia. We identified novel polyadenylation sites not previously
observed in other studies [34,36]. By using the previously established transcription map of HBoV1 [2],
we were able to assemble a de novo HBoV1 transcription map. Small RNA seq data suggest that there
is likely one viral small RNA transcribed during infection. Thus, our study provides an example to
determine a comprehensive and unbiased parvoviral transcription profile using RNA-seq data.
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Abstract: Human parvovirus B19 (B19V) traffics to the cell nucleus where it delivers the genome
for replication. The intracellular compartment where uncoating takes place, the required capsid
structural rearrangements and the cellular factors involved remain unknown. We explored conditions
that trigger uncoating in vitro and found that prolonged exposure of capsids to chelating agents or
to buffers with chelating properties induced a structural rearrangement at 4 ◦C resulting in capsids
with lower density. These lighter particles remained intact but were unstable and short exposure
to 37 ◦C or to a freeze-thaw cycle was sufficient to trigger DNA externalization without capsid
disassembly. The rearrangement was not observed in the absence of chelating activity or in the
presence of MgCl2 or CaCl2, suggesting that depletion of capsid-associated divalent cations facilitates
uncoating. The presence of assembled capsids with externalized DNA was also detected during
B19V entry in UT7/Epo cells. Following endosomal escape and prior to nuclear entry, a significant
proportion of the incoming capsids rearranged and externalized the viral genome without capsid
disassembly. The incoming capsids with accessible genomes accumulated in the nuclear fraction,
a process that was prevented when endosomal escape or dynein function was disrupted. In their
uncoated conformation, capsids immunoprecipitated from cytoplasmic or from nuclear fractions
supported in vitro complementary-strand synthesis at 37 ◦C. This study reveals an uncoating strategy
of B19V based on a limited capsid rearrangement prior to nuclear entry, a process that can be mimicked
in vitro by depletion of divalent cations.

Keywords: B19V; parvovirus; uncoating; divalent cations; capsid stability; genome externalization;
trafficking; nuclear targeting

1. Introduction

Human parvovirus B19 (B19V) commonly causes a mild childhood disease known as erythema
infectiosum, or fifth disease [1]. In adults, the virus can cause a range of clinical manifestations, and
infection during pregnancy may result in hydrops fetalis and foetal death [2]. B19V is transmitted
principally through the respiratory route and targets the bone marrow where it infects and kills
erythroblast precursors. The single-stranded DNA genome of B19V is packaged into a small,
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nonenveloped, T = 1 icosahedral capsid consisting of 60 structural subunits, of which approximately
95% are VP2 (58 kDa) and 5% are VP1 (83 kDa). VP1 and VP2 are identical except for 227 additional
amino acids at the VP1 N-terminal region, the so-called VP1 “unique region” (VP1u) [3].

Viral capsids assemble as highly stable structures to retain and protect the genome during their
extracellular phase. However, they also have a built-in ability for disassembly when entering a new
host cell. These apparently contradictory functions are possible because the robust protective capsids
are metastable. They are conceived to rearrange upon specific cellular cues, adopting a sequence of
structural configurations in a stepwise manner. Those configurations enable the intracellular transport
of capsids and the release of the genome in the appropriate cell compartment for replication [4].
Viral capsids have evolved various strategies to balance their stability outside of the cell against
their capacity to disassemble inside the cell. The switch between capsid stability and instability is
mediated by specific cellular cues. Cellular receptors, attachment factors, proteases, kinases, ubiquitin
or cellular motors among others facilitate virus uncoating by direct interaction with the capsid.
A particular intracellular environment, such as the low endosomal pH, reducing conditions or low
calcium concentrations may also provide cues for uncoating [5–7]. During cell entry, parvoviruses
traffic through various cellular compartments before they reach the cell nucleus where the viral genome
is delivered for replication [8]. The intracellular compartment where uncoating takes place, the required
capsid structural rearrangements and the cellular cues involved in the process are poorly understood.

Similar to other parvoviruses, B19V enters the cell through clathrin-mediated endocytosis [9].
Although the endocytic elements involved and the sites of escape into the cytosol may vary among
parvovirus species and cells [10,11], parvoviruses depend on the endosomal acidification, notably
to trigger the exposure of VP1u and its constitutive phospholipase A2 (PLA2) activity, required to
promote endosomal escape [12]. In contrast to other parvoviruses, B19V does not require endosomal
acidification for VP1u exposure, which occurs already at the cell surface to promote virus uptake [13–16].
However, low pH is still required for efficient endosomal escape. Accordingly, bafilomycin A1, which
elevates the endosomal pH, but without compromising the integrity of endosomes, blocks the virus
inside endocytic vesicles. In contrast, chloroquine, which induces endosomal vesicle enlargement and
weakening, preventing their fusion to lysosomes [17], assists B19V infection by promoting endosomal
escape [9]. The steps following the escape from endosomes are less well understood. Several studies
have shown that cytoplasmic trafficking of parvovirus capsids is a microtubule-dependent process
using cellular dynein as a motor protein [18,19]. However, other studies have shown that intracellular
trafficking does not depend on dynein function or an intact microtubule network [20,21]. It has been
proposed that parvoviruses enter the nucleus through the nuclear pore complex (NPC) via nuclear
localization signals in the exposed VP1u [22–26]. A radically different mechanism has been suggested,
which involves translocation of the capsids through discrete transient nuclear envelope (NE) breaks
involving cell host caspases [27,28]. Through the NPC or through NE breaks, parvoviruses are small
enough to enter the nucleus without capsid disassembly. However, it remains a matter of debate
whether the infectious nuclear entry may still involve or not a disassembly process. Adeno-associated
virus (AAV) infectivity can be blocked by injecting a neutralizing antibody against intact capsids into
the nucleus [23]. However, other authors have shown that viruses enter the nucleus after partial or
total disassembly in the cytosol or NPC [29].

A narrow channel at each five-fold vertex connecting with the interior of the particle is a common
parvovirus structural feature and has been implicated in genome externalization and packaging [30–34].
In B19V capsids, the external end of the channel is closed, however, the presence of three consecutive
glycine residues may provide the required flexibility to open the channel to allow the release of
the viral DNA [35]. In agreement with this concept, in vitro studies have shown that parvovirus
capsid disassembly is not required to externalize the viral genome [36–41]. Studies to understand
the conditions required for DNA release at physiological conditions have shown that depletion of
capsid-associated divalent cations in minute virus of mice (MVM) rendered the virions unstable and
exposure to 37 ◦C was sufficient to trigger the externalization of the genome, which remained associated
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with the assembled capsid. The pressure of the encapsidated full-length viral DNA was important
to promote the externalization at physiological temperatures [42]. A similar phenomenon was also
observed in AAV, where the stability of virions containing full-length genomes required the presence
of divalent cations in contrast to those containing subgenomic DNA [37,40].

Although the in vitro studies provide useful information, it remains uncertain whether the
observed genome externalization without capsid disassembly can also occur in vivo during the process
of virus entry. With the aim to gain insight into the mechanisms of B19V uncoating, conditions
triggering viral DNA externalization at physiological temperatures were explored. To this end, virion
density, capsid integrity and DNA accessibility were thoroughly examined in vitro upon exposure of
virions to different conditions. Capsid rearrangements and uncoating were also followed in vivo during
the process of cell entry. Viruses associated to cytoplasmic or to nuclear fractions were characterized
at increasing times post-internalization by antibodies targeting capsid epitopes and phosphorylated
amino acids. Additionally, the accessibility of the viral DNA was examined by immunoprecipitation
and nuclease digestion and its suitability as a template for complementary-strand synthesis was
evaluated by a primer hybridization and extension assay.

2. Materials and Methods

2.1. Cells and Viruses

The human megakaryoblastoid cell line UT7/Epo was cultured in Eagle’s minimal essential medium
(MEM), supplemented with 5% fetal calf serum (FCS), 2 U/mL recombinant human erythropoietin
(Epo) and penicillin/streptomycin. A B19V-infected plasma sample with a high viral load (genotype 1)
was obtained from CSL Behring (Bern, Switzerland). The virus was concentrated by ultracentrifugation
through 20% sucrose cushion. The virus pellet was resuspended in MEM, 20 mM HEPES or PBS and
immediately used or stored at 4 ◦C.

2.2. Antibodies and Chemicals

The monoclonal antibody 860-55D (referred as Caps) was obtained from Mikrogen (Neuried,
Germany). The antibody recognizes a conformational epitope expanding three neighboring VP2
molecules related by a five-fold and by a three-fold axis [43], and does not recognize disassembled
capsids. This antibody was obtained from an infected healthy adult and is neutralizing [44].
The polyclonal rabbit antibody against the PLA2 region (referred as PLA2) was obtained as previously
described [13]. The anti-phosphotyrosine mAb (clone 4G10), lambda phosphatase and the cytoplasmic
dynein inhibitor ciliobrevin D (CbD) were purchased from EMD Millipore (Billerica, MA, USA).
Anti-lamin A/C and anti-SERCA2 ATPase antibodies were obtained from Abcam (Cambridge, MA,
USA). Bafilomycin A1 (BafA1) and chloroquine, were purchased from Sigma (St. Louis, MO, USA).
CbD and BafA1 were solved in DMSO and CQ was solved in water.

2.3. Quantitative PCR

Amplification of B19V DNA and real-time detection of PCR products were performed
using a CFX96 Real Time Detection System (Bio-Rad, Hercules, CA, USA). Quantitative PCR
(qPCR) was performed using the iTaqTM SYBR® Green Supermix kit (Bio-Rad) following the
manufacturer’s instructions. Primers used for B19V DNA amplification were as follows: B19V-forward,
5′-GGGCAGCCATTTTAAGTGTTT-3′; and B19V-reverse, 5′-GCACCACCAGTTATCGTTAGC-3′.
Plasmids containing the complete genome of B19V were used at 10-fold dilutions as external standards.

2.4. Iodixanol Density Gradient Ultracentrifugation

The virus suspension was applied onto an iodixanol gradient containing 1.5 mL 55%, 2 mL 45%, 2
mL 40%, 2 mL 35% and 1.5 mL 15% iodixanol solution in 20 mM HEPES. The virus suspension was
adjusted to 2 mL with the corresponding buffer and centrifuged at 35,000 rpm for 18 h at 18 ◦C in a
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swinging bucket rotor Beckman SW41Ti. After the centrifugation, 0.5 mL fractions were collected
from the top. The refractive index was determined for each fraction and the presence of the virus was
determined by dot-blot and qPCR.

2.5. Transmission Electron Microscopy

Purified B19V was resuspended in PBS alone or PBS supplemented with 1 mM MgCl2 and stored
at 4 ◦C for one month. Following a freeze/thaw cycle, 3 μL of each sample was applied to a freshly
glow-discharged continuous carbon grid from Electron Microscopy Sciences (Hatfield, PA, USA),
washed three times with dH2O, and stained with 3 μL 1% (w/v) phosphotungstic acid. CCD images
were acquired using a JEOL JEM 1200 EXII transmission electron microscope (Peabody, MA, USA) at
80 kV accelerating voltage, at 10,000× and 30,000×magnification.

2.6. Nuclease Assay

The presence of accessible DNA from the different virus samples was analysed by treatments
with DNase I (Sigma). DNase I digestion was performed at 37 ◦C for 1 h in a buffer containing 40 mM
Tris-HCl, pH7.9, 10 mM NaCl, 6 mM MgCl2 and 1 mM CaCl2. In order to test the DNase I activity, B19
viral particles were heated at 60 ◦C or 80 ◦C for 5 min. Native untreated virions served as controls.
To stop the reaction, the viral DNA was extracted with the DNeasy blood and tissue kit (Qiagen, Venlo,
Netherlands) and quantified as specified above.

2.7. Isolation of Cytoplasmic and Nuclear Fractions from Infected Cells

UT7/Epo cells (5 × 105) were incubated with B19V (2 × 104 virions per cell) for 1 h at 4 ◦C. The cells
were subsequently washed four times at 4 ◦C with PBS, resuspended in MEM and further incubated
at 37 ◦C to allow virus internalization. At increasing times post-internalization (pi), cytoplasmic or
nuclear fractions were prepared. For cytoplasmic purification without nuclear contamination, cells
were lysed in NP40 buffer (50 mM Tris-HCl, 150 mM NaCl, 1% NP-40) supplemented with a protease
inhibitor cocktail (Complete Mini; Roche, Basel, Switzerland). After incubation on ice for 30 min,
the cells were vortexed for 20 s and further incubated for 15 min on ice. Nuclei and cell debris were
removed by centrifugation at 14,000× g for 10 min at 4 ◦C. The absence of nuclear contamination was
determined by quantification of the human β-actin gene by qPCR.

For the isolation of nuclei, the cells were washed twice with ice-cold PBS and the pellets were
resuspended in 100 μL EZ buffer (Sigma) and the volume completed to 1 mL with additional EZ
buffer. The samples were vortexed and kept on ice for 5 min, then pelleted at 500× g for 5 min at 4 ◦C.
This step was repeated once. Pellets were then resuspended in 500 μL EZ buffer containing 0.25 M
sucrose and layered on top of 500 μL EZ buffer containing 0.5 M sucrose. The nuclei were collected
by centrifugation at 500× g for 10 min at 4 ◦C, washed with 1 mL EZ buffer and resuspended in the
desired buffer. The integrity of the isolated nuclei was assessed via light microscopy after trypan
blue staining. The purity of the nuclei and the absence of cytoplasmic contamination were examined
with antibodies against lamin A/C (marker for nuclear inner membrane), SERCA2 ATPase (marker
for endoplasmic reticulum), and GAPDH (cytoplasmic marker). For immunoprecipitation, the nuclear
pellets were resuspended in RIPA lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS), supplemented with protease inhibitor cocktail (Complete Mini;
Roche). The samples were incubated on ice for 20 min, vortexed for 20 s and further incubated for
15 min on ice. Nuclear debris was removed by centrifugation at 14,000× g for 10 min at 4 ◦C.

2.8. Immunoprecipitation

UT7/Epo cells were infected with B19V, as described above. At different times pi, viral particles
were immunoprecipitated from cytoplasmic or from nuclear fractions with a B19V specific antibody
against intact capsids (860-55D; Caps) or with an antibody against the PLA2 region in VP1u (PLA2).
For immunoprecipitation of phosphorylated capsids, an antibody against phosphorylated tyrosine
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was used (pTyr). After overnight incubation with 20 μL protein G agarose beads in LoBind tubes
(Eppendorf, Hamburg, Germany) at 4 ◦C, the beads were washed four times (three times with PBSA-1%
bovine serum albumin and once with PBS) and resuspended in protein loading buffer to analyse the
immunoprecipitated capsids by Western blotting or in PBS to quantify the viral DNA by qPCR. Total
DNA was extracted using the DNeasy blood and tissue kit (Qiagen) and quantified as specified above.
The immunoprecipitated capsids were also used for complementary-strand synthesis, as specified
below. The antibody 860-55D (Caps) was also used in immunoprecipitation experiments and dot-blot
assays to test the integrity of the capsids.

2.9. Infectivity Assay

Virus infectivity was examined by quantification of NS1 mRNA. Cells were transferred 24 h pi to
RNase-free tubes (Safe-Lock Tubes 1.5 mL, Eppendorf Biopur®) and pelleted. The pellet was washed
twice with PBS and stored at −20 ◦C until use. Total poly-A-mRNA was isolated with a Dynabeads
mRNA direct kit (Invitrogen). Following reverse transcription, cDNA was quantified by using iTaqTM

Universal SYBR® Green One-Step reagent kit (Bio-Rad, Hercules, CA, USA). Primers were chosen
to amplify a 133 nt-long NS1 cDNA fragment: NS1 forward (5’-GGGGCAGCATGTGTTAAAG-3’
(nucleotide 1017–1035) and NS1 reverse (5’-CCATGCCATATACTGGAACACT-3’ (nucleotide
1129–1150).

2.10. Complementary-Strand Synthesis

The presence of externalized DNA from the immunoprecipitated capsids and its suitability as a
template for initiation of DNA synthesis was examined by a primer hybridization and extension reaction
as previously described [38]. Briefly, primers consisting of a 3’ virus-specific and a 5’ virus-unrelated
sequence were used. The hybridization reaction was performed in 40 μL volumes containing 20 μL of
immunoprecipitated virus bound to protein G beads, 4 μL 5× hybridization buffer (40 mM Tris-HCl,
pH 7.5, 20 mM MgCl2 and 50 mM NaCl) and 2 μL primer (0.5 pmol), at 37 ◦C for 15 min. The hybridized
primer was extended by adding 2 μL DTT (100 mM), 2 μL dNTPs (200 μM each) and 4 μL (3.25 U)
of T7 DNA polymerase (Sequenase; USB, Cleveland, OH, USA) and incubated at 37 ◦C for 15 min
or 0 min (negative control). The reaction was stopped, and DNA was purified by using the Wizard®

SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA). The primer-extended DNA was
amplified by PCR as previously described [38] and the amplicons were separated by electrophoresis
and visualized by staining with GelRed (Biotium, Hayward, CA, USA).

3. Results

3.1. Depletion of Capsid-Associated Divalent Cations Destabilizes the B19V Capsid

Iodixanol density gradient ultracentrifugation and qPCR were used to detect and to quantify
changes in B19V capsid density. The density of native B19V from infected human plasma was compared
to the virus pelleted through a 20% sucrose cushion and resuspended in PBS. Native capsids in human
plasma and in PBS peaked at 1.22 g/mL, representing the density of intact native capsids (Figure 1A,B).
A dot-blot confirmed the presence of capsids in the same fractions as the viral DNA (Figure 1C).
Virus in PBS and exposed to 60 ◦C or 80 ◦C for 5 min resulted in a density shift to 1.09 g/mL, which
corresponds to free viral DNA (Figure 1D,E).

153



Viruses 2019, 11, 430

Figure 1. Buoyant density of native B19V from infected plasma or purified and resuspended in PBS.
Fractions from iodixanol density gradient ultracentrifugation were collected and quantified by qPCR.
(A) Density of B19V from infected human plasma. (B) Density of B19V purified from infected plasma
by ultracentrifugation through 20% sucrose cushion and resuspended in PBS. (C) Detection of B19V
capsids by dot-blot from density fractions of B19V in PBS. The corresponding fractions are indicated
(a–e). (D) Density of B19V treated at 60 ◦C for 5 min. (E) Density of B19V treated at 80 ◦C for 5 min.

The density of B19V resuspended in MEM, HEPES and PBS and stored for a period of four weeks
at 4 ◦C (prolonged exposure) was compared. While the virus density in MEM and HEPES did not
change (1.22 g/mL), prolonged exposure to PBS induced a structural rearrangement resulting in capsids
with lower density (1.20 g/mL) (Figure 2A). We next analysed the stability of B19V after prolonged
exposure (four weeks at 4 ◦C) to the different buffers followed by a single freeze/thaw cycle. While the
virus in MEM did not change, the virus in HEPES peaked at a similar density as the virus that was
exposed to PBS for a prolonged time at 4 ◦C (1.19 g/mL). In contrast, a major density shift was observed
after a freeze/thaw cycle in the virus exposed to PBS (1.11 g/mL). This shift was fully prevented when
PBS was supplemented with 1 mM of MgCl2 or 1 mM CaCl2 (1.23 g/mL), suggesting that divalent
cations have a stabilizing effect on the virion (Figure 2B). To further study the influence of divalent
cations, the effect of the chelating agents EDTA and EGTA on the virus density was analysed. Prolonged
exposure (four weeks at 4 ◦C) to HEPES supplemented with 1 mM EGTA or 1 mM EDTA provoked a
density shift to 1.195 g/mL, similar to the shift observed in the virus exposed to PBS. However, these
lighter particles were unstable and short exposure to 37 ◦C was sufficient to trigger a major density
shift, similar to that of virus in PBS and exposed to a freeze/thaw cycle. The rearrangement at 37 ◦C
was not observed in the absence of chelating agents (Figure 2C).

154



Viruses 2019, 11, 430

Figure 2. Influence of divalent cation depletion on the density of B19V. Virus from infected plasma was
pelleted through 20% sucrose cushion, resuspended in different buffers and stored at 4 ◦C for one month.
Fractions from iodixanol density gradient ultracentrifugation were quantified by qPCR. (A) Effect of
prolonged (one month) incubation of B19V in MEM, HEPES and PBS at 4 ◦C. (B) Effect of a freeze/thaw
cycle after prolonged incubation of B19V in MEM, HEPES, PBS and PBS supplemented with 1 mM
CaCl2 or 1 mM MgCl2. (C) Effect of prolonged incubation of B19V in HEPES at 4 ◦C supplemented or
not with 1 mM EGTA or 1 mM EDTA. Before separation by iodixanol density centrifugation, the virus
suspensions were treated at 4 ◦C, 22 ◦C or 37 ◦C for 1 h. Green peak; density native virus. Red peak;
density free viral DNA. (D) Upper panel; summary of the major density peaks (g/mL) of B19V in the
different buffers and exposed to different conditions. Lower panel; graphic representation of the four
distinct density groups. Similar densities appear grouped by colours.
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In total, four density groups were identified (Figure 2D). Viruses in plasma or in buffers with
divalent cations were stable and had a similar density around 1.22 g/mL. Viruses exposed to buffers
with chelating activity peaked at a density of 1.19–1.20 g/mL. These particles shifted to 1.11–1.14 g/mL
when exposed to 37 ◦C or to a freeze/thaw cycle. Free viral DNA generated by heat treatment of virions
(60 ◦C or 80 ◦C for 5 min) peaked at 1.09 g/mL.

3.2. Depletion of Divalent Cations Facilitates B19V Uncoating without Capsid Disassembly

The capsid integrity of the different density populations was investigated by nuclease digestion
and by immunoprecipitation with the antibody 860-55D against a conformational epitope (Caps), which
recognizes only assembled capsids [44]. As shown in Figure 3A,B, capsids at densities ranging from
1.22–1.19 g/mL were mostly DNase I-resistant. Since the capsids were shortly exposed to 37 ◦C during
the DNase I treatment, virions with densities around 1.19 g/mL showed a variable degree of nuclease
sensitivity. However, capsids peaking at densities 1.11–1.14 g/mL were fully sensitive to nuclease
digestion, similarly to control virus heated at 80 ◦C. The viral capsids could be immunoprecipitated
under all tested conditions, except the control sample, which was exposed to 80 ◦C to provoke capsid
disassembly (Figure 3C,D). This result indicates that the structural rearrangements resulting in DNA
externalization do not compromise the integrity of the capsids, which remain assembled.

Negative stain transmission electron microscopy was used to visualize the effect on capsids
and the packaged DNA in the absence of divalent cations. In PBS supplemented with 1 mM MgCl2
(Figure 2B; density 1.23 g/mL), the capsids appear as stable, DNA-filled capsids. In contrast, in the
absence of MgCl2 and exposed to a freeze/thaw cycle (Figure 2B; major density peak at 1.11 and minor
density peak at 1.22), a mixture of empty and DNA-filled capsids was observed. Some capsids showed
an “eclipsing” effect, where the DNA appears condensed and rearranged, capturing an intermediate
step during genome release (Figure 3E). The infectivity of the virus preparations used for TEM was
evaluated by the quantification of the NS1 mRNA. While viruses supplemented with MgCl2 were
infectious, the infectivity dropped significantly in the absence of divalent cations (Figure 3F).

In summary, four density populations were characterized and are outlined in Figure 2D. Viruses in
plasma or in buffers with divalent cations were stable, nuclease resistant and had a similar density
around 1.22 g/mL. Viruses exposed for a prolonged time to buffers with chelating activity or to
chelating agents at low temperatures remained assembled but their density shifted to 1.19–1.20 g/mL.
These particles were unstable and exposure to 37 ◦C or to a freeze/thaw cycle was sufficient to trigger
the externalization of the viral DNA without capsid disassembly and to provoke a major density shift
to 1.11–1.14 g/mL. Finally, heating to 60 ◦C or 80 ◦C for 5 min caused the complete release of the
viral DNA, which peaked at 1.09 g/mL. These results together suggest that capsid-associated divalent
cations have a stabilizing role and their removal prepares the virus for uncoating at physiological
temperatures without capsid disassembly.
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Figure 3. DNA accessibility and capsid integrity of the different B19V density populations. (A,B)
Nuclease sensitivity of viruses in HEPES or in PBS displaying different densities. Virus samples from
representative density populations were treated with DNase I at 37 ◦C for 1 h (white columns). Virus
treated at 80 ◦C for 5 min was used as control. (C,D) Integrity of capsids in HEPES or in PBS displaying
different densities. Virus samples from representative density populations were immunoprecipitated
with the conformational antibody 860-55D against assembled capsids. Virus treated at 80 ◦C for 5 min
was used as control. (E) Transmission electron microscopy (TEM) images of B19V in PBS alone and PBS
supplemented with 1 mM MgCl2 and exposed to a freeze/thaw cycle. Arrows indicate capsids with
rearranged DNA. (F) Infectivity assay based on NS1 mRNA detection with the same B19V preparations
used for TEM. SE; short exposure. F/T; freeze and thaw. Values correspond to genome equivalents per
microliter (geq/μL).

3.3. A Proportion of Incoming Capsids Uncoat in the Cytoplasm without Capsid Disassembly

Cytoplasmic fractions were prepared from infected UT7/Epo cells. The lack of nuclear
contamination was confirmed by quantitative detection of β-actin gene sequences (Figure 4A).
The accessibility of the viral DNA from the incoming cytoplasmic virus was examined by nuclease
digestion and qPCR. While at 5 min pi the viral DNA remained protected, approximately half of
the incoming genomes became sensitive to nuclease digestion after 3 h pi (Figure 4B). The VP1u
region is not accessible in native capsids but it becomes accessible upon interactions on the surface of
susceptible cells [14,38]. As expected, cell-bound viruses were immunoprecipitated with the antibody
targeting a conformational epitope in VP2 (Caps) and by the antibody targeting the PLA2 region
in VP1u (PLA2). During cell entry, the PLA2 region remained accessible but the conformational
epitope in VP2 became undetectable in an increasing proportion of incoming particles (Figure 4C).
These results were further confirmed by immunoprecipitation and Western blot analysis of capsid
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proteins. Incoming viruses were immunoprecipitated with Caps and PLA2 antibodies at 3 h pi.
The supernatant was used to immunoprecipitate remaining viruses with the heterologous antibody.
While the PLA2 antibody detected all intracellular capsids, the Caps antibody did not recognize a
significant proportion of incoming capsids (Figure 4D), suggesting that during entry some incoming
virions rearrange and adopt a configuration that remained recognized by the PLA2 antibody but not
by the VP2 conformational antibody.

Figure 4. Capsid structural rearrangements and viral DNA externalization in the cytoplasm. (A) The
purity of the cytoplasmic fraction and the absence of nuclear contamination were examined by
quantitative detection of β-actin gene sequences. Values represent DNA copies per microliter. (B)
Nuclease sensitivity of virions at 5 min and 3 h pi Virus treated at 60 ◦C for 5 min was used as control.
(C) Accessibility of VP1u (PLA2 antibody) and VP2 conformational (Caps antibody) epitopes from
membrane-bound or intracellular B19V. Virions were immunoprecipitated and quantified by qPCR.
As control, an unrelated IgG was used. (D) Western blot of B19V immunoprecipitated at 3 h pi. The
supernatants were used for a second immunoprecipitation with the indicated antibodies. (E) Nuclease
sensitivity of B19V immunoprecipitated with the conformational antibody (Caps) or with the VP1u
antibody (PLA2) at 1 h pi. All immunoprecipitation values represent geq/μL.

We next verified whether the observed capsid structural rearrangement rendered the viral DNA
accessible. To explore this possibility, virions from cytoplasmic fractions were immunoprecipitated
with the Caps or with the PLA2 antibody 3 h pi and the accessibility of the viral DNA from the
immunoprecipitated capsids was examined by nuclease digestion and qPCR. The incoming capsids that
remained detectable by the conformational antibody were resistant to nuclease digestion. In contrast,
approximately half of the virions that were immunoprecipitated with the PLA2 antibody were sensitive
to nuclease digestion (Figure 4E). This result suggests that a significant proportion of incoming capsids
uncoat in the cytoplasm through a limited capsid rearrangement.

3.4. Uncoating Occurs after Endosomal Escape

In order to examine whether the detected capsid rearrangement and DNA externalization occur
before or after endosomal escape, cells were treated with bafilomycin A1 (BafA1), which was previously
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shown to block endosomal escape of B19V [9]. The cells were fixed 30 min and 5 h pi and incoming
viruses were detected with the conformational antibody (Caps). After 30 min, a similar signal with
a characteristic endocytic distribution was observed in untreated or BafA1-treated cells. However,
5 h pi the number of capsids detectable with the conformational antibody decreased significantly in
the untreated cells, but remained stable in the BafA1-treated cells and displayed the same endocytic
distribution, indicating that endosomal escape and the capsid rearrangement were inhibited (Figure 5A).
The capsid rearrangement and the accessibility of the DNA were also examined by immunoprecipitation
and nuclease digestion. As shown in Figure 5B, while in untreated cells a proportion of incoming
capsids rearranged and became nuclease sensitive, in the presence of BafA1 the capsids remained
mostly unchanged.

Figure 5. Conformational epitope rearrangement, DNA externalization and phosphorylation occur
after endosomal escape. (A) Effect of BafA1 and CQ on endosomal escape and conformational epitope
integrity. Immunofluorescence images of infected cells treated or not with BafA1 (20 nM) and CQ
(25 μM). The integrity of the conformational epitope and the characteristic endocytic clustering of
the virus was examined by staining with the conformational antibody (Caps) at 30 min and 3 h pi.
Arrows indicate the presence of enlarged endosomes in cells treated with CQ. (B) Effect of BafA1 and
CQ on the conformational rearrangement and nuclease sensitivity of the incoming virions. The virions
were immunoprecipitated from infected cells at 3 h pi and quantified by qPCR, values correspond to
geq/μL. (C) Kinetics of B19V phosphorylation. At increasing times pi, virions were immunoprecipitated
from cytoplasmic fractions with PLA2 (total virions) or with an antibody against phosphotyrosine
and quantified by qPCR. (D) Phosphatase treatment abrogated the reactivity with the phosphospecific
antibody. Before immunoprecipitation, the intracellular capsids were treated or not with lambda
phosphatase (500 U) for 1 h at 30 ◦C. (E) Effect of BafA1 (20 nM) or CQ (25 μM) on B19V phosphorylation.
Virions from cytoplasmic fractions were immunoprecipitated with the phosphotyrosine antibody at 3h
pi and quantified by qPCR. As control, an unrelated IgG was used.
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These results are in line with our previous studies where we have shown that BafA1 inhibits B19V
infection by blocking endosomal escape. In the same studies, we observed that chloroquine (CQ),
which also raises endosomal pH, did not hinder endosomal escape [9], an effect that was attributed
to the vacuolization and damage of endocytic vesicles [17]. Accordingly, CQ was used to verify
whether the inhibitory effect of BafA1 on the rearrangement and DNA accessibility is due to the raise
in the endosomal pH or to the block of endosomal escape. As shown in Figure 5A,B, CQ induced
the enlargement of endocytic vesicles and did not prevent the capsid rearrangement and viral DNA
externalization, suggesting that these changes ensue only after endosomal escape and are not mediated
by the low endocytic pH.

3.5. Incoming Capsids Become Reactive to Phosphospecific Antibodies Following Endosomal Escape

Cellular kinases have been shown to phosphorylate incoming parvovirus capsids following
endosomal escape [45]. We investigated whether B19V is also phosphorylated after endosomal
escape. To this end, cell-bound and internalized capsids were incubated with a phosphospecific
antibody targeting tyrosine phosphorylation. Quantification of the immunoprecipitated capsids by
qPCR revealed that by 1 h pi, approximately half of the internalized capsids became phosphorylated
(Figure 5C). Capsid phosphorylation initiated as early as 10 min pi and was maximal between 30 min
and 1 h pi. Incoming B19V were not reactive to phosphospecific antibodies following incubation with
lambda phosphatase (Figure 5D). As expected, inhibition of endosomal escape by BafA1 abrogated
capsid phosphorylation. In contrast, phosphorylation was not prevented in the presence of CQ
(Figure 5E), confirming our previous observations indicating that CQ does not hinder endosomal
escape [9]. These results further demonstrate that the observed capsid rearrangement and DNA
accessibility are not triggered by the endosomal low pH but following the delivery of incoming particles
into the cytosol.

3.6. Capsids Phosphorylated and with Accessible Genomes Accumulated Progressively in the Nuclear Fraction

All the described capsid structural changes, i.e., conformational epitope rearrangement,
phosphorylation and DNA externalization, were observed in virions isolated from the cytoplasmic
fraction devoid of nucleus. We next analysed the presence of viral DNA and capsids in the nuclear
fraction at increasing times pi. The integrity of the isolated nuclei was assessed by light microscopy after
trypan blue staining and the purity of the nuclear fraction was verified by the absence of cytoplasmic
contamination using antibodies against GAPDH (cytosolic marker), lamin A/C (nuclear inner membrane
marker) and SERCA2 ATPase (endoplasmic reticulum marker) (Figure 6A). Nuclei isolated after 5 min
or from cells treated with BafA1 to prevent endosomal escape served as negative controls. Viral DNA
was quantified from the purified nuclei by qPCR and the results were normalized by the quantification
of the β-actin gene. An increasing amount of viral DNA accumulated in the nuclear fraction reaching a
plateau by 2–3 h pi. In contrast, nuclear viral DNA did not increase significantly above the background
level in cells treated with BafA1 (Figure 6B).

The accessibility of the viral DNA accumulating in the nuclear fraction was examined by nuclease
digestion. Purified nuclei were prepared at 5 min (negative control) and 3 h pi. While the DNA
detected 5 min pi, representing the background, was resistant to nucleases, the viral DNA accumulated
in the nuclear fraction at 3 h pi was mostly nuclease sensitive. Incubation of the nuclear fraction at
60 ◦C for 10 min was used to control the activity of DNase I (Figure 6C).

We next analysed whether the nuclear viral DNA signal originated from free or capsid-associated
DNA. To this end, nuclear fractions were prepared at 5 min (negative control) and 3 h pi and used for
immunoprecipitation with the Caps, PLA2 and phosphotyrosine antibody. The immunoprecipitated
viruses were quantified by qPCR, as specified above. Additionally, the accessibility of the viral DNA
was examined by treatments with DNase I. The results showed that only the capsids that underwent the
structural modifications in the cytoplasm, i.e., conformational epitope rearrangement, phosphorylation
and DNA externalization, were able to reach the nucleus (Figure 6D).
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Figure 6. Characterization of incoming B19V associated to the nuclear fraction. (A) Isolation of
intact nuclei without cytoplasmic contamination. The purity of the nuclear fraction and the absence
of cytoplasmic contamination were examined by the detection of lamin A/C (nuclear marker) and
SERCA2 ATPase (ER marker) and GAPDH (cytoplasmic marker) by Western blot. Nuc1 and Nuc2; two
independent nuclear preparations. (B) Accumulation of B19V in the nuclear fraction at increasing times
pi. Nuclei isolated after 5 min or from cells treated with BafA1 served as negative controls. The results
were normalized by the quantification of the β-actin-like gene 2 (ACTBL2). (C) Nuclease sensitivity of
virions associated to the nuclear fraction. Nuclei isolated after 5 min served as background control.
Nuclear fractions prepared 3 h pi were treated at 60 ◦C for 5 min to control the activity of DNase I.
qPCR values represent geq/μL. (D) Immunoprecipitation of virions associated to the nuclear fraction.
Nuclei isolated after 5 min served as background control. pTyr; phosphotyrosine antibody. qPCR
values represent geq/μL.

3.7. Nuclear Targeting of B19V Is Mediated by the Microtubule-Dependent, Minus-End-Directed
Motor Dynein

Cytoplasmic dynein mediates ATP-dependent retrograde movement of cargoes, including
endocytic vesicles, along microtubules toward the centrosome near the nucleus [46]. Accordingly,
endocytosed B19V can indirectly benefit from this transport. However, it remains unclear whether
parvovirus particles can directly engage motor proteins when they are released in the cytosol for
their own transport to the nuclear vicinity. In order to address this question, ciliobrevin D (CbD),
which is a specific inhibitor of AAA+ ATPase motor cytoplasmic dynein, was used. CbD inhibits
dynein function without altering microtubule structure and dynamics [47,48]. In order to not disturb
dynein-mediated endocytic transport of B19V and release from endosomes, cells were treated with CbD
15 min after internalization, at a time when most of the intracellular viruses are in late endosomes [9].
Under these experimental conditions, the loss of the conformational epitope (Caps/PLA2 ratio), capsid
phosphorylation and DNA externalization were not disturbed by CbD (Figure 7A,B). In contrast, the
accumulation of viruses in the nuclear fraction was prevented. Release of the reversible CbD block
resulted in an increased nuclear accumulation of viruses (Figure 7C). As expected, disruption of dynein
function by CbD impaired B19V infection, but only when present early during virus entry and not at
later times pi (Figure 7D).
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Figure 7. Inhibition of dynein-mediated nuclear targeting blocks the incoming viruses in the cytoplasm
but does not prevent the capsid rearrangement, phosphorylation and uncoating (A) Effect of the dynein
inhibitor ciliobrevin D (CbD; 100 μM) on conformational epitope integrity (Caps/PLA2 ratio). (B) Effect
of CbD on phosphorylation and DNA externalization. (C) Effect of CbD on the nuclear accumulation
of B19V DNA. After 5 min (background control) and 3 h pi, cells were washed and the amount of
viral DNA was quantified by qPCR. Additionally, cells were incubated for two additional hours in
the presence or absence of CbD. All values of qPCR correspond to geq/μL. (D) Effect of CbD on B19V
infection. Cells were infected in the presence of CbD for the indicated times and the amount of NS1
mRNA was quantified by RT-qPCR at 22 h pi. Values represent NS1 mRNA copies/μL.

3.8. Capsids Immunoprecipitated from Cytoplasmic and from Nuclear Fractions Support
Complementary-Strand DNA Synthesis

The strategy for complementary-strand synthesis is outlined in Figure 8A. Cytoplasmic and
nuclear capsids were immunoprecipitated with the antibody against the PLA2 region, which remains
accessible during cell entry. The presence of externalized DNA in the immunoprecipitated capsids and
its suitability as template for complementary-strand synthesis were examined by hybridization with
primers targeting the 3’ or the 5’ region of the viral genome (outlined in Figure 8B). The oligonucleotides
consisted of a 3’ virus-specific sequence (specific for a sequence stretch at the 3’ or 5’ regions) and
a 5’ virus–unrelated sequence. Following the hybridization reaction at 37 ◦C, the extension was
performed at 37 ◦C for 15 min. Negative controls consisted of viruses immunoprecipitated at 5 min
pi or viruses immunoprecipitated at 3 h pi without the polymerase extension step. The reaction was
stopped, and the primer-extended DNA was amplified by real-time PCR using a forward primer
specific for the 5’ virus-unrelated sequences of the oligonucleotide and a virus-specific reverse primer.
Only capsids immunoprecipitated from cytoplasmic fractions or from nuclear fractions at 3 h pi
originated the expected PCR product, indicating the presence of accessible DNA templates from
the immunoprecipitated capsids. Similar results were obtained by using primers targeting the 3’
or the 5’ region of the viral genome (Figure 8C). DNA accessibility was not detected from capsids
immunoprecipitated after 5 min of internalization or in samples without polymerase extension.
These results indicate that the viral DNA becomes accessible already in the cytoplasm prior to
nuclear entry and supports complementary-strand synthesis while remaining associated to the
assembled particle.
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Figure 8. Complementary-strand DNA synthesis from cytoplasmic or nuclear capsids. (A) Depiction
of the strategy for complementary-strand synthesis: (a) Immunoprecipitation of B19V capsids with
the PLA2 antibody; (b) 5’ virus-unrelated sequence; (c) extension reaction by T7 polymerase at 37 ◦C;
and (d) amplification of the primer-extended DNA by PCR. (B) Positions in the B19V genome of the 3’
(yellow) and 5’ (red) regions targeted by the hybridization and extension assay. (C) Viral particles were
immunoprecipitated from cytoplasmic or from nuclear fractions with the antibody against the PLA2

region (PLA2) and used for complementary-strand DNA synthesis. The primer-extended DNA was
amplified by PCR and amplicons of the expected size were visualized by agarose gel electrophoresis.
As controls, viruses were immunoprecipitated 5 min pi or incubated with the T7 polymerase for only a
few seconds.

4. Discussion

Parvovirus infection critically depends on the processing of the incoming particles by cellular
factors to promote their transport into the nucleus and the delivery of the viral genome for replication.
How and where human parvovirus B19 (B19V) releases the viral DNA and which capsid rearrangement
are required for the process is currently unknown. In this study, we combined in vitro and in vivo
experiments to address the mechanism of uncoating of B19V.

A common parvovirus structural feature is the combination of antiparallel β-hairpins at the
five-fold vertex enclosing a cylindrical structure that connects with the interior of the capsid [35,49–52].
Structural and in vitro studies suggest that these channels serve as portals for the externalization
of N-terminal capsid protein sequences required during the process of virus entry and for the
packaging and release of the viral genome [23,31–34,52–54]. Mutations that perturb the structure of
the channel result in defective genome encapsidation, uncoating and VP1u externalization [30,31,39].
Those mutational studies have also confirmed that MVM cylinders can mediate progressive 3′-to-5′
genome release, suggesting that this is the strategy of uncoating, and that unknown cellular trigger(s)
may initiate the DNA rearrangement during virus entry [39]. In B19V, the channel does not mediate
the externalization of N-VP2 sequences, which are already exposed [55], and N-VP1 might also
occupy a surface position not accessible to antibodies until the interaction of the virion with cellular
receptors [14,15]. Accordingly, the main function of the channel in B19V would be the packaging and
release of the viral genome. However, different to other parvoviruses, the channel in B19 VP2 capsids
is constricted at its outside end, although three consecutive glycine residues at this site may provide
enough flexibility to open the channel upon specific cellular cues [35].
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Iodixanol density gradient ultracentrifugation followed by qPCR detection of the viral DNA proved
to be a useful approach to detect and quantify structural rearrangements in the viral capsid. The method
allowed to explore conditions triggering the uncoating reaction at physiological temperatures and to
identify and characterize uncoating intermediates. Native capsids in human plasma or in MEM were
stable and remained intact after exposure to 37 ◦C or to a freeze/thaw cycle. However, in the absence of
divalent cations or in the presence of chelating activity at 4 ◦C, the viral capsids rearranged resulting
in particles with a lower density and mostly resistant to nuclease digestion. These capsids however
were rather unstable and incubation at 37 ◦C or a freeze/thaw cycle was sufficient to trigger viral DNA
externalization without capsid disassembly. These rearrangements were prevented in the presence of 1
mM MgCl2 or 1 mM CaCl2, strongly suggesting that divalent cations have a stabilizing effect on the viral
particle and their removal facilitates the uncoating reaction at physiological temperatures. The TEM
images confirmed the presence of assembled particles with variable degree of DNA externalization
(Figure 3E), explaining their broader iodixanol density profile (Figure 2). Similar results were obtained
with minute virus of mice (MVM). Depletion of capsid-associated divalent cations in MVM rendered
the virions unstable and exposure to 37 ◦C triggered the externalization of the genome, in a 3′-to-5′
direction, leaving the 5′ end of the DNA associated with the capsid. The process was not observed in
the presence of divalent cations or in capsids with shorter genomes [42].

During packaging, the viral DNA is loaded at a high density into the small inner cavity of the
pre-formed capsids in a 3’ to 5’ direction through the fivefold cylinder [31,33,56,57]. It is conceivable,
that in order to condensate and stabilize the DNA-filled capsid, divalent cations may be incorporated
into the B19 progeny particle during packaging to neutralize the negative charges of closely packed DNA
phosphate backbones and eventually also negative charges in the particle lattice interior. The highly
condensed DNA generates a considerable internal pressure and loss of capsid-associated divalent
cations during entry may increase the internal tension and destabilize the whole structure, provoking
the externalization of the viral genome through the fivefold channel without the need to disassemble
the capsid. A direct correlation between the amount of encapsidated DNA and the sensitivity to
chelating agents was demonstrated for a variety of of viruses [58,59], including different rAAV vectors
and MVM [37,40,42]. Divalent cations may also bind the capsid to cement the structure, as it has
been demonstrated for other viruses, and their removal was shown to destabilize the capsid and
promote uncoating [60–64]. Prediction of metal ions binding sites by IonCom, which combines the ab
initio model with multiple threading alignments [65], revealed a Mg2+ and Ca2+ binding site in close
proximity on the surface of B19V capsid. While the Mg2+ binding domain was slightly buried, the
Ca2+ binding site appeared on the surface surrounding the dimple-like depression at the icosahedral
two-fold axis of symmetry (data not shown).

The similar response of MVM and B19V to divalent cation depletion may reflect a common
uncoating strategy of parvoviruses based on a mechanism of DNA externalization without capsid
disassembly. This strategy would allow the exceptionally stable parvoviral particles to deliver the
genome inside the host cells, and since the particle and the viral DNA remain associated, the capsid
can transport the externalized genome to the precise nuclear location to initiate replication and
transcription. The destabilization and uncoating of B19 virions under divalent cation depletion in vitro
suggests a mechanism for viral genome release in low-divalent-cation environments, such as those
typically encountered within the cytosol of the cell, where the activities of ATP-driven Ca2+ pumps
and Na+/Ca2+ exchangers maintain the concentration of Ca2+ ions at a very low (10–100 nM) level [66].
Therefore, following endosomal escape, the virion is abruptly exposed to a divalent cation-depleted
environment in the cytosol, which may destabilize the incoming particle. However, although the
in vitro studies reveal important information on conditions allowing the uncoating reaction and allow
the characterization of uncoating intermediates, these studies do not necessarily reflect the uncoating
process in vivo, which may differ in its mechanism and be triggered by intracellular factor(s) other
than divalent cation depletion. With the aim to get insights into the intracellular capsid processing
required for B19V uncoating in vivo, we followed capsid modifications and changes in epitope and
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DNA accessibility during B19V entry. These rearrangements were examined in UT7/Epo cells at various
times pi from cytoplasmic and nuclear fractions and under different conditions restraining endosome
and dynein functions.

The first detectable capsid rearrangement during B19V entry was the change in VP1u configuration
occurring at the plasma membrane before virus internalization. For most parvoviruses, VP1u
externalization occurs inside the endosomes triggered by the acidic environment [11,23,67–69].
However, we have previously shown that B19V operates differently. Upon interactions on the surface
of susceptible cells, originally inaccessible VP1u sequences become exposed [13] and interact with as
yet unknown highly restricted receptor required for virus uptake [14,15]. As expected, cell-bound
virions were immunoprecipitated with the antibody against VP1u (PLA2) and the conformational
antibody detecting exclusively intact capsids (Caps) (Figure 4C).

The second capsid rearrangement detected was more complex and occurred after endosomal
escape in the cytoplasm. While the capsids remained detectable by the VP1u antibody, approximately
half of them became undetectable by the conformational antibody against capsids (Figure 4C,D).
The capsids that rearranged became sensitive to nuclease digestion in contrast to those that had not
rearranged (Figure 4E). The conformational epitope expands three neighboring VP2 molecules related
by a five-fold axis and by a three-fold axis [43], and its loss can be explained by a rearrangement
occurring at this site. Alternatively, epitope masking by phosphorylation might prohibit antibody
binding. In line with this assumption, approximately the same number of incoming capsids that
rearranged became phosphorylated (Figure 5C), a process that can only occur after endosomal escape.
As expected, endosomal alkalization by bafilomycin A1 (BafA1) abrogated endosomal escape and all
the capsid rearrangements, including the phosphorylation (Figure 5A,B,E). Similar to BafA1, CQ also
raises the endosomal pH but, in contrast to BafA1, CQ promotes B19V endosomal escape by endosome
swelling and rupture (Figure 5A) [9]. Accordingly, alkalization of endosomes by CQ had no effect on
B19V capsid rearrangement and phosphorylation (Figure 5B,E).

Incoming B19V accumulated progressively in the nuclear fraction reaching a plateau by 2 h pi.
As expected, blocking endosomal escape by BafA1 prevented the nuclear accumulation of the capsids
(Figure 6B). While the capsids present in the cytoplasmic fraction represented a mixture of intact
and rearranged particles, the capsids associated to the nuclear fraction were mostly those that had
rearranged, i.e., phosphorylated, undetectable by the conformational antibody and nuclease sensitive,
suggesting the existence of a selective transport towards the nucleus for the capsids with accessible
genomes. The accumulation of B19V capsids in the nuclear fraction was reversibly abrogated by
ciliobrevin D (CbD), which is a specific inhibitor of the ATPase activity of cytoplasmic dynein [47].
CbD had no effect on the capsid rearrangements in the cytoplasm, including phosphorylation and
genome externalization. The interference of dynein function had a significant inhibitory effect on
the infection, but only when the reversible drug was present during the first hours of the infection
(Figure 7), indicating that the accumulation of the incoming capsids with accessible genomes in the
nuclear fraction is required for the infection. At present, it is uncertain how many of these particles are
inside the nucleus and how many remain at the cytosolic side.

The primer hybridization and extension assay confirmed that incoming B19V particles expose the
genome already in the cytoplasm prior to nuclear entry, and that the accessible DNA was an optimal
template for complementary-strand synthesis (Figure 8). This observation suggests that initiation of
DNA synthesis can proceed while the exposed genome remains associated to its capsid.

This study provides a better understanding of the conditions triggering B19V uncoating at
physiological temperatures and allowed the identification of capsid structural transitions that precede
genome release. Whether incoming viruses are destabilized by the low-cation environment of the
cytosol, as suggested by the in vitro data or by another cellular cue, will have to be confirmed.
However, our in vivo data reveal that during the process of entry, B19V employs a mechanism of
DNA externalization following a limited capsid rearrangement in the cytoplasm to make the genome
sufficiently accessible to the replication machinery of the cell.
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Abstract: Parvovirus B19 (B19V) is a human pathogenic virus, responsible for an ample range of
clinical manifestations. Infections are usually mild, self-limiting, and controlled by the development
of a specific immune response, but in many cases clinical situations can be more complex and require
therapy. Presently available treatments are only supportive, symptomatic, or unspecific, such as
administration of intravenous immunoglobulins, and often of limited efficacy. The development of
antiviral strategies against B19V should be considered of highest relevance for increasing the available
options for more specific and effective therapeutic treatments. This field of research has been explored
in recent years, registering some achievements as well as interesting future perspectives. In addition
to immunoglobulins, some compounds have been shown to possess inhibitory activity against
B19V. Hydroxyurea is an antiproliferative drug used in the treatment of sickle-cell disease that also
possesses inhibitory activity against B19V. The nucleotide analogues Cidofovir and its lipid conjugate
Brincidofovir are broad-range antivirals mostly active against dsDNA viruses, which showed an
antiviral activity also against B19V. Newly synthesized coumarin derivatives offer possibilities for
the development of molecules with antiviral activity. Identification of some flavonoid molecules,
with direct inhibitory activity against the viral non-structural (NS) protein, indicates a possible
line of development for direct antiviral agents. Continuing research in the field, leading to better
knowledge of the viral lifecycle and a precise understanding of virus–cell interactions, will offer novel
opportunities for developing more efficient, targeted antiviral agents, which can be translated into
available therapeutic options.

Keywords: parvovirus B19; erythroid progenitor cells; antiviral compounds; intravenous
immunoglobulin (IVIG); hydroxyurea; cidofovir; brincidofovir; coumarin derivatives; flavonoids

1. Introduction

Parvovirus B19 (B19V), a single-stranded DNA virus in the family Parvoviridae [1], is a human
pathogenic virus, characterized by a selective but not exclusive tropism for erythroid progenitor cells.
Globally diffuse, it is responsible for an ample range of clinical manifestations, whose characteristics
and outcomes depend on the interplay between the viral properties as well as the physiological and
immune status of the infected individuals. The clinical attitude towards B19V infection is normally
conservative, in the idea that consequences of infections are mild, self-limiting, and controlled by
the development of a specific immune response. However, clinical situations can be more complex,
depending on the genetic or physiological background of the host, in the case of underlying diseases
or inefficiency of the immune response, and in the evenience of maternal transmission to fetus. Thus,
in many situations clinical care is needed, relying on the currently available treatments that are only
supportive, symptomatic, or unspecific, and in many cases of limited efficacy. Research aimed at the
development of antiviral strategies should therefore be considered of highest importance for increasing
the available options for more specific and effective therapeutic treatments. This field of research has
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been explored in recent years, and a few published works already report some achievements as well as
interesting future perspectives.

2. B19V Structure

B19V shares genetic and structural features common to the family (comprehensively reviewed
in [2,3]). The genome, a linear ssDNA molecule of 5.6 kb, is organized in a unique internal region,
containing all the coding sequences, flanked by inverted terminal regions that serve as origins of
replication (ORF). In its internal region, the genome presents two major ORFs, in the left side for
the non-structural protein (NS), and in the right side for the two colinear capsid proteins, VP1 and
VP2. Minor ORFs can encode other non-structural proteins, including a 11 kDa protein and the less
characterized 9.0 and 7.5 kDa proteins. The capsid forms an icosahedral structure in T = 1 arrangement,
about 25 nm in diameter, composed of 5–10% VP1 and 90–95% VP2 proteins. It is resolved in its atomic
structure for the capsid shell but not for the N-terminus of VP1 (VP1 unique region, VP1u) [4]. A
schematic diagram of B19V genome organization is depicted in Figure 1.

Figure 1. B19V genome organization. Top: major open reading frames identified in the positive strand
of genome; arrows indicate the coding sequences for the viral proteins. NS, non-structural protein;
VP, structural proteins, colinear VP1 and VP2, assembled in a T = 1 icosahedral capsid; and 7.5 kDa,
9.0 kDa, and 11 kDa: minor non-structural proteins. Center: a schematic diagram of B19V genome
indicating the two inverted terminal regions (ITR), and the internal region (IR) with the distribution of
cis-acting functional sites (P6, promoter; pAp1, pAp2, proximal cleavage-polyadenylation sites; pAd,
distal cleavage-polyadenylation site; D1 and D2, splice donor sites; A1.1, A1.2, A2.1, and A2.2, splice
acceptor sites). Bottom: simplified transcription map of B19V genome, indicating the five classes of
mRNAs (mRNA 1–5) with respective alternative splicing/cleavage forms (dashed), and their coding
potential. Adapted from Reference [5].

3. The Lifecycle

B19V shows a selective tropism for cells in the erythroid lineage in the bone marrow, cells that
are susceptible to viral infection and permissive for a productive replicative cycle depending on their
differentiation stage and proliferation rate. Such tropism, and a productive outcome of infection, can be
considered the result of a double adaptation of virus to a specific cell population. The first involves the
recognition and binding to specialized receptors that define as target cells a restricted cell population
with a high proliferative potential, namely erythroid progenitor cells and in particular cells at the
proerythroblast differentiation stage. The second involves a strict dependence of viral replication to
the cellular response to convergent lineage-specific physiological stimuli, such as Erythropoietin (Epo)
pathway activation and hypoxia. A schematic diagram of B19V lifecycle is depicted in Figure 2.
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Figure 2. Outline of B19V replicative cycle in erythroid progenitor cells. 1: virion binding to
globoside. 2: extrusion of VP1 unique (VP1u) region and binding to an erythroid specific receptor.
3: clathrin-mediated endocytosis. 4: virions in endosomal vesicles. 5: virion processing within
endosomes. 6: VP1u-associated viral phospholipase (vPLA2) mediated virion escape from endosomes.
7: partial uncoating and externalization of viral ssDNA. 8: translocation in the nucleus and complete
uncoating. 9: parental ssDNA and onset of macromolecular syntheses. 10: hairpin-primed second
strand synthesis. 11: formation of dsDNA replicative intermediate. 12: early phase of transcription on
the parental template, mainly of mRNAs for NS protein. 13: dsDNA nicked by NS and priming of
replication in coordination with cellular proteins. 14: replication by a rolling hairpin mechanism, via
self-primed single-strand displacement mechanisms. 15: late phase of transcription on the replicative
intermediates, mainly of mRNAs for VP and 11kDa proteins. 16: progeny ssDNA released from the
replicative intermediates. 17: incapsidation of progeny ssDNA molecules in newly formed virions.
18: accumulation of virions before their release via cell lysis or apoptosis. 19: Epo binding by Epo
receptor (EpoR), EpoR activation, and STAT5 phosphorilation. 20: pSTAT translocation in the nucleus
where it is essential for formation of a functional replicative complex.

Binding events involve domains on the viral capsid interacting with cellular receptors. An initial
event is the interaction of the capsid shell with the membrane glycolipid globoside, which is present
on erythroid progenitors, as well as on mature erythrocytes where it constitutes blood antigen P, but
also on many other tissues mainly of mesodermic origin [6]. Since its first identification as a binding
receptor [7], and the observation that its absence prevented infection in cells as well as individuals [8],
subsequent reports presented contrasting evidence, either characterizing or questioning the binding
of capsids to globoside as a necessary first step for cell infection [9–11]. However, even a transient
binding of a capsid to globoside can trigger conformational modifications leading to exposure of the
VP1u region [12], allowing interaction of its N-terminal region with a specific, but yet uncharacterized
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receptor whose distribution in cells of erythroid lineage matches the susceptibility of cells to productive
infection [13–15]. Following binding, internalization via clathrin-mediated endocytosis can occur, the
phospholipase activity associated to the VP1u region consents escape from the endosome, and by
subsequent coordinated intracellular transport and uncoating events, a single-stranded genome is
finally delivered in the nuclear environment [16,17].

In the nucleus, a series of macromolecular syntheses occurs leading to a productive replicative
cycle [18,19]. On the single-stranded DNA template, cellular DNA repair synthesis generates a
double-stranded DNA template that can serve for both transcription and replication of the viral
genome. An early phase of transcription mainly produces mRNAs coding for the NS protein, which,
acting together with cellular replicative machinery promote replication of the genome by a rolling
hairpin mechanism. Replication is then followed by a late phase of transcription, mainly producing
mRNAs coding for the structural VP and 11 kDa proteins. Accumulation of VP proteins eventually
leads to the assembly of capsids, encapsidation of progeny single-stranded genomes, and release of
virions from infected cells.

In the erythroid lineage, a productive viral replication and release of virus are restricted to
differentiation stages ranging from colony forming unit-erythroid (CFU-E) to erythroblasts, indicating
that both lineage- and differentiation-specific factors are necessarily involved in promoting viral
macromolecular syntheses [20]. Viral replication is critically dependent on erythropoietin stimulation
and is enhanced in hypoxic conditions [21,22], through a signaling cascade leading to formation of a
functional replicative complex involving the viral NS in concert with cellular proteins, including the
DNA replication polymerase δ and polymerase α [23]. A crucial role is exerted by phosphorylated
STAT5 protein, which is a common terminal of Epo- and hypoxia-stimulated pathways [24]. A key
event is the regulated switch from the early pattern of viral expression, characterized by transcription
on the parental template mainly leading to NS protein production, to the late pattern of expression,
with coordinated onset of DNA replication and enhanced transcription of the progeny templates
leading to increased VP protein production [20]. In addition, the 11 kDa protein, expressed in the late
phase, may also play a role in facilitating viral genome replication [25,26]. A deeper understanding of
the mechanistic details of viral replication, including fine characterization of the molecular machinery
and activation pathways involved, is in progress and will offer increasing opportunities to identify
specific targets for the development of antiviral strategies.

In infected erythroid progenitors, the virus exerts a complex series of effects on the cellular
environment, including induction of a DNA damage response, arrest of the cell cycle, and induction
of apoptosis [27,28]. This cytotoxicity causes a temporary block in erythropoiesis and can lead to a
transient or persistent erythroid aplasia. The interactions between the viral and cellular factors are still
incompletely characterized, for example, in the possible activation of cellular sensors to viral infection,
in the induction of cellular responses to restrict viral replication, or in priming of innate immunity.
Therefore, in this subject area, a better understanding of the mechanistic details will probably offer
opportunities to define novel antiviral strategies.

In addition to erythroid progenitors, the virus can also, although less efficiently, infect other cell
types in diverse tissues. B Lymphocytes in tonsillar tissues have been shown to harbor the viral genome,
and can be infected by an antibody-dependent uptake mechanism [29]. Endothelial cells constitute a
diffuse cellular target susceptible to viral infection, also by an antibody-dependent mechanism [30].
The viral genome has progressively been detected in almost all solid tissues and organs, mostly in
endothelial or stromal cells but occasionally also in parenchymal cells [31]. In non-erythroid tissues,
infection is usually abortive, viral DNA can remain silent, and when transcription occurs this is
normally at low levels. In these cases, transcription is mostly limited to early mRNAs—including
those for the NS protein—and transcription of late mRNAs, including those for VP proteins, has been
documented in tissues such as heart, liver, synovia, and skin. In these cells, a limited expression of viral
proteins may contribute to pathological effects mainly by indirect mechanisms, such as modification of
the cellular expression profile and the induction of inflammatory or autoimmune processes [31]. The
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frequent outcome is rather the persistence of the viral genome in tissues [32], probably in the episomal
form although integration of the viral genome in the cellular genome of erythroid progenitor cells has
been detected in an in vitro experimental system [33]. Reactivation, if it can happen, appears to be
a sporadic event, not firmly documented in the literature. Notably, persistence of the viral genome
in tissues appears to be lifelong and constitutes a repository of archived genomic sequences [34,35],
also leading to exciting hints regarding the evolutionary history and genetic diversification within the
species [36].

4. The Pathologies

B19V is a virus commonly diffuse in the population, and responsible for a wide spectrum of
clinical manifestations (comprehensively reviewed in [2,3]). Following contact, normally through the
respiratory route, the virus gains access to the circulation and reaches the bone marrow where it can
infect erythroid progenitor cells. The pathogenic effects, typically in the form of pure red cell aplasia
(PRCA), result from the capacity of the virus to induce cell-cycle arrest, block erythroid differentiation
and proliferation, and eventually apoptosis of infected cells. The clinical impact on the host depends
on the degree of inhibition of erythropoiesis, linked to the volume and turnover rate of the erythroid
compartment, while the course of infection depends on the capacity of the immune system to mount
an effective specific response [37].

In individuals with normal erythropoiesis and immune system response, bone marrow infection
is limited in extent and temporal frame, is usually asymptomatic from hematological perspective, and
is progressively cleared by the development of a neutralizing immune response. In the presence of
an altered erythropoietic process and an expanded erythroid compartment, because of underlying
genetic defects or stressed physiological conditions affecting the cellular turnover, infection can induce
a more severe block in erythropoiesis, which usually manifests in the form of an acute episode of
profound anemia. In the presence of defects of the immune system and a consequent inability to control,
neutralize, and clear the virus, infection may become persistent and manifest with chronic anemia of
different grades. Rarely, the infection has been linked to bone marrow necrosis [38], in addition to
a wide variety of blood diseases and cytopenias of lineages other than the erythroid lineage [37], by
mechanisms that still require investigation.

Productive replication in the bone marrow leads to a secondary viremic phase initially characterized
by high viral load levels (up to 1012 virus/mL), followed by a systemic distribution of the virus and
preluding to possible late clinical manifestations. In this later phase, both the virus and specific
antibodies are present in the blood, so that immune-mediated inflammatory processes are mainly
assumed to explain possible pathological processes. Different non-erythroid cell types, including
endothelial, stromal, or synovial cells, can also be infected, and pathogenetic mechanisms directly
related to the viral presence and activity can be hypothesized. However, only sporadically have some
specific markers of viral activity been definitely localized within non-erythroid cells, and causally linked
to pathological processes by viral-induced, usually proinflammatory, pathogenetic mechanisms [31].

Typically in this later phase, B19V infection is the cause of erythema infectiosum in children,
and of arthropathies mainly in adult patients, with a tendency to chronicity. While B19V has been
progressively detected and implicated in many clinical situations involving disparate tissues and
organs, in particular it has been recognized as a relevant cardiotropic virus, responsible of acute
myocarditis and possibly involved in the development of chronic cardiomyopathies (an intense debate
recently summarized in [39]). B19V can be involved in the development of autoimmune disorders [40],
and possible mechanisms involving epitope cross-reactivity [41] or the formation of apoptotic bodies
induced by NS protein expression have been proposed [42,43].

B19V can cross the placenta and infect the fetus [44], where infection of erythroid progenitors can
induce a block in fetal erythropoiesis whose effect will depend on the fetal developmental stage, the
rate of expansion of the fetal erythroid compartment, and the maturity and efficacy of both maternal
and fetal immune response. The virus can be detected in erythroid progenitor cells, located in liver
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and/or bone marrow depending on the gestational age, in erythroid cells circulating in the vessels
of several tissues, in endothelial placental cells [45], and in the amniotic fluid [46]. Transplacental
transmission can occur in about 30–50% of cases, and lead to fetal hydrops and/or fetal death in ~10%
of cases (comprehensively reviewed in [47,48]).

5. Need for Treatment and Current Options

Although most infections are mild and self-limiting, there are situations where B19V infection
can be severe and lead to the need of clinical care. These include hematological complications, from
transient aplastic crisis to chronic pure red cell aplasia, to rarer clinical presentations involving bone
marrow necrosis or autoimmune-mediated hematological disorders [37]. The role of B19V in acute
or chronic myocarditis, although debated, is of relevance [39]. More classical manifestations such as
arthropathies can chronicize and be invalidating to patients for extended time periods [40], and even
dermatological manifestations can be atypical, severe, and lead to hospitalization [49]. Intrauterine
transmission can severely affect the fetus, possibly leading to fetal death, development of fetal hydrops,
and in rare cases congenital infection [44,47,48].

The diverse clinical presentations first of all call for an appropriate diagnostic approach [5].
B19V infections should be investigated not as a rare entity, but as a frequent possibility, especially in
the context of peaks of incidence. Molecular and immunological diagnostic assays are now widely
available and their rational use can lead to a prompt diagnosis and to appropriate clinical management.
The clinical attitude towards B19V infection is normally conservative, in the idea that infection is
self-limiting, and that the development of a specific immune response as measured by the production
of specific and neutralizing antibodies will be effective in controlling the virus. However, this is not
always the case. Acute infections can be clinically severe while an impaired immune response can lead
to persistent infections. When required, supportive or symptomatic treatments can be used. Blood
transfusions are required to overcome acute or chronic anemia, nonsteroidal anti-inflammatory drugs
are generally used although with limited efficacy to relieve inflammatory symptoms in cases of arthritis
and arthralgias, while scattered case reports suggest the utility of corticosteroids in cases of atypical
inflammatory presentations. The management of intrauterine infections is also conservative, and
when fetal Hb levels fall below a clinically defined threshold as measured by non-invasive Doppler
ultrasonography determination of middle cerebral artery peak systolic velocity, it can rely with good
success rates on intrauterine transfusions [50].

The gap in the development of antiviral strategies and in particular the availability of antiviral
drugs directed against B19V as compared to other viruses is striking [51]. A vaccine against B19V
is an attainable goal, technically feasible, composed of VLPs produced in heterologous expression
systems, and following progressive development [52–54] now shows promising characteristics in terms
of immunogenicity and absence of reactogenicity [55,56]. However, because of the lack of relevant
animal models, it is still at the very beginning of clinical evaluation, and its implementation is not
included among the WHO priorities. Administration of high doses of intravenous immunoglobulins
(IVIG) is presently considered the only available option to neutralize infectious virus and mainly finds
indication to control infections in cases of an impaired immune system response [57–59]. The beneficial
effects of IVIG treatments are recognized, even if high-doses and repeated cycles may be required, and
it is considered that IVIG are not sufficient to resolve infection unless a patient’s own antiviral immune
response develops and becomes effective.

Active research in the development and refinement of antiviral strategies directed against B19V
should be considered of the highest relevance. In addition to the use of IVIG, the discovery of antiviral
drugs with significant activity against B19V would offer important opportunities in the treatment
and management of severe clinical manifestations. In particular, these would include the treatment
of severe hematological complications in the acute phase of the infection, especially in subjects with
stressed erythropoiesis, or the treatment of chronic infections in case of deficits of the immune system.
Furthermore, antiviral compounds might be used in the implementation of prophylactic treatments,
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for example to reduce the risk of infection in immunosuppressed individuals as part of a general
preventive or pre-emptive approach.

6. Passive Immunization

Administration of IVIG is currently the indicated treatment when patients are in need of controlling
B19V infections, in the case of chronic infections or more rarely in acute infections with clinical severity,
and inability of mounting an efficient immune response. Several accepted guidelines suggest cycles
of 2 g/kg in 5-days courses, to be repeated if unsuccessful, but studies have not been carried out to
determine an optimal therapeutic scheme. Efficacy of IVIG treatment has been assumed more on
circumstantial and empirical evidence than on high-quality evidence-based assessments [60]. Available
data obtained from small case series and literature reviews indicate that IVIG treatments are effective
with good success rates [61], but IVIG treatments are likely to be underreported in the literature, and
this more so in the case of failure.

The mechanism of action of IVIG is also not fully investigated. Possibilities include capacity of
inhibiting the virus by direct binding of specific anti-B19 Ig, normally present in IVIG preparations,
to functionally relevant epitopes on the viral capsid, thus preventing infectivity. However, in
cellular models, binding and penetration steps may not be inhibited, while the successive phases of
macromolecular synthesis can be severely impaired, both at transcriptional and replicative levels [62].
Possibly, binding to antibodies prevents the virions from correct intracellular trafficking, uncoating,
and translocation of viral genome in the nucleus. In general, IVIGs may also exert their effect via
immune modulatory mechanisms [63], and this might contribute to their efficacy, while the possibility
exists that in peculiar situations the immune complex formation exacerbates inflammatory stimuli. A
peculiar case came from the experience of treating the B19V-related chronic fatigue syndrome, with
reports of successful treatments [64] as well as paradoxical response [65].

An alternative to IVIG would be the use of human/humanized monoclonal antibodies specifically
targeted to B19V, as more and more are available for other infectious agents. This approach showed
promising results in an early initial report [66], but would require further research to become an
available option. In this case, a neat definition of relevant neutralizing epitopes is required. It is known
from studies in the general population that antibodies recognize largely VP2 conformational antigens
coupled to VP1u region linear antigens [67,68]. Neutralizing epitopes are distributed along most of the
VP2 protein and in the N-terminal region of the VP1u [69–71]. A comprehensive epitope mapping
on the capsid shell surface is still to be obtained, but recently a first structure of a parvovirus B19
capsid complexed to antigen-binding fragments (Fabs) from a human antibody has been obtained by
cryo-electron microscopy (cryo-EM), showing binding to a quaternary structure epitope formed by
residues from three neighboring VP2 capsid proteins [72]. The structure and location of VP1u is not
determined, but it can be observed that the immunogenic region corresponds to the receptor-binding
moiety essential for virus infectivity [73].

7. The Quest for Antiviral Agents

So far, some factors have been critically limiting in the search for compounds with antiviral
activity against B19V. The virus requires demanding cell culture conditions and in vitro infections
show a restrictive pattern with relatively low productivity, thus most experiments need to rely on
the availability of the native virus obtained from viremic patients. Research in the field still offers
an incomplete characterization of the viral lifecycle, of the viral proteome, and of the molecular
machinery coopted to viral replication. The first problem limits the feasibility of a high-throughput
screening against available chemical libraries, the second has until now hampered the rational design of
specifically targeted drugs. To overcome these barriers, standardized model cell cultures and infectivity
assays are required in the first instance. Then, these studies can also take advantage of the availability
of cloned viral genomes that possess replicative competence and the ability to yield infectious viruses
in standardized conditions.
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Mainly, two cellular systems can be used to support viral replication in vitro and study the
antiviral activity of tested compounds: primary erythroid progenitor cells (EPCs) and the cell line
UT7/EpoS1. EPCs are primary cells that more closely resemble the natural target cells within the bone
marrow environment [74]. EPCs obtained from peripheral blood can be cultured in conditions that
promote proliferation and differentiation along the erythroid lineage [75], and progressively become
permissive to viral replication, mostly at the proerythroblast stage [20]. However, in vitro culture
conditions only approximate conditions in the bone marrow environment, and EPCs constitute a
heterogeneous population with respect to the differentiation stage, proliferation rate, and metabolic
activity. UT7/EpoS1 is a cell line of myeloblastoid origin, the most permissive and commonly used
for B19V [76]. Although permissiveness is restricted to only a subset of cells [77], in these, the degree
of replication of viral DNA is comparable to EPCs [78,79]. Both EPCs and UT7/EpoS1 cells require
Epo stimulation to support viral replication. EPCs and UT7/EpoS1 cells thus provide manageable and
appropriate models for investigating compounds with antiviral activity against B19V.

For infection, native virus obtained from viremic serum samples is normally used, with limitations
implied due to both the limited availability and the unpredictable variation inherent in the use of
individual clinical isolates within a heterogeneous biological matrix such as plasma or serum. The
possibility of obtaining virus with complete biological activity starting from cloned DNA templates
has been explored. Clone pM20 was established in 2004, has been shown to possess replicative
activity, and it has been mainly used in transfection experiments [80]. More recently, functionally
competent clones have been constructed starting from a synthetic consensus sequence (named EC01),
possessing both replicative activity following transfection and the ability to yield infectious virus at
high titers following serial amplification passages in EPCs [81]. In perspective, a crucial advantage
of using virus obtained from cloned genomes is the possibility of conducing direct mutagenesis and
sequence-function correlation studies to define targets relevant for antivirals.

In the experimental setup, the antiviral effects of tested compounds can be accurately evaluated
by qPCR-based assays, to measure the variation in the abundance of viral DNA or mRNAs following a
course of infection [78,79]. In situ hybridization (FISH) assays for viral nucleic acids or immunological
(IIF) detection of viral proteins, can be used to measure variations in the frequency of productively
infected cells [77]. Then, the extent of inhibition of viral replication exerted by the compounds can
be determined by standard dose-response curve to yield the EC50 values. Concomitant effects of
tested compounds on cell viability and cell proliferations rates need to be determined, usually by
standard formazan-based, or equivalent assays, and by BrdU incorporation assays, to yield CC50 values.
Selectivity indexes can then be calculated to assess the specificity of action of a tested compound.

Within this experimental frame, research can be aimed at the discovery of antiviral compounds
targeted to crucial functions within the viral lifecycle. Antiviral compounds can be intended for
conditioning the cellular environment as non-permissive, or specifically targeted to viral proteins
as direct antiviral agents. Recent work in this field led to the first identification of compounds with
antiviral activity against B19V. Alternative approaches to antiviral discovery have been followed until
now: a strategy based on drug repositioning; a strategy based on investigation of known antiviral
compounds for a possible activity against B19V; a serendipity approach in screening small chemical
libraries of compounds with possible antiviral activity; and a search for direct antiviral compounds
by targeted biochemical screening. The first approach yielded antiviral activity provided by the
cell-proliferation inhibitor hydroxyurea (HU) [82], also used as a disease-modifying drug in the
treatment of sickle cell disease. The second approach first yielded the acyclic nucleoside phosphonate
cidofovir (CDV) [83,84], though with suboptimal activity, and then its lipid conjugate brincidofovir
(BCV) [85], with substantially enhanced activity. By the third approach, a few coumarin derivatives
showed promising characteristics [86]. In the search for direct antiviral agents, identification of a key
function of viral NS protein allowed screening of a small molecule library by which a few compounds
showed inhibitory activity, which were then assessed for inhibition of viral replication in a cell-based
assay [87]. A summary of the results is reported in Table 1.
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7.1. Hydroxyurea

Hydroxyurea (HU) is an inhibitor of DNA synthesis targeting cellular ribonucleotide reductase
enzyme [88]. HU behaves as a ‘virostatic’ antiviral agent in combined therapy with deoxynucleoside
analogs, with the assumption that HU depletes the intracellular deoxyribonucleotide pools required
for viral replication, enhancing deoxynucleoside analogs incorporation [89–92]. Of relevance, the
drug finds indication in the therapy for sickle cell disease (SCD) in adults [93], and increasingly in the
pediatric SCD population [94], in which B19V infection is a major cause of severe complications.

Experimentally, HU demonstrated a measurable inhibitory effect on B19V replication in both
EPCs and UT7/EpoS1 cells [82]. Complete inhibition of viral replication was obtained at >1 mM, and
observed EC50 values were 96.2 μM and 147.1 μM in UT7/EpoS1 and EPCs, respectively. Cellular DNA
replication was also affected with HU concentrations leading to a 50% reduction of DNA synthesis at
706.9 μM and 494.0 μM in UT7/EpoS1 and EPCs, respectively. A cytostatic effect was confirmed in
both systems, with a 50% reduction of viability observed at 581.9 μM for UT7/EpoS1, and 584.8 μM for
EPCs. The observed reduction in cell viability could be ascribed to the cytostatic effect of the drug
rather to a cytotoxic effect related to loss of membrane integrity.

The effective concentrations of HU inhibiting B19V replication are comparable with those obtained
for other human pathogenic viruses [89–92], and lower than those interfering with cell proliferation. In
both cell systems, HU confirmed its cytostatic and ‘virostatic’ effects, in agreement with its inhibitory
activity on cellular ribonucleotide reductase [88]. In EPCs, the variation in the distribution of cellular
differentiation markers indicated an inhibitory effect on the differentiation of cell population and a
reduction in the generation of more mature cells, exerted by both HU and virus with additive effects.
HU prevented cells from leaving the G1/S phases with a related reduction of cells in G2/M, in both
infected and uninfected cells. EPCs arrested with a 2N DNA content may be not competent to engage
in B19V active replication, thus contributing to the antiviral effect of HU together with the lowering
deoxyribonucleotide levels within cells.

As mentioned, HU is used as a disease-modifying drug in sickle cell disease, where it can exert
a protective effect due to the inhibition of erythroid cell proliferation/differentiation [93,94]. SCD
is a typical situation where infection with B19V can exert profound pathological effects, requiring
hospitalization and intense supportive therapy, so a dual effect of the compound both on the course
of the underlying disease and on the course of infection by its antiviral activity would be beneficial.
In treated SCD patients, HU can reach peak plasma concentrations of ~250–400 mM [95], indicating
that HU levels sufficient to reduce B19V replication in vitro are achievable in vivo. A survey of clinical
records of SCD patients undergoing HU therapy showed indeed a protective effect of HU against
B19V infection compared to non-treated patients, at least in terms of severity of disease and need
for treatments [96]. As determination of peak viremic levels in the two group of patients were not
presented, there are still two hypotheses to explain this observation, either that such protective effect
is due to a lower viral replicative activity consequence of the antiviral activity of HU, and/or it can
be indirectly linked to a prolonged lifespan of erythrocytes. Further clinical investigation would be
helpful to explore the potential beneficial clinical effects of HU.

7.2. Nucleotide Analogues: Cidofovir (CDV) and Brincidofovir (BCV)

A different strategy involved the evaluation of broad-spectrum antiviral compounds for a possible
activity against B19V. In particular, the acyclic nucleoside phosphonate cidofovir (CDV) has shown
activity against all families of human, not retro-transcribing dsDNA viruses [51,97,98], including
viruses not encoding their own DNA polymerase. B19V is a ssDNA virus, but depending for its
replication on cellular DNA polymerase activity acting on a dsDNA replicative intermediate, so
potentially inhibited by a nucleotide analogue incorporated in a nascent DNA molecule. Experimental
results confirmed this working hypothesis [83,84].

In UT7/EpoS1 cells, CDV exerted a measurable inhibitory effect on B19V replication in the range
0–500 μM, achieving complete inhibition of viral replication at the higher concentration and EC50
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values in the range 7.45–41.27 μM (depending on the multiplicity of infection, in the range 101 to
104 geq/cell). Viral transcription was less affected by the presence of CDV, with a significant reduction
only at the higher concentration tested, coupled with a block in the shift from an early to late pattern
of transcription possibly correlated to the block in replicative activity. Concurrently, a progressive
reduction in the number of FISH and IIF positive cells was observed with increasing the concentration
of CDV. In these cells, CDV did not alter cell viability or proliferation to a statistically significant extent.

The inhibitory activity of CDV was much less relevant in EPCs. A statistically significant effect
of CDV on viral DNA replication was evident only for the 500 μM concentration, and even at this
highest concentration inhibition was not complete, but only in the range 68.2–92.8% depending on
the multiplicity of infection. CDV added to cell cultures did not alter EPCs viability or proliferation
to a statistically significant extent. These results suggest that the cellular environment is crucial to
the activity of CDV, and different hypotheses to explain such dependency include a slower uptake of
CDV within EPCs, a slower metabolic activity with reduced production of the active metabolite, CDV
diphosphate (CDV-PP), or a difference in the replicative machinery involved in replication of viral
genome with different sensitivity to CDV.

In EPCs, addition of CDV led to a decrease in the release of virus in the supernatant of cell cultures,
and in a reduction of its infectivity in subsequent rounds of infection. At the highest multiplicity of
infection tested, the overall reduction in virus yield and infectivity was >90%, a result arising as the
additive effect of the inhibition of replication within EPCs, with a lower production of infectious virions
(68–70% reduction), and a reduced replicative activity of viral DNA (75% reduction). It is possible
to hypothesize that incorporation of CDV in progeny DNA strands is responsible for the reduced
replicative activity observed.

The hypothesis that prolonged incubation with CDV could lead to a more profound inhibition in
viral replication was tested by assessing at the highest multiplicity of infection and CDV concentration:
(i) the effect of preincubation of cells with CDV prior to infection; (ii) the effect of an extended time
course of infection in the presence of CDV; and (iii) the effect of serial passage of virus under antiviral
pressure exerted by CDV. Reduction in viral replicative activity was observed in all of these situations.
Preincubation with CDV reduced viral replication more than 90%, significantly higher than addition
of CDV following infection. Extended incubation with CDV had modest effects on cell viability,
although a reduction in cell proliferation up to 70% was observed, but inhibition of viral replication
was observed at about 80%, coupled to a similar reduction in the amount of virus released in the cell
culture supernatant. An overall reduction in viral replication higher than 96% was finally observed
following three serial passages of virus in EPCs in the presence of CDV, suggesting that a constant
pharmacological pressure exerted by CDV can alter the viral replication dynamics to a significant extent.

Overall, these results firstly indicated that inhibition of B19V replication could be achieved by
effect of an antiviral agent, but the efficacy of CDV appeared critically dependent on the cellular
environment. In primary EPCs, the inhibitory activity of CDV was significant only at the higher
concentration tested and by extended exposure, which is impractical in clinical terms. Moreover,
concerns of toxicity on CDV prevent its widespread use and would be a major obstacle in developing
an effective treatment option for B19V, prompting for further research. Thus, in a development aimed at
overcoming these limits, the antiviral activity of Brincidofovir (BCV) was further evaluated [85]. BCV
(CMX001) is a modified form of CDV, where the acyclic nucleotide phosphonate has been conjugated
to a lipid moiety, with the result of a more potent activity demonstrated against dsDNA viruses, better
bioavailability and absence of toxicity [99–101].

Experimental investigation confirmed an enhanced antiviral activity of BCV compared to CDV in
both cellular systems, and in particular in EPCs only BCV but not CDV yielded complete inhibition of
viral replication [85]. For BCV, EC50 values were in the range 6.6–14.3 μM in EPCs and 0.22–0.63 μM
in UT7/EpoS1 cells. In comparison, EC50 values for CDV were >300 μM in EPCs and 16.1 μM in
UT7/EpoS1 cells. Accordingly, effects on cell viability were observed for BCV as opposed for CDV, with
calculated CC50 values in the range 93.4–102.9 μM in EPCs and 59.9–66.8 μM in UT7/EpoS1. Specificity
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in the antiviral effect was confirmed by comparing the activity of the two enantiomeric forms of BCV,
(S) and (R), where only BCV (S) and not BCV (R) is the active enantiomer. BCV (S) utilizes the lipid
uptake pathway in cells, leading to an increase in the effective concentration of the active antiviral,
CDV-PP, and therefore to enhanced antiviral potency [102]. In EPCs, the selectivity index values for
BCV (S) and BCV (R), determined as the ratio CC50/EC50, were 6.5 and 1.6 respectively, yielding an S/R
ratio of 4.0, and in UT7/EpoS1, SI values were 95.1 and 1.3, yielding an S/R ratio of 73.2. Such high S/R
ratios indicate an active and specific antiviral role of CDV-PP, derived from BCV (S), as opposed to a
nonspecific cytotoxic effect indirectly causing inhibition of viral replication.

As a common mechanism of action, the antiviral activity exerted by both BCV and CDV is due
to CDV-diphosphate (CDV-PP) which is used as an alternate substrate for viral DNA synthesis [103].
Both BCV and CDV are broad-spectrum antivirals that possess activity against all dsDNA viruses,
including those that do not encode their own polymerases [104–106], even though the mechanism
of inhibition has not been fully explained in this case [107,108]. By also showing antiviral activity
against B19V, the spectrum of activity of CDV-PP is thus expanded to include a ssDNA virus, even if it
should be considered that the B19V genome replicative intermediates are actually dsDNA forms that
utilize the host replication machinery and metabolic environment. The exact mechanism(s) of action of
both CDV and BCV in the inhibition of B19V replication, and its dependence on the different cellular
environments, warrants further investigation.

The identification of broad-spectrum antiviral compounds with in vitro demonstrated antiviral
activity also including B19V might be considered of relevance as a rationale for evaluating the use of
these drugs in the treatment of patients. Use of CDV is not recommended, but BCV proved effective
in inhibiting B19V replication at concentrations that are attainable in vivo [109], has a known safety
profile [110] and compares favorably with other antivirals in its activity against dsDNA viruses [111],
thus opening the possibility of its use also to treat B19V infections, given a cautious approach required
for clinical management.

7.3. Serendipity Approach: Coumarin Derivatives

As discussed, a high-throughput screen against available chemical libraries is hardly achievable,
but a more targeted serendipity approach in the screening of small-scale chemical libraries is a
practicable option. Small libraries might include compounds of different chemical nature, selected
on the basis of known and potentially relevant biological activities, and can be investigated by using
established biological and analytical protocols.

By this approach, an initial screening of a small chemical library was carried out indicating some
coumarin derivatives as scaffold molecules with promising activity against B19V [86]. Coumarins are
already in use as therapeutic agents in humans [112] and some products characterized by a coumarin
nucleus are known to possess some antiviral activity in many model systems [113], although their
precise mechanisms of action is unknown. Following the initial screening that led to identification
of a compound with promising characteristics (3-(imidazo[2,1-b]thiazol-6-yl)-2H-chromen-2-one),
serial chemical modifications of this molecular scaffold yielded a derived small chemical library that
was further evaluated, leading to additional identification of differently substituted molecules with
measurable specific antiviral activity. Overall, by testing these compounds at their highest attainable
concentrations, inhibition of viral replication in both EPCs and UT7/EpoS1 was only partial, in the range
60–82% in the best case and mainly inUT7/Epos1 cells. Effects on cell viability were also relevant, with
inhibition up to 30–40% in the worst case. However, for three of these compounds, prevalent antiviral
compared to cytotoxic effects was observed, with SI > 2.4–4.0. Furthermore, in UT7/EpoS1 cells, the
inhibition of viral replication followed a dose-response curve (calculated EC50 values ~6.4–6.7 μM)
that was significantly different compared with a rather unspecific effect on cellular viability, suggesting
that the mechanisms for the observed activity of these compounds could either involve inhibition of a
viral target or of a cellular function specifically needed by the virus during its replicative cycle.
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While such serendipity approach allows small-scale screening and can yield appreciable results,
it is a laborious approach that can be hardly rewarding in terms of success. Even when screening
molecules with promising characteristics, the hit rate is unpredictable, and in the presence of any
antiviral activity the identification of the target, whether cellular or viral, is an endeavoring task.
Nonetheless, by following this approach, characterization of both target and mechanisms of action
would be required, not least due to the need to refine the design and synthesis of molecules better
suited to exert their antiviral activity.

7.4. Direct Antiviral Agents

A different experimental approach can be followed in the search for direct antiviral agents. Detailed
knowledge of the viral lifecycle and of mechanistic details of the molecular machinery involved, can
allow the identification of critical targets, whose inhibition would prevent viral replication or at least
viral cytotoxic effects. By this approach, functions crucial to the viral lifecycle should be attributed to
specific genes, gene regions or even protein domains. In vitro assays, also using recombinant proteins,
should be developed to measure correlate activities, so that any inhibition of these activities by tested
compounds might be investigated firstly in screening experiments using biochemical assays, and then
in cell-based assays. Such an approach has been reported in the literature, in the search for compounds
that are able to inhibit the endonuclease activity associated with viral NS protein [87].

Within the B19V proteome, the NS protein is synthesized in the early phases and exerts crucial
functions during the viral lifecycle [19]. The protein is involved in the terminal resolution reaction,
which is essential for the rolling hairpin replication of viral DNA, and both an endonuclease and
helicase activity are required, mapped to distinct domains of the protein. It has an activating role
on the viral promoter as well as a heterologous trans-activating action on several cellular promoters,
this activity is mapped to a different protein domain. The protein is responsible for interactions with
cellular pathways, including the induction of a DNA damage response, dysregulation of cell cycle,
and apoptosis. Since crystallographic studies related to the NS protein have not been produced, its
molecular structure can be only predicted by analogy to other replicative molecules in the family,
for example, rep proteins of Adeno-Associated Virus (AAV), but to an approximation that impairs
the rational design of ligands and inhibitory molecules. The functional mapping of the NS protein
indicates the presence of different domains and associated functions, localizes putative active sites,
and allows the design of biochemical assays to measure functional activity.

The N-terminus (aa. 2–176) of NS1 possesses DNA binding and endonuclease activity, and an
endonuclease motif resides between amino acids 137 and 145 [114]. The presence of a functional
endonuclease domain is necessary for replication of the viral genome, by allowing terminal resolution
and continuing rolling hairpin replication. This function can be monitored also by in vitro biochemical
assays, by using a purified recombinant protein fragment obtained from a prokaryotic expression
system and measuring activity by the amount of cleaved oligonucleotides of appropriate target
sequence [115]. This biochemical assay, further improved using a fluorophore-based reporter system,
proved suitable to evaluate a specific inhibitory activity of tested compound in a direct target-based
assay [87]. The convenient assay format allowed screening of a selected chemical library and led to
the identification of a subset of compounds with significant (>80%) in vitro endonuclease-inhibiting
activity at concentrations <10 μM. Among these, three compounds of flavonoid-like structure were
selected and further tested to determine their in vitro activity, in inhibiting the endonuclease nicking
reaction, and in vivo to selectively inhibit B19V replication.

In vitro, dose-response curves showed IC50 values in the range 1.1–3.1 μM, making these
compounds highly promising for subsequent evaluation in cell-based assays. In cell-based assays,
involving both UT7/EpoS1 and EPCs, the selected compounds also showed a capacity to inhibit B19V
replication as a dose- and time-dependent response, as determined by a cytometric assay to determine
the fraction of productively infected cells. However, the inhibition of viral replication was only partial
if not at the highest concentrations tested, at the expense of effects on cell viability. In UT7/EpoS1
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cells, reported EC50 values were in the range 44.2–55.1 μM, compared to CC50 values in the range
180.9–227.0 μM, resulting in selectivity indexes of 3.3–4.4. In EPCs, EC50 values were in the range
33.5–53.9 μM, compared to CC50 values in the range 55.9–89.8 μM, resulting in selectivity indexes
of 1.5–1.8. qPCR assay in EPCs following a 48 h infection course, the EC50 values were in the range
20.5–38.4, thus giving a selectively index in the range 2.4–2.7. Replication of the viral genome was
already inhibited at an early time point post-infection, thus corroborating inhibition of the endonuclease
function of the NS protein as a likely mechanism of antiviral activity.

Results of these studies, therefore, on one hand indicate that a target-oriented biochemical assay is
feasible and useful, and that in principle it might be extended to investigate other viral functions crucial
to the viral lifecycle. On the other hand, these results clearly indicate a major problem arising when
considering the whole virus–cell system as a target, as opposed to isolated functions of protein domains.
Issues of transport of compounds within cells, the metabolic fate of compounds, the accessibility of
active sites in the context of a macromolecular assembly, and overall metabolic differences in cells,
depending also on cell type, differentiation stage, proliferation rate, and metabolic activity, can all
impact the efficacy of otherwise promising compounds in a crucial way.

7.5. Other Compounds

In the literature, a few other molecules have been reported, which possess measurable selective
inhibitory activity on B19V or effects on B19V-infected cells. The assembly of a macromolecular
machinery in the origin of replication of the viral genome requires not only a functional viral NS
protein, but also cellular partners [23], including the phosphorylated form of STAT5, as a common
terminus of the activation pathway triggered by Epo and enhanced by hypoxia [24]. The molecule
pimozide is a known inhibitor of STAT5 phosphorylation, and accordingly it exerts an inhibitory effect
on B19V replication, with only a minor effect on cell viability as determined by a colony formation
inhibition assay. Pimozide is approved for use as an antipsychotic drug, so a dual use of the molecule
might be conceivable but hardly proposed in the absence of aimed clinical studies.

The nucleotide analogue telbivudine, inhibitor of HBV reverse transcriptase, has been evaluated
for its effects in B19V-infected endothelial progenitor cells, in the context of a pathogenetic mechanism
proposed for B19V-induced endothelial disfunction and development of dilated inflammatory
cardiomyopathy [116,117]. While telbivudine did not show any direct inhibitory effect on B19V
replication or expression [116], it protected B19V infected endothelial progenitors by B19V-induced
apoptosis [117], in a mechanism that possibly reverses B19V-induced dysregulation of BIRC3, thus
intervening the apoptosis pathway and protecting susceptible cells from cell death.

Finally, the possible protective effects of IFN-beta have been evaluated in limited clinical trials
for the treatment of dilated cardiomyopathies of supposed viral trigger, including B19V, considering
its high prevalence in myocardial tissues, reporting promising results [118–120]. The interactions of
B19V and the innate immune system are not yet well characterized, either in terms of sensor activation,
induction of effector mechanism, and possible viral escape strategies. A better understanding of this
aspect of virus–cell interaction will likely indicate novel antiviral strategies to pursue.

8. Conclusions and Perspectives

In conclusion, a few statements can be proposed. First, B19V infection should not be overlooked in
clinical terms, and diagnostic uncertainties can be easily resolved when a correct diagnostic approach
is followed. Thereafter, even if most infections do not require treatment, the management of more
complicated cases would be advantageous with respect to the availability of dedicated treatments that
incorporate both specific and unspecific antiviral agents, such as IVIG.

In the research on antivirals against B19V, some work has been done in recent years to close the
gap with other viruses, first yielding compounds that are already in use and that could be retargeted
to B19V. In the case of Hydroxyurea, available data already consent some clinical considerations,
since continuous HU treatment is already used in SCD subjects that are at high risk of disease for
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B19V infection, and retrospective clinical data show a measurable protective effect against severe
hematological manifestations. In the case of nucleotide analogues, these have been used, or are being
investigated, for viral infections other than B19V, so that their safety profiles are known. While CDV
is not used because of its toxic side effects, BCV is qualified as a promising broad-range antiviral.
Given its demonstrated in vitro activity, its possible use in off-label situations justified by severe and
non-responsive B19V infection might offer a clue to its efficacy in in vivo situations. Furthermore,
its possible use as a broad-range antiviral and prophylactic agent in immunosuppressed individuals
would also offer the opportunity to evaluate its efficacy in preventing or controlling B19V infections in
the follow-up of these subjects. Research on targeted direct antiviral agents, on the other hand, might
offer better-suited molecules, but will need to face evaluation of clinical safety coupled to efficacy, a
demanding task in many respects.

In this context, continuing research in the field, with an ever-increasing knowledge regarding the
viral lifecycle, the molecular machinery involved, and a precise understanding of virus–cell interactions,
will offer novel opportunities for developing more efficient, targeted antiviral agents, that can be
translated to available therapeutic options in the near future.
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Abstract: Aims: Human parvovirus B19 (B19V) infection directly induces apoptosis and modulates
CXCR4 expression of infected marrow-derived circulating angiogenic cells (CACs). This leads to
dysfunctional endogenous vascular repair. Treatment for B19V-associated disease is restricted to
symptomatic treatment. Telbivudine, a thymidine analogue, established in antiviral treatment for
chronic hepatitis B, modulates pathways that might influence induction of apoptosis. Therefore,
we tested the hypothesis of whether telbivudine influences B19V-induced apoptosis of CAC.
Methods and Results: Pretreatment of two CAC-lines, early outgrowth endothelial progenitor
cells (eo-EPC) and endothelial colony-forming cells (ECFC) with telbivudine before in vitro infection
with B19V significantly reduced active caspase-3 protein expression (−39% and −40%, both p < 0.005).
Expression of Baculoviral Inhibitor of apoptosis Repeat-Containing protein 3 (BIRC3) was significantly
downregulated by in vitro B19V infection in ECFC measured by qRT-PCR. BIRC3 downregulation
was abrogated with telbivudine pretreatment (p < 0.001). This was confirmed by single gene
PCR (p = 0.017) and Western blot analysis. In contrast, the missing effect of B19V on angiogenic
gene expression postulates a post-transcriptional modulation of CXCR4. Conclusions: We for the
first time show a treatment approach to reduce B19V-induced apoptosis. Telbivudine reverses
B19V-induced dysregulation of BIRC3, thus, intervening in the apoptosis pathway and protecting
susceptible cells from cell death. This approach could lead to an effective B19V treatment to reduce
B19V-related disease.

Keywords: telbivudine; B19V; circulating angiogenic cells; apoptosis; caspase-3; BIRC3 (cIAP-2)

1. Introduction

Human parvovirus B19 (B19V), belonging to the genus Erythrovirus of the Parvoviridae family, is
a single-stranded DNA virus responsible for a wide range of clinical manifestations. Although the
majority of clinical disorders are generally self-limiting and subclinical [1], in certain cases, the disease
may turn chronic and clinically relevant. The latter may result from either direct virus-mediated injury,
increased apoptosis [2], inadequacy of the specific anti-viral immune response [3] or dysregulated
trafficking of cells involved in endothelial regeneration [4].

B19V replication and expression profiles highlight the very restricted cellular targets defined by a
specific receptor status, erythroid lineage, and differentiation stage [2,5–8]. Recently, we have identified
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different cell types belonging to the heterogenous group of marrow-derived circulating angiogenic
cells (CACs) with similarities to the erythroid and endothelial lineage, to be targets for B19 infection [2].
CAC play a key role in cardiovascular regeneration [9]. B19V directly induces apoptosis of CAC
through the viral proteins NS1, VP1 [2], and the small 11kDa protein and impairs their trafficking [4].
Among CAC, the so-called early outgrowth endothelial progenitor cells (eo-EPC) have been shown
to parallel disease progression in atherosclerosis [10]. Clonally distinct endothelial colony-forming
cells (ECFC) with high proliferative potential expressing endothelial cell surface antigens form robust
vascular structures in vivo and in vitro [11,12] and are associated with improved cardiac function [13].

Inhibitor of Apoptosis (IAP) gene products play an evolutionarily conserved role in
regulating programmed cell death in diverse species [14]. The Baculoviral Inhibitor of apoptosis
Repeat-Containing protein 3 (BIRC3; cellular inhibitor of apoptosis-2, cIAP-2) is a member of the
Inhibitor of Apoptosis family [15,16] that inhibit apoptosis by interfering with the activation of
caspases-3, -6, and -7 [14,17,18], including the effector caspase-9 [14] and caspase-8 [15,19]. We have
previously shown the induction of apoptosis in CAC through activation of caspases-8 and -10 [2].
Expression of BIRC3 has been strongly linked to cell survival in virally-associated cancer and been
classified as an oncogene [20]. Furthermore, BIRC3 was found to inhibit hepatitis B virus (HBV) protein
synthesis, viral replication, and transcription [21,22] and ubiquitination of cellular factors essential for
antiviral response [23].

The synthetic thymidine nucleoside analogue telbivudine, approved for the treatment of
hepatitis B [24,25], inhibits DNA dependent second strand DNA synthesis [24,25]. Mechanistically,
telbivudine-5′-triphosphate is incorporated into the nascent HBV DNA strand by the HBV DNA
polymerase, competing with the natural substrate thymidine-5′-triphosphate, finally leading to
chain termination. Furthermore, telbivudine modulates expression of the cytokines TNFα and
Interferon-gamma (INFγ) [26–28] and influences NF-κB level [29] restoring cellular immune response.
A direct effect of telbivudine on apoptosis has so far never been investigated.

Therefore, we tested the hypothesis of telbivudine influencing B19V-induced apoptosis of CAC
We, therefore, analysed potential signalling pathway of apoptosis induction by B19V and the effect of
telbivudine treatment in vitro.

2. Methods

2.1. Cell lines and Isolation of Primary Cells

Mononuclear cells (MNC) were isolated by density-gradient centrifugation with Biocoll
(Biochrom) from peripheral blood of healthy donors. Cultivation of eo-EPC was performed as described
previously [2], using the same seronegative male donors for corresponding experiments.

Human umbilical cord blood ECFC were purchased from Lonza and cultivated as recommended
by the manufacturer. Experiments with ECFC were conducted at passage 5 to 7 since these yielded
optimal results [2]. All in vitro experiments were conducted at least in triplicate. Cells were cultivated
at 37 ◦C, 5% CO2.

For the rationale to use different cell lines for the individual experiments, please see [2].

2.2. Telbivudine Treatment of Cell Cultures

Telbivudine (sc-222340, Santa Cruz Biotechnology) was dissolved in water and added at final
concentrations of 10 ng/mL (41.3 nM) to the respective cell culture medium 2 h before infection.

2.3. Virus Stock and Infection

B19V belonging to genotype 1 was purified from the serum of a patient with B19V as described
previously [2]. The concentration of virus particles was quantified by real-time PCR by means of
B19V genome equivalents (GE). Uninfected, virus-free control plasma was purified using identical
experimental conditions. Until otherwise indicated, cells were infected in the appropriate growth
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medium with 3000 GE/cell or treated with equal volumes of purified control plasma. As an internal
control for successful B19V infection, detection of B19V DNA and RNA by nested PCR was performed
as described previously with primers specific for the NS1 coding sequence [2] before performing the
following experiments.

Consequently, 4 different experimental settings were compared: (a) plasma treatment,
no telbivudine (plasma, no telbivudine); (b) plasma treatment, telbivudine (plasma, telbivudine);
(c) B19V-infected plasma, no telbivudine (B19V, no telbivudine); (d) B19V-infected plasma, telbivudine
(B19V, telbivudine).

2.4. RNA Isolation and Reverse Transcriptase PCR

Total RNA isolation with the RNeasy Kit (Qiagen, Hilden, Germany), DNase digestion of purified
RNA with Turbo DNA-free DNase (Life Technologies, Waltham, Massachusetts, U.S.) and cDNA
synthesis with M-MLV Reverse Transcriptase (RT) RNase H minus (Promega, Fitchburg, Wisconsin,
USA) were performed according to the manufacturer’s instructions. Turbo DNA-free digestion
(Thermo Fisher Scientific, Waltham, Massachusetts, USA) was performed with 500 ng to 1.5 μg total
RNA as recommended. At least 300 ng DNase-digested RNA was reverse transcribed with M-MLV RT
as +RT reactions versus equal amounts of RNA under the same conditions without M-MLV RT as –RT
reactions. cDNA synthesis was performed with oligo(dT) primers (Thermo Fisher Scientific).

2.5. Fluorescence Associated Cell Sorting (FACS) Analysis for Active Caspase-3

Active caspase-3 staining was performed with infected CAC as described previously [2].
CACs were harvested with Accutase (Thermo Fisher Scientific), fixed with 4% paraformaldehyde and
washed. CACs were incubated for 15 min. at 4 ◦C with 2% human FcR-blocking reagent and washed
once with phosphate buffered saline (PBS) (Sigma Aldrich, St. Louis, Missouri, USA). Afterwards,
cells were permeabilized for intracellular caspase-3 staining with Cytofix/Cytoperm-solution
(BD Cytofix/Cytoperm Permeabilization Kit, BD Biosciences) for 15 min. at 4 ◦C. Cells were
resuspended in 100 μL BD Perm/Wash buffer and incubated with V450 rabbit anti-active caspase-3
antibody (1:33 diluted, BD Biosciences, Erembodegem, Belgium) for 20 min. at 4 ◦C in the dark.
After the incubation, cells were washed once with BD Perm/Wash buffer and resuspended in PBS.
FACS analyses were done on a BD FACSCanto II (BD Biosciences).

2.6. PCR Array for Human Apoptosis and Angiogenesis

A Human Apoptosis (PAHS-12Z) and Angiogenesis (PAHS-024Z) RT2 Profiler PCR Array was
performed with the RT2 First Strand Kit and the RT2 SYBR Green/ ROX Master Mix according to the
manufacturer’s instructions (Qiagen) using 500 ng input RNA. Data were analysed with the PCR Array
Data Analysis Software (Qiagen). For this, only ECFC were used since this cell type can be cultivated
in greater quantities independent of intersubject variability and expected confounders through the
experimental manipulations.

2.7. BIRC3 Single PCR Levels

Quantitative PCR for BIRC 3 was performed using 50 ng cDNA with the Fast Blue qPCR
MasterMix plus ROX (Eurogentec, Seraing, Belgium) and the BIRC3 TaqMan GeneExpression Assay
(HS00985031_g1) according to the manufacturer’s instructions. Standardization was performed with a
primer/probe set against ribosomal Protein S29 (RPS29) using a primer and probe set designed by the
Roche Universal Probe Library (UPL) Assay Design Center and using Universal Probe number 25 using
the Fast Blue qPCR MasterMix plus ROX and 50 ng cDNA according to the manufacturer’s instructions.
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2.8. Statistical Analysis

All experiments except for the ones for the PCR-arrays (for apoptosis (n = 2) and for angiogenetic
genes, n = 1) were performed as at least three independent experiments. Continuous variables
were tested for normal distribution with the Kolmogorov–Smirnov test. Non-normally distributed
continuous variables were compared by the Mann–Whitney-U test for two groups or by the
Kruskal–Wallis test with more than two subgroups with post hoc analysis (Wilcoxon). Data are
expressed as mean ± SD, unless otherwise stated. Comparison of categorical variables was generated
by the Pearson χ2 test. Statistical significance was assumed if a null hypothesis could be rejected at
p ≤ 0.05. All statistical analysis was performed with SPSS 21.0 (SPSS, IBM, Armonk, New York, USA.).

3. Results

Telbivudine Inhibits Activation of B19V-Induced Apoptosis through Stabilisation of BIRC3 Levels

We have previously shown a strong induction of apoptosis in B19V-infected CAC [2]. Here,
we assessed the magnitude of apoptosis in CAC after in vitro infection with B19V and the effect of
pre-treatment with telbivudine, respectively. Pre-treatment with telbivudine significantly (p < 0.001)
reduced B19V-induced apoptosis by 39%, as measured by activation of the effector caspase-3 in ECFC
(B19V, no telbivudine 81.5 ± 11.7% vs. B19V, telbivudine 35.8 ± 19.3% active caspase-3 positive
cells compared to plasma, no telbivudine 3.3 ± 2.4% vs. plasma, telbivudine 1.8 ± 1.3%; Figure 1A)
and eo-EPC by 40%, (p < 0.005; B19V, no telbivudine 51.8 ± 2.3% vs. B19V, telbivudine 31.0 ± 5.6%
active caspase-3 positive cells compared to plasma, no telbivudine 4.1 ± 1.7% vs. plasma, telbivudine
1.6 ± 0.4%; Figure 1B).

Figure 1. Reduced human parvovirus B19 (B19V)-induced apoptosis after telbivudine pre-treatment in
B19V-infected early outgrowth endothelial progenitor cells (eo-EPC) and endothelial colony-forming
cells (ECFC). Quantification of active caspase-3 positive in (A) ECFC and (B) eo-EPC. Data are means
+SD, *** is p < 0.001.

To further dissect the underlying pathway, we analyzed multiple pathways through a PCR
array for human apoptosis (n = 1) using ECFC. Infection with B19V led to strong downregulation of
BIRC3 mRNA levels. Treatment of CAC with telbivudine before B19V infection reversed this effect
(Figure 2A). This was confirmed by Single PCR (n = 4, Figure 2B), that showed BIRC3 levels to be less
downregulated when ECFC were pretreated with elbivudine before B19V infection.
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Figure 2. PCR Array for apoptosis and Baculoviral Inhibitor of apoptosis Repeat-Containing protein
3 (BIRC3) after telbivudine pre-treatment in B19V-infected ECFC. (A) Regulation of apoptotic genes
in ECFC; plasma, telbivudine versus plasma, no telbivudine (blue bars), B19V, no telbivudine versus
plasma, no telbivudine (red bars), and B19V, telbivudine versus plasma, no telbivudine (green bars).
(B) Quantification of BIRC RNA in ECFC, * is p < 0.05, ** is p < 0.01.

Having shown that B19V infection affects trafficking of CAC [4], we subsequently analysed the
effect of telbivudine on angiogenic genes with an RT2 Profiler PCR array analysis for angiogenic genes
(n = 1). We saw very little changes in a few other genes, so that we postulate a post-transcriptional
effect of B19V on CXCR4.

4. Discussion

The results of this study show for the first time an anti-apoptotic effect of the nucleoside
analogue telbivudine through normalisation of BIRC3 levels in B19V-induced apoptosis in CACs, thus,
providing a novel approach to protecting cells from B19V damage. These results extend the knowledge
of activities of telbivudine against known human viruses. Thus, telbivudine may be an interesting
candidate to unravel new insights into cellular mechanisms in B19V infection.
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B19V infection is restricted to a small number of cell lines including erythroid progenitor cells,
erythroblastoid cell line UT7/Epo-S1 [6,7] or CAC [2], the latter are important players in endogenous
cardiovascular regeneration [30]. B19V infection in humans is associated with impaired endothelial
regeneration through induction of apoptosis and dysregulated trafficking of infected CAC [2,4].
Therapy with interferon beta suppresses B19V replication (by 63%) and increases the viability of these
erythroid progenitors [31]. However, an effective treatment option for B19V-associated disease is
not available.

We, therefore, tested the effect of telbivudine, a thymidine analogon and therapeutic agent
well established for treatment of chronic hepatitis B, in B19V infection of CAC focussing on
apoptosis and trafficking. Reproducing previous results, B19V infection strongly induced apoptosis
in CAC [2], and as demonstrated in this study, B19V-induced apoptosis is mediated through
downregulation of the antiapoptotic inhibitors of apoptosis BIRC3 (cellular inhibitor of apoptosis-2
(cIAP2)), a potent suppressor of apoptotic cell death. With pretreatment of telbivudine, downregulation
of the anti-apoptotic BIRC3 in CAC is reduced and apoptosis prevented. BIRC3 prevents the
proteolytic processing of pro-caspases -3, -6 and -7 by blocking the cytochrome c-induced activation of
pro-caspase-9 [14]. Whereas caspase-8 induced proteolytic activation of pro-caspase-3 is not inhibited
by BIRC3 [14], the formation of a complex with the TNF-receptor associated factor 1 (TRAF1), TRAF2,
and the TNFα receptor (TNFR), activating caspase-8, is hindered [15,19,32]. The direct anti-apoptotic
effect of telbivudine in B19V-induced apoptosis could be shown on transcriptional levels of BIRC3.
Further research on the precise pathway, on protein levels, up- and downstream signalling and
to identify influencing player, i.e., RIP1, TRAF1, TRAF2, TRAIL, TNFR, caspase-8, caspase-6/7/9,
is needed [33]. In erythroid progenitor cells, INFγ delays apoptosis, related to the expression of
Bcl-x without the involvement of Fas [34]. The TNFα -inducible gene cIAP2 inhibits HBV protein
synthesis, viral replication, and transcription [21]. Thus, since telbivudine alters the NF-κB level [29]
and modulates expression of the cytokines TNFα and INFγ [26–28], the INFγ-mediated apoptosis
pathways including NF-κB expression offer a further promising target [35–37].

Much to our surprise, no angiogenic gene modulations were detected, postulating a
post-transcriptional effect of B19V on CXCR4 that needs to be further dissected.

The identification of compounds active against B19V-induced vascular damage might add
therapeutic options to the treatment of B19 infection which, up to now, relies entirely on symptomatic
treatment. It is tempting to speculate that the reduction of apoptosis of CAC by telbivudine could
improve cell survival, thus, reducing the turn-over rate of CAC, which in turn could preserve the
presumably finite pool of regenerative cells. This can be expected to preserve endothelial regenerative
function. Whether our preliminary findings can be extended to a specific treatment in B19V-induced
diseases in vivo, will have to be evaluated in detail in confirmatory in vitro and in vivo experimental
and clinical studies. Furthermore, experiments to show the effect on apoptotic pathways apart from
directly interfering with B19V replication are needed. Of interest, the results of these studies might
have implications for angiogenesis related to tumour angiogenesis. The research on the role of B19V or
its compounds might open new therapeutic approaches.
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Abbreviations

B19V human parvovirus B19
BIRC3 baculoviral inhibitor of apoptosis repeat-containing protein 3
CAC circulating angiogenic cells
cIAP-2 cellular inhibitor of apoptosis-2
eo-EPC early outgrowth endothelial progenitor cells
ECFC endothelial colony forming cells
FACS fluorescence associated cell sorting
GE genome equivalents
HBV hepatitis B virus
IAP inhibitor of apoptosis
KDR kinase insert domain receptor
MNC mononuclear cells
PBS phosphate buffered saline
RT reverse transcriptase
RIP1 receptor interacting protein (RIP) kinases 1
TNF tumor necrosis factor
TNFR TNFα receptor
TRAF1 TNF receptor associated factor 1
TRAF2 TNF receptor associated factor 2
TRAIL TNF-related apoptosis-inducing ligand
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Abstract: Background: Diverse viral infections have been associated with myocarditis (MC) and
dilated cardiomyopathy (DCM). In this meta-analysis, we summarize the published results on the
association of parvovirus B19 (B19V) genomes with human MC/DCM versus controls. Methods:
n = 197 publications referring to B19V and MC or DCM were retrieved using multiple PubMed
search modes. Out of these, n = 29 publications met the inclusion criteria with data from prospective
analyses on >10 unselected patients presenting with MC or DCM (dataset: MA01). Data retrieved
simultaneously from both controls and MC/DCM patients were available from n = 8 from these
publications (dataset: MA02). Results: In the dataset MA01 B19V genomes were detected in 42.6%
of the endomyocardial biopsies (EMB) in this cohort by PCR. In the dataset MA02 comprising
n = 638 subjects, there was no statistically significant different rate of B19V positivity in myocardial
tissues comparing controls (mean: 38.8 + 24.1%) versus the MC/DCM-patients (45.5 + 24.3%; p = 0.58).
There was also no statistical difference between the positivity rate of B19V genomes in myocardial
tissues of MA01 (46.0 + 19.5%) and the two patient groups of MA02 (p > 0.05). Conclusions: This
systematic review reveals that the mean rate of PCR detected B19V genomes in patients presenting
with MC/DCM does not differ significantly from the findings in control myocardial tissues. These
data imply pathogenetically insignificant latency of B19V genomes in a proportion of myocardial
tissues, both in MC-/DCM-patients and in controls. More information (i.e., replicative status, viral
protein expression) is pertinent to achieve a comprehensive workup of myocardial B19V infection.

Keywords: parvovirus B19; B19V; erythrovirus; diagnosis; dilated cardiomyopathy; inflammatory
cardiomyopathy; myocarditis; prognosis

1. Introduction

Acute myocarditis (AMC) and dilated cardiomyopathy (DCM), more specifically inflammatory
cardiomyopathy (DCMi), are etiopathogenically linked entities. The highly diverse courses and

Viruses 2019, 11, 566; doi:10.3390/v11060566 www.mdpi.com/journal/viruses203
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long-term outcomes after AMC are substantially influenced by complex virus–host interactions at the
post-acute/subacute phase after AMC [1,2].

In ca. 60% of endomyocardial biopsies (EMB) of the patients presenting with AMC or
DCM, chronic intramyocardial inflammation, as detected by immunohistological quantification [3],
and/or genomes of diverse viruses can be detected, consistent with the diagnosis of DCMi [4,5].
The immunohistological proof of DCMi is associated with adverse prognosis (mortality and indication
for heart transplantation) [6].

Cardiac magnetic resonance (CMR) is helpful for the non-invasive detection of intramyocardial
inflammation in the setting of MC and DCM [7,8]. However, CMR fails to specifically detect myocardial
viral infection, including B19V [9]. Serology for anti-B19V IgG and IgM antibodies provides indications
for a past or recent primary infection with B19V, however, it shows no statistically significant association
with the detectability of B19V nucleic acids in myocardial tissues [10]. Thus, proof of viral genomes by
polymerase chain reaction (PCR), including B19V, remains the mainstay for virological analyses in the
context of MC/DCM/DCMi [1,11].

Various viruses have been associated with MC and DCM, with parvovirus B19 (B19V) having by
far the highest prevalence (ca. 40%) [4,12,13]. The proof of viral genomes in EMB has been attributed as
a new entity in the MOGE(S) classification (etiology: V—viral infection) [14]. This classification entity
may also have implications for rational treatment strategies. Whereas disease specificity of enterovirus
(EV) (i.e., Coxsackievirus) in this setting has been confirmed by meta-analysis for MC/DCM/DCMi
patients [15], this relationship has not been established for B19V genomes yet. For B19V, a high
prevalence, increasing with age, is well documented for many tested healthy tissues, and is referred to
as the “bioportfolio” phenomenon [16]. Regarding B19V, no prognostic relevance has been elucidated for
the polymerase chain reaction (PCR) proof of viral genomes in EMB [6]. In contrast to MC/DCM/DCMi
patients with EV (i.e., Coxsackievirus) persistence [17], no beneficial effects have been achieved by
antiviral interferon treatment for B19V positive DCMi patients [18]. These discrepancies might be due
to a possible lack of disease specificity and of prognostic relevance of the mere PCR proof of B19V
genomes in EMB from patients presenting with MC or DCM.

2. Materials and Methods

Electronic literature searches were carried out using Medline (via PubMed), Web of Science,
the Cochrane Library, and Embase following the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) statement [19]. The databases were searched by two independent
reviewers on April 29th, 2014 by BK and MN. We combined the following keywords/ MeSH
terms to identify the publications in several queries: “Parvovirus B19 OR B19V OR PVB19” AND
“dilated cardiomyopathy”; AND “myocarditis”; AND “inflammatory cardiomyopathy”; AND
“cardiomyopathy”. The literature search was conducted using EndNote Version X7.4 (Thomson Reuters,
Eagan, MN, USA). We applied the following inclusion criteria: studies investigating >10 patients
with clinically suspected myocarditis, DCM or DCMi, in whom EMB were obtained and processed
for B19 genomes by PCR with defined protocols. We excluded publications referring to only animal
experiments or in vitro experiments, human studies on <10 patients, case reports, congress reports,
review articles, editorial letters, and publications written in languages other than English or German.
Furthermore, we excluded publications reporting data from non-serially included patient groups, e.g.,
studies comparing pre-selected patient groups. The searches were reviewed by AGR. There were
no discrepancies among the reviewers of the literature. We computed demographic data and the
investigational results in a Microsoft Excel data table, which were then transferred to JMP statistical
software (version 7.1; SAS Institute, Nancy, NC, USA).

Statistical Analysis

Statistical analyses were performed using the software packages JMP and R (The R Project for
Statistical Computing; version 3.2.0) with the packages “meta” and “metaphor” were employed for
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calculation of heterogeneity between the studies, forest plots, and funnel plots [20]. A probability
value of p < 0.05 was considered statistically significant.

3. Results

After exclusion of duplicates, n = 197 publications were found in the literature search. According
to the inclusion criteria n = 29 publications with data from prospective analyses on 3424 subjects
(dataset: MA01) were finally included in the synthesis. The study selection process is illustrated in
the flow chart in Figure 1. The included publications without controls were n = 21, encompassing
2786 patients with clinically suspected MC or DCM. Data referring to controls (n = 134) and MC/DCM
patients (n = 504) were available from n = 8 publications (dataset: MA02) (Table 1).

Figure 1. Flow chart for the selection of studies. The flow diagram shows the number of studies
reviewed and included in the analysis as well as the number of the patients in the different study groups.
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The demographic data of the n = 3,424 patients of the dataset MA01 were as follows: mean age:
49.7 ± 14.9 years; n = 2,301 men (67.2%). Echocardiographic data showed a mean left ventricular
ejection fraction (LVEF) of 42.4 ± 13.2% and a mean left ventricular end-diastolic diameter (LVEDD) of
59.0 ± 8.1 mm. B19V genomes were detected by PCR in 42.6% of the EMB in this cohort. The mean
reported B19V-IgG positivity was 51.1%.

A demonstration of the characteristics of patients belonging to the study group in studies without
a control group (S1) as well as in studies with a control group (S2) is shown in Table 2. In the 21 studies
without a control group there were 2786 patients with a mean age of 50.6 ± 14.7 years, and 63.9% were
male. The echocardiographic parameters showed a mean LVEF of 45.2 ± 11.6% and mean LVEDD of
60.0 ± 9.0 mm. The detection of the B19V with PCR was seen in 46.0% of those cases.

Table 2. Characteristics of the subgroups of the study group.

S1 S2

Number of patients (DCM/MC) (n=) 2786 504
Male [%] 63.92 63.76

Age, mean ± SD [years] 50.62 ± 14.65 46.37 ± 12.2
LVEF, mean ± SD [%] 45.17 ± 11.64 34.18 ± 8.96

LVEDD, mean ± SD [mm] 59.95 ± 8.98 63.83 ± 7.56
PCR positive for B19V [%] 49.6 47.2

DCM: dilated cardiomyopathy, LVEDD: left ventricular end-diastolic diameter, LVEF: left ventricular ejection
fraction, MC: myocarditis, PCR: polymerase chain reaction, S1: studies without control group, S2: studies with
control group.

In the eight studies with an incorporated control group (S2), 504 patients were in the study group.
The mean age was 46.4 ± 12.2 years, 63.8% of patients were male, mean LVEF was 34.2 ± 9.0%, and
the mean LVEDD was 63.8 ± 7.6 mm. The PCR positivity for B19V DNA was 45.5%. Those studies
comprised 134 control patients (healthy myocardial tissue from donor hearts, patients with known
coronary artery disease or arterial hypertension). These control patients were 61.9% male, with a mean
age of 61.8 ± 8.6 years, mean echocardiographic LVEF 62.8 ± 8.8%, and mean LVEDD of 36.0 ± 2.0 mm.
The PCR detected positivity for B19V was 37.5%.

3.1. Comparison of the Cardiac Parameters between Study and Control Groups

In comparison to the low LVEF of the DCM/MC patients (38.6 ± 10.0%), the LVEF of the healthy
control patients, with 62.8 ± 8.8%, is significantly higher (p = 0.016) (Figure 2). The study patients also
had a very high LVEDD (62.8 ± 7.5 mm) in comparison to the normal LVEDD (36 ± 2.0 mm) of the
control patients (p = 0.007) (Figure 2).
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Figure 2. Comparing LVEF and LVEDD in the MC/DCM and in the control patients. The numbers on the
bars represent the mean value. DCM: dilated cardiomyopathy; LVEF: left ventricular ejection fraction;
LVEDD: left ventricular end-diastolic diameter; MC: myocarditis; DCM: dilated cardiomyopathy.

3.2. Virus Detection Methods

In the studies included in the meta-analysis, three different methods were used to prove the
presence of B19V: polymerase chain reaction (PCR), serology, and immunohistochemistry (IHC).
The detection of B19V with PCR was used in 29 (100%) of the included studies.

Endomyocardial biopsies (EMB) were obtained from patients via a femoral venous (right
ventricular) or arterial (left ventricular) access and snap frozen in liquid nitrogen. The detection of
virus DNA was performed with the use of PCR (n = 19) or of nested PCR (nPCR; n = 15) employing
special primers for the VP1-/VP2-/NS1-coding regions. The virus load was assessed by quantitative
PCR, and was reported in a minor portion of the publications, which made meaningful statistical
analyses impossible. In the 29 studies, B19V could be detected in 1688 (49.3%) patients with a mean
PCR positivity rate of 45.9% ± 20.4% in the study group versus 38.7% ± 24.1% in the control group,
respectively (p = 0.41).

Serology was performed in 10 studies comprising 844 patients and the presence of antibodies
(anti-B19 V immunoglobulins) was demonstrated. A positive finding for B19V specific antibodies was
reported in 401 (47.5%) of the patients, with 46.1% ± 36.4% in the study group and 35.8% ± 37.8% in
the control group (p = 0.73). The detection of IgM antibodies was reported in 18 (4.5%) of the patients,
and of IgG antibodies in 379 (94.5%) of the patients, respectively. There was no statistical difference
regarding the detectability of B19V-specific IgG, with 58.7% ± 28.7% in the study group versus 47.3%
± 21.5% in the control group (p = 0.63). Furthermore, no statistical difference was calculated for the
reported B19V-specific IgM, with 2.8% ± 4.8% in the study group versus 1.8% ± 2.5% in the control
group (p = 0.79).

For the immunohistological detection of B19V proteins (VP1 and VP2), cryosections from frozen
EMB were examined in 18 studies and the B19V protein expression was reported in 43.1% of
MC-/DCM-specimens. No data were available for the immunohistological detection of B19V proteins
in EMB from control patients.
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3.3. Distribution of Viruses in Patients with DCM/MC and Control Patients

In all study patients apart from B19V, which was detected in 1688 (49.3%) patients, other viruses
were also detected in a smaller percentage: enterovirus, human herpesvirus 6 (HHV-6), adenovirus
(ADV), Epstein-Barr virus (EBV), and cytomegalovirus (CMV) (Table 3). Multiple infections with
simultaneous detection of various viral genomes was reported in n = 163 (12.3%) patients.

Table 3. Distribution of viruses in MC-/DCM-patients and in control patients.

Virus n (%)

Parvovirus B19 (B19V) 1688
(46.85%)

Enterovirus (EV) 203 (5.36%)
Human Herpes virus-6 (HHV-6) 176 (4.88%)

Adenovirus (EDV) 44 (1.22%)
Epstein-Barr virus (EBV) 30 (0.83%)
Cytomegalovirus (CMV) 28 (0.77%)

3.4. PCR Proof of B19V Genomes Comparing Patients with DCM/MC and Controls

The main attention of this meta-analysis was focused on the question, if a B19V infection can
be a risk factor for DCM/MC or if there is no difference in comparison to donor hearts. In order to
clarify this, a direct comparison between DCM/MC patients and healthy donor hearts by using PCR
was performed in the MA02 cohort comprising n = 638 subjects. There was no statistically significant
different rate of B19V positivity in myocardial tissues comparing controls (mean: 38.8 ± 24.1%) versus
the MC/DCM-patients (45.5 ± 24.3%; p = 0.58). There was also no statistical difference between the
positivity rate of B19V genomes in myocardial tissues of MA01 (46.0 ± 19.5%) and the two patient
groups of MA02 (p > 0.05).

The forest plot of the eight studies with a control group shows the comparison of B19V detection
with PCR in DCM/MC patients and control patients (Figure 3). No significantly higher detection rate
of B19V in the study group was shown in comparison to the control groups of these eight studies
(p = 0.3285)
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4. Discussion

In patients presenting with MC or DCM, EMB can be performed as a diagnostic procedure [1,44].
Apart from the histological and immunohistological diagnosis, PCR detection of virus genomes is
recommended [11]. In this context, B19V genomes are most frequently detected compared with other
viral genomes studied [13,21,45].

For the enterovirus/Coxsackievirus B3 there is a causative association between detection of virus
genome and appearance of myocardial disease. Apart from the experimental confirmation in murine
models, a meta-analysis has also shown the association between enterovirus and MC/DCM compared to
controls; a prognostic as well as therapeutic importance has also been shown [15,17,46]. However, such
an association has not been proven convincingly for B19V in MC/DCM. The main aim of our study was
to systematically review the published studies focusing on this topic, and to perform a meta-analysis
of the available data. Similar detection rates with B19V genomes have been documented in various
regions of the world, including Europe, North America, and Asia [47]. The range of seropositivity
for B19V rises substantially from fetal to advanced age. In Germany, seropositivity for B19V extends
from 20.4% in children up to 79.1% in people over 65 years of age [48]. Similar data could also be
shown in England/Wales (21%–75%), Belgium (74%), and Italy (79%) [49]. The transmission of B19V
occurs through droplets, blood, or close body contact. After seroconversion, lifelong seropositivity
ensues. The often asymptomatic course after first B19 infection facilitates the spread of the virus. B19V
usually persists mostly lifelong in various tissues, a phenomenon also known as “bioportfolio” [16,47].
For tonsillar tissues, Pyöriä et al. have recently identified B cells as the main cell type of B19V genome
persistence [50]. This investigation also supports the maintenance of pathogen-specific humoral
immune responses as a consequence of B-cell long-term survival. Thus, the frequent detection of B19V
genomes in EMB of DCM/MC patients raises the question of pathogenic relevance, since it might be in
parts due to lifelong persistence of B19V DNA in terms of a “bioportfolio” effect as well [51,52].

4.1. PCR Diagnosis of B19V

In the 21 studies without a control group, which assessed 2786 DCM/MC patients, B19V genomes
were proven by PCR in 50.3% of the patients. A similar rate of B19V proof of 56.9% was also reported
in the DCM/MC patients of the eight studies which included a control group. In total, in the 29 studies
including 3290 DCM/MC patients, B19V genomes were detected by PCR in EMB in 49.3% of the
patients. In the control group, detection of B19V by PCR was reported in 37.5% of EMB specimens,
being not significantly different to the findings in control patients (p = 0.509). These data imply
pathogenetically insignificant latency of B19V genomes in a proportion of myocardial tissues of both
MC-/DCM-patients and controls. Thus, PCR evidence of B19V genomes is not sufficient to indicate
a disease relationship between B19V and MC/DCM [51,52]. These data may be compatible with
the “bioportfolio” phenomenon, known for the PCR detection of B19V genomes in other human
tissues [16]. More information (i.e., replicative status, viral protein expression) is pertinent to achieve
a comprehensive workup of myocardial B19V infection [28,29,42,52]. The lack of such additional
information could be a pivotal reason for the neutral trial result of an anti-viral interferon treatment
study in MC/DCM associated with B19V, which was only based on the PCR proven B19V genome in
EMB [18].

4.2. Factors Potentially Influencing EMB Diagnosis

The 29 studies included in this meta-analysis have been performed in different centers with
different assessment methods. The heterogeneity of the inclusion criteria of the 29 studies as well
as of the diagnostic methods and the measured results might have contributed to heterogeneity.
The advances in virus load quantification, differentiation of genotypes and of viral replications status
are additional methodological issues which cannot be unified in all studies, since the technical evolution
of these methods was incremental over time. Hence, the first investigations did not address these
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detailed issues. It can be assumed that there were differences in the size and quantity of EMB tissue
specimens among the 29 studies, as well as multiple sources of methodological differences regarding
DNA extraction and PCR protocols. Depending on the individual center, different primers and probes
were used for the PCR. Besides, the number of obtained EMB samples per patient, from which DNA
is extracted, varied significantly among the different studies from 1 to 6 EMB for evaluation of viral
genomes [12,13,22]. Another important issue may be the sampling error, which is well known to
impair the diagnostic accuracy of histological EMB evaluation [53], but is not precisely known for the
virological analyses of EMB [54]. Finally, the problem of the preferred ventricle for the obtainment of
EMB in the context of myocarditis or DCM has not been solved yet [7,55]. Another important factor
is the timing of EMB in the natural course of the disease, with higher amounts of virus load in the
acute compared to the chronic phase [45,56]. Additionally, the prognostic relevance of differentiating
the B19V genotype is incompletely understood [30,36]. Taken together, these data highlight the
importance of standardized, uniform methodological approaches for the proof of relevant myocardial
B19V infections.

4.3. Control Group

The data on myocardial samples from the control group are extremely important, since these are
the only available data comparing B19V infections in non-MC and non-DCM patients. Nonetheless, the
ideal myocardial samples would have been EMB from cardiovascular healthy, age- and sex-matched
controls, which however is not possible due to obvious ethical constraints. A further issue is the not
well-standardized sampling region among the eight studies.

4.4. Prognostic Relevance of PCR Proven B19V Genomes in the Endomyocardium

In a prospective single center study with clinically suspected myocarditis, the PCR proof of viral
genomes in EMB, including B19V, was not associated with prognosis, as opposed to the adverse
outcome in patients with immunohistological proof of intramyocardial inflammation [6]. The adverse
prognostic impact of intramyocardial inflammation was also confirmed in investigations focusing on
cardiac magnetic resonance (CMR) based detection of late gadolinium enhancement (LGE) in patients
presenting with both MC and DCM [57,58]. Further publications did not confirm an adverse impact
of B19V genomes in EMB of patients with clinically suspected MC or DCM [27,35]. Only in one
study, focusing on highly selected DCM patients with diverse courses of spontaneous viral elimination
versus viral persistence, a potential prognostic impact was reported for viral genomes persisting over 6
months of follow up EMB investigations, including B19V, either as monoinfection or as part of multiple
viral genomes present in EMB [5]. These insights were not confirmed in a comparable analysis [59].
So far, we are lacking detailed data on comprehensive B19V investigations including the kinetics of
viral loads, the differentiation of the B19V replication status, the B19V genotypes, the B19V protein
expression pattern, and the cellular and humoral antiviral immune responses in selected patients with
biologically relevant myocardial B19V infections.

4.5. Future Management Strategies

Evidence based management strategies of MC/DCM patients are based on general heart
failure guidelines [60]. In rare cases of giant cell or eosinophilic myocarditis, immunosuppressive
treatment has a class I indication for the improvement of the outcome [44]. For the time being,
there is no widely accepted, evidence based anti-viral or pathogen directed therapy for a viral
MC/DCM [18,61]. Antiviral interferon-beta treatment has shown positive clinical and prognostic effects
in enteroviral/Coxsackievirus B persistence in single center and multicenter studies, including some
evidence for effective viral elimination, however, this antiviral treatment has not proved as effective in
B19V associated MC/DCM [17,61]. Selection of B19V positive patients with high B19V loads might be a
relevant approach to identify subgroups of B19V patients who might benefit from immunomodulatory
treatment [62]. Comprehensive, standardized diagnostic differentiation of MC/DCM patients with
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endomyocardial B19V infections with biological and prognostic relevance (possibly including viral
replication, myocardial B19V protein expression, and ongoing active cellular and/or humoral anti-B19V
immune response) might be a key approach for both an updated diagnostic classification of B19V
associated viral cardiomyopathy [14], and a more meaningful selection of candidates for future antiviral
immunomodulatory treatment trials.

4.6. Limitations of the Study

All potential limitation issues known for meta-analyses also apply to this study [63]. This
meta-analysis enables a standardized aspect of the available evidence of virus diagnosis in DCM/MC
patients; it portrays no general recommendation for the further procedure in a viral infection coexistent
with myocardial disease. For the evaluation of individual measured data from the studies it was
not always possible, because of missing statements about the results, to show mean values. For the
determined virus load of B19V using PCR no mean value could be reported, because in the few studies
in which the virus load was reported, either an individual value or a total measurement range was
given. For the assessment of B19V load by using PCR in the control group no mean value could be
calculated, as only two studies reported such values. An overview of the values of B19V loads in
EMB from patients versus healthy study participants would be of paramount importance, because
significant differences between MC and DCM patients were reported [45]. Nevertheless, it must be
stated, that the comparison of patient groups in this publication was merely based on the presumed
clinical diagnosis that was reported to the pathology institute when sending in the EMB samples. Thus,
a reliable verification of the clinical parameters in this publication is impossible, and the evaluation of
these data cannot be regarded as representative.

5. Conclusions

This meta-analysis shows that the mere PCR proof of B19V genomes in EMB has no significant
association with the clinical diagnosis of MC/DCM, since this finding is equally present in control
hearts. The lack of disease specificity is compatible with the “bioportfolio” phenomenon known for
other non-cardiac organs [16]. The appreciation of these insights improve our understanding of the
missing significant clinical effects of immunomodulatory strategies in MC-/DCM-patients associated
with B19V genomes EMB proven by PCR. In order to identify biologically relevant B19V myocardial
infections, additional characteristics of a B19V infection and of the anti-B19V immune response might
be helpful, such as the B19V virus load, the differentiation of B19V genotype, the B19V replication
status, the characterization of myocardial B19V protein expression patterns, and the differentiation
between an active humoral and cellular anti-B19V response versus the pathogenetically insignificant
latent persistence of B19V genomes [28,29,52,56]. This comprehensive, standardized characterization
could lead to the development of specific features for the selection of well characterized B19V positive
MC-/DCM-patients who may ultimately profit from tailored anti-viral immunomodulatory treatment
strategies [51].
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Abbreviations

B19V parvovirus B19
CMR cardiac magnetic resonance
DCM dilated cardiomyopathy
DCMi inflammatory cardiomyopathy
EMB endomyocardial biopsy or biopsies
EV enterovirus: enteroviral
IHC immunohistochemical
LGE late gadolinium enhancement
LVEF left ventricular ejection fraction
LVEDD left ventricular end-diastolic diameter
MC myocarditis
PCR polymerase chain reaction
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Abstract: Human bocaviruses (HBoVs) 1–4 belong to the Parvoviridae family, and they infect the
respiratory or gastrointestinal tracts in children. We investigated the prevalence of HBoV1–4 DNAs
in the blood and stool samples, and of HBoV1–4 IgG and IgM in the plasma samples, of children
presenting with acute gastroenteritis (AGE). In addition, we identified HBoV co-infections with the
five most frequent gastrointestinal pathogens. A total of 83 paired blood and stool samples were
collected from children aged five years or less. Infection markers of HBoV1, 2, or 3 (viral DNA in
blood and/or stool and/or antibodies) were detected in 61 out of 83 (73.5%) patients. HBoV1, 2, or
3 DNA as a monoinfection was revealed in 18.1%, 2.4%, and 1.2%, respectively, and 21.7% in total.
In 56.1% of the HBoV DNA-positive patients, the presence in stool of another virus—most frequently
norovirus or rotavirus—was observed. In conclusion, this study, for the first time, illustrates the
prevalence and genetic diversity of HBoVs in Latvian children with gastroenteritis, and shows a
widespread distribution of these viruses in the community. HBoV1 and 2 are commonly found as
single infectious agents in children with AGE, suggesting that the viruses can be as pathogenic by
themselves as other enteric agents are.

Keywords: human bocavirus; children; acute gastroenteritis

1. Introduction

Acute gastroenteritis (AGE) is common and affects all age groups around the world, and is
the second-leading cause of child morbidity among pediatric infectious diseases. Globally, nearly
1.7 billion episodes of childhood diarrheal disease, and 525,000 deaths, occur annually in children less
than five years of age [1].

Latvian Centre for Disease Prevention and Control data show that AGE is the fifth leading cause
of morbidity overall, causing 3.7% of all illnesses in children during their first year of life. In children
under one year of age, the incidence of AGE in the past five years (from 2012 to 2016) has increased,
from 804 episodes in 2012 to 1059 episodes in 2016 [2].

Viruses such as rotavirus (RoV), noroviruses (HNoV), enteric adenoviruses (HAdV), and
astroviruses (HAstV) are the major causes of AGE, but in many patients, despite various diagnostic
methods, the etiological agent of the disease remains unidentified [3,4].

Viruses 2018, 10, 639; doi:10.3390/v10110639 www.mdpi.com/journal/viruses219
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There are four HBoVs in the Parvoviridae family, and the Parvovirinae subfamily, belonging to
the Bocaparvovirus genus, of which HBoV1 causes mild to severe respiratory tract infections mainly
in children under the age of five. HBoV1 was first revealed in pooled nasopharyngeal aspirates of
children in 2005, but can be found also in stool samples [5–7]. A few years later, in 2009, HBoV2
and HBoV3, and in 2010 also HBoV4, were discovered in stool samples of children [8–10]. HBoV2
is more frequently found in stool samples than in respiratory tract samples, but its association with
AGE is disputed [8,9,11,12]. HBoV2 has only occasionally been found in the respiratory tract [13,14].
To date there is no confirmed association between HBoV3 or HBoV4 and AGE or respiratory tract
infections [10,12,14,15].

The aim of this study was to investigate the detection rates of the respiratory and enteric HBoVs,
as well as to determine co-infections with the five most frequent gastrointestinal pathogens in children
presenting with gastroenteritis, in order to identify the possible role of HBoVs in the etiology of the
disease in Latvia. This is the largest study of HBoVs in AGE where viral DNA findings in stool and
blood samples have been compared with serology.

2. Materials and Methods

2.1. Patients and Samples

This study was performed in the Infectious Diseases Department of the Children’s Clinical
University Hospital of Riga, Latvia from November 2013 to April 2017. Children who were hospitalized
and who fulfilled the criteria for AGE (with diarrhea and/or vomiting, febrile temperature (i.e.,
axillary temperature higher or equal to 37.5 ◦C), with the duration of acute illness of less than 10 days)
were included in this prospective study. The median duration of hospitalization was two days.
On inspection, symptoms of acute respiratory tract infection (ARTI) in combination with AGE were
also determined in some of the patients. Exclusion criteria were: Patients with chronic diseases and
patients with bacterial gastroenteritis.

Altogether, 83 children were enrolled in the study. Of these 83 children, 51 (61.4%) were male
and 32 (38.6%) were female (p = 0.0051). The median age was 19 months; 8 patients (9.6%) were less
than 6 months old, 15 (18.1%) were 6–12 months old, 35 (43.2%) patients were 12–24 months old, and
25 (30.1%) were 2–5 years old. Pediatricians divided the patients into two groups: The AGE group
(patients with gastrointestinal symptoms only) of 61 patients and the AGE–ARTI group (patients with
symptoms of both AGE and ARTI) of 22 patients.

Stool and blood samples were obtained from all 83 children and studied for the presence of
HBoVs and five gastro-intestinal viruses (HNoV genogroup I (HNoVGI) and II (HNoVGII), RoV,
HAdV, HAstV, and sapovirus (HSaV)).

All procedures performed in the study involving human participants were in accordance with the
ethical standards of the institutional and/or national research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical standards. The study protocol was
approved by the Ethics Committee of the Rı̄ga Stradin, š University (ethical approval issued on 30 May
2013; permission code: 25/30.05.2013). Written informed consent was received from all parents or
guardians of participating children.

2.2. Nucleic Acid Extraction and PCR Analysis

DNA from whole blood was extracted using phenol-chloroform extraction, and from stool
specimens using commercially available QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA, USA)
according to the manufacturer’s protocol. The quantity of DNA was measured spectrophotometrically,
and the quality of the DNA was proved using β-globin gene polymerase chain reaction (PCR). HBoVs
were detected by nested PCR (nPCR), using primers amplifying the VP1/2 gene sequence of all four
HBoVs, as described previously [10], followed by electrophoretic analysis of the PCR products in a 1.7%
agarose gel. The positive qualitative nPCR results were verified and the HBoV loads were evaluated
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by a commercially available real-time quantitative PCR detection kit for HBoV genomes according to
the manufacturer’s protocol (human bocavirus viral protein (VP) gene genesig standard kit, Genesig,
Primerdesign Ltd., Southampton, UK). All stool samples were screened for five human viruses
(HNoVGI and HNoVGII, RoV, HAdV, HAstV, HSaV) using a multiplex real-time PCR gastrointestinal
virus assay (GI-Virus Assay, Seegene, Seoul, Korea).

2.3. Nucleotide Sequence Analysis

The HBoV-positive nPCR products were purified by MinElute PCR Purification Kit (Qiagen,
Germany) and sequenced with ABI Prism 3100 Genetic Analyzer (Applied Biosystems, Foster City,
CA, USA). Sequences were analyzed initially using program Chromas 2.5.1. and after that compared
to the reference strains using the Basic Local Alignment Search Tool (BLAST).

2.4. VLP-Based Enzyme Immunoassay

HBoV1–4 IgG and IgM class antibodies were measured in all plasma samples from the children
with AGE or AGE–ARTI, by in-house enzyme immunoassays (EIA) based on biotinylated virus-like
particles (VLPs) of recombinant major capsid protein (VP3) at the Department of Virology, University
of Helsinki, as described previously [16,17]. To verify that the IgG result was specific to each HBoV, a
blocking reaction with VLPs of the heterologous HBoVs was performed in the plasma samples, for
example, in HBoV1 IgG EIA, blocking in plasma was done with HBoV2 and HBoV3 non-biotinylated
VLPs, and in HBoV2 IgG EIA, with HBoV1 and HBoV3 non-biotinylated VLPs [17,18]. The positivity
cut-offs in competitive and non-competitive IgG EIA were 0.095 (mean +3SD) and 0.151 (mean +3SD),
respectively, and in non-competitive IgM EIA, it was 0.131 (mean +3SD).

2.5. Statistical Methods

The statistical analysis was performed by GraphPad Prism 7.0 software, La Jolla, CA,
USA (Fisher’s exact test, Mann–Whitney test, ANOVA). A p value < 0.05 was considered
statistically significant.

3. Results

In total, HBoV-specific antibodies and/or DNA was detected in 61 out of the 83 (73.5%) patients
included in the study. HBoV DNA in blood and/or stool samples was detected in 42 out of 83 (50.6%)
patients, whereas nine out of 83 (10.8%) patients were IgM-positive and 51 out of 83 (61.4%) patients
were IgG positive.

In the AGE group 33 out of 61 (54.1%) children were positive for HBoV DNA; 15 out of 33 (45.5%)
children in blood samples only, seven out of 33 (21.2%) children in stool samples only, and 11 out of 33
(33.3%) children in both blood and stool samples. Sequencing results revealed that blood harbored only
HBoV1 DNA, which was found in 26 patients; however, in stool samples HBoV1 DNA was detected in
11 patients, HBoV2 DNA in five patients, HBoV3 DNA in two patients, and HBoV4 DNA in none of
the patients (Table 1).
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Table 1. Human bocavirus PCR and EIA results of children with acute gastroenteritis, or acute
gastroenteritis with acute respiratory tract infection.

PCR Findings in
Blood/Stool

n

IgM+ IgG+

IgM−/IgG−
HBoV1 HBoV2

HBoV1
&

HBoV2
HBoV1 HBoV2

HBoV1
&

HBoV2

HBoV1
&

HBoV3

AGE group, n = 61

HBoV1+/HBoV1+ 6 2 a 3 3
HBoV1+/HBoV2+ 4 1 a 1 2 1
HBoV1+/HBoV3+ 1 1
HBoV1+/HBoVs− 15 2 a 9 2 1 3
HBoVs−/HBoV1+ 5 4 1
HBoVs−/HBoV2+ 1 1
HBoVs−/HBoV3+ 1 1
HBoVs−/HBoVs− 28 6 2 1 1

AGE–ARTI group, n = 22

HBoV1+/HBoV1+ 3 1 a 1 a 1 1 1
HBoV1+/HBoV2+ 0
HBoV1+/HBoV3+ 0
HBoV1+/HBoVs− 6 1 a 1 a 3 1 2
HBoVs−/HBoV1+ 0
HBoVs−/HBoV2+ 0
HBoVs−/HBoV3+ 0
HBoVs−/HBoVs− 13 7 1 1

+/− presence/absence of viral DNA in corresponding sample; AGE—acute gastroenteritis; ARTI—acute respiratory
tract infection; PCR—polymerase chain reaction; IgG—immunoglobulin G [average absorbances ± standard
deviation (range): HBoV1 1.560 ± 1.153 (0.107–3.950); HBoV2 0.460 ± 0.449 (0.134–1.794); HBoV3 0.852 ± 0.676
(0.162–1.65)]; IgM—immunoglobulin M [average absorbances ± standard deviation (range): HBoV1 0.582 ± 0.417
(0.151–1.382); HBoV2 0.146 and 0.185]; HBoV—human bocavirus; HBoV1 and HBoV2—antibodies against HBoV1
and 2 simultaneously; a patients with also the presence of IgG; n—number of patients.

In the AGE–ARTI group, of the nine out of 22 (40.9%) HBoV DNA-positive patients, HBoV DNA
was detected in blood samples only in six out of nine (66.7%) patients, and in both blood and stool
samples in three out of nine (33.3%) cases. None of the children in the AGE–ARTI group harbored viral
DNA only in stool samples. Sequencing data affirmed that all detected virus-specific sequences, in
both blood and stool samples, of the AGE–ARTI group belonged to HBoV1. There was no statistically
significant difference between viral DNA findings in the two specimen types of the two groups
(p > 0.05).

In the whole patient cohort, viral loads of ≥1 copies/μg DNA was detected in 15 (42.9%) out of 35
HBoV1 DNA-positive blood samples, with a median (IQR) of 58.69 (202.3–4.88) copies/μg DNA, and
in 16 (72.7%) out of 22 HBoV DNA-positive stool samples, with a median (IQR) of 10.12 (144.7–3.95)
copies/μg DNA.

3.1. HBoV-Specific Antibodies and DNA in Blood and Stool Samples

In the AGE group, HBoV-specific IgG antibodies were found in 36 out of 61 (59.0%) patients.
Among them, 24 out of 36 (66.7%) patients were specific for HBoV1, of which two (5.6%) patients also
had IgG against HBoV2 and two other patients against HBoV3. In turn, HBoV2-specific IgG antibodies
alone were revealed in eight (22.2%) patients but none had only HBoV3 IgG. Five of the 24 IgG-positive
patients (20.8%) also had HBoV1-specific IgM antibodies. None of the examined plasma samples in
the AGE group was seropositive for HBoV4 (Table 1).

Ten (16.4%) out of the 61 AGE patients were HBoV-IgG-positive without having viral DNA in
their blood or stool samples, whereas in seven out of 61 (11.5%) patients both HBoV IgG antibodies
as well as DNA were detected in stool samples (Table 1). In four out of these seven patients, the IgG
antibodies were specific to HBoV1. Two of these four patients were also IgG-positive for HBoV2 and
one patient-for HBoV3. In 12 out of 61 (19.7%) patients, HBoV1 viremia as well as HBoV-specific IgG
was found, but in nine patients the IgG was HBoV1-specific. Interestingly, two of these 12 patients
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had IgG against HBoV2 only and one against both HBoV1 and 2. Seven of the 61 (8.2%) patients were
HBoV-seropositive and had HBoV DNA in both blood and stool samples. Five of those seven patients
were IgG-positive for HBoV1 and two patients for HBoV2. Finally, in seven out of the 61 (11.5%)
other patients, HBoV DNA in blood and/or stool samples occurred in seronegative individuals. Five
children with HBoV1 DNA in blood and/or stool samples had HBoV1-specific IgG and IgM (Table 1).

In the AGE–ARTI group, nine (40.9%) out of 22 patients had HBoV-specific IgG antibodies, but no
viremia or DNA in stool samples. In seven out of those nine patients, the IgG was specific to HBoV1,
in one to HBoV2, and in one to both HBoV1 and HBoV2. Four out of 22 patients had both HBoV1
viremia and HBoV1-specific IgG antibodies, one of which was also seropositive for HBoV2. Three
(13.6%) out of 22 patients had HBoV DNA both in blood and stool samples, and in two of them HBoV1-
and 2-specific antibodies were also found (Table 1). Four patients from the AGE–ARTI group had
IgM antibodies to either HBoV1 or HBoV2, whereas three patients were seronegative, but viremia had
HBoV DNA in blood samples, or in both blood and stool samples.

In the whole study group, the seroprevalences of HBoV1, 2, and 3 were 50.6%, 16.9%, and
2.4%, respectively, the differences being statistically significant (p < 0.0001; p < 0.0001; p = 0.0027,
respectively).

3.2. Co-Infections

All 83 stool samples were re-tested for five gastrointestinal viruses (HNoV GI and HNoVGII, RoV,
HAdV, HAstV, and HSaV) by a multiplex real-time PCR. One or more of these enteric viruses were
detected in 44 of the 83 patient stools; 33 out of 61 among the AGE children and 11 out of 22 among
the AGE–ARTI children.

In the AGE group, 15 out of 43 (34.9%) patients had HBoV DNA and/or antibodies and also
one more of analyzed enteric viruses, whereas eight (18.6%) patients had a genomic sequence of two
additional enteric viruses (Table 2). The most frequently co-detected virus was HNoVGII, which was
present in 16 out of 43 (37.2%) stool samples, followed by RoV in 12 out of 43 (27.9%), HAdV in two
out of 43 (4.7%), and HAstV in one out of 43 (2.3%) stool samples. HNoVGII and RoV was detected
significantly more frequently than HAdV or HAstV (p = 0.0003 and p < 0.0001, and p = 0.0068 and p
= 0.0016, respectively) (Table 2). HBoV DNAs in stool samples were detected in 19 out of 61 (31.1%)
patients, among whom HBoV monoinfection was revealed in eight patients, others had co-infection
with one or two enteric viruses. In eight out of 61 (13.1%) patients of the AGE group, no viruses were
detected in their stool samples.

Table 2. Presence of human bocaviruses and other enteric pathogens.

Virus Patient
Groups

n HAdV HNoVGII RoV HAdV/HNoVGII HNoVGII/RoV HNoVGII/HAstV WCI

AGE, HBoVs+ 43 1 8 6 1 6 1 20
AGE, HBoVs− 18 1 3 5 1 8

AGE–ARTI,
HBoVs+ 18 1 8 1 8

AGE–ARTI,
HBoVs− 4 1 3

+/− presence/absence of HBoV in corresponding sample; AGE—acute gastroenteritis; ARTI—acute respiratory tract
infection; HAdV—adenovirus; HAstV—astrovirus; HBoV—human bocavirus; HNoVGII—norovirus genogroup II;
RoV—rotavirus; WCI—without co-infection; n—number of patients.

In the AGE–ARTI group, HBoV DNA in stool samples was revealed in three out of 22 patients,
from them one patient had HBoV monoinfection. Ten out of 18 (55.6%) patients had HBoV DNA
and/or antibodies as well as one of five more analyzed enteric viruses genomic sequences, and none
with two or more viruses. The co-presence of HBoV1 DNA with HNoVGII or RoV RNA was detected
in eight and one stool sample(s), respectively (p = 0.0178). HNoVGII was revealed more often than
HAdV, which was also found in one stool sample (p = 0.0178) (Table 2).
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All 83 patients were divided into four age groups to analyze HBoV monoinfection and
co-infections with tested enteric viruses (Table 3). Patients aged 0–6 months had HBoV monoinfections
only, but patients in the age groups from 6–60 months had co-infection with HNoV GII significantly
more often than with RoV (p = 0.0438). Co-infection with HAdV was significantly less common than
with HNoVGII (p < 0.0001).

Table 3. Presence of human bocaviruses and other enteric pathogens in patients in different age groups.

Viruses Age (Months) n HNoVGII RoV HAdV HAstV

0–6 (HBoV+) 5
0–6 (HBoV−) 3 1
6–12 (HBoV+) 10 5 1 1
6–12 (HBoV−) 5 1
12–24 (HBoV+) 22 8 5 1
12–24 (HBoV−) 13 4 5 1
24–60 (HBoV+) 24 11 7 2
24–60 (HBoV−) 1

+/− presence/absence of HBoV in corresponding sample; HBoV–human bocavirus; HNoVGII—norovirus
genogroup II; RoV—rotavirus; HAdV—adenovirus; HAstV—astrovirus; n—number of patients. There was no
statistically significant difference between the HBoV viral load in blood samples in the case of single and co-infections
(p = 0.2721).

4. Discussion

This study was set up to elucidate the association of HBoVs with pediatric gastroenteritis and to
determine the occurrence of co-infection with five of the most frequent acute gastroenteritis-causing
viruses. The recruited patients were divided into two groups—children with AGE and children with
AGE and ARTI. It is a common clinical experience that symptoms of both those clinical conditions may
occur simultaneously.

The detection rate of HBoV infection markers in our study cohort was 73.5%. One of the
explanations for such a high percentage is that our study reflects the results from both viral DNA and
antibody findings, which were not always overlapping in each patient. However, a longitudinal study
of weekly oral fluid samples from infants, analyzed by PCR for HBoV1 DNA, in America revealed that
76% of the children experienced a primary HBoV1 infection during the first 18 months of their life [19].
Another point is the inclusion criteria for patients participating in the study. Accordingly, we included
only those patients in whom several bacterial and/or viral causative agents for AGE or AGE–ARTI
were not identified in the clinic. The patients were thus pre-selected.

This is the first study so far where the methods of molecular biology and serology are combined,
analyzing blood, plasma, and stool samples from all the recruited patients. In the AGE group, HBoV
DNA was detected in blood or in stool samples, or in both simultaneously, but in the AGE–ARTI
group there were no cases in which any HBoV was detected in stool samples only. The sequencing
of the positive PCR products was used to identify the genotype of HBoV. Sequencing results were
compared to the reference sequence from the National Center for Biotechnology Information database,
revealing 99–100% similarity (Suppl. 1). In the current study, sequencing results showed that only the
HBoV1 genomic sequence was found in the patients’ blood samples, though in stool samples HBoV2
and HBoV3 were also detected. Moreover, in the AGE–ARTI group, HBoV1 was also found in stool
samples, demonstrating that HBoV1 is more a respiratory pathogen.

HBoV DNA in stool samples was detected in 25.3% of all patients, which is much higher than in
other studies that have reported occurrence from 5.7% to 9.2% [12,20–22]. No statistically significant
difference in frequency of HBoV1 DNA prevalence between the AGE and AGE–ARTI groups was
found [i.e., 42.6% and 40.9%, respectively (p = 1)]. Conversely, HBoV2 or HBoV3 was detected only in
seven out of 61 (11.5%) stool samples from the AGE patient group but none in the AGE–ARTI group
(p = 0.1812). In a similar study from Finland, researchers analyzed nasal swab and stool samples from
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955 children with ARTI, with both AGE–ARTI and AGE showing that HBoV2 and HBoV3, just like in
our study, were more commonly found in stool samples [12].

In our study, a viral load higher or equal to one copy/μg DNA was detected in 42.9% of the
HBoV-positive blood samples and in 76.2% of the positive stool samples. Results showed that a high
viral load correlates with acuteness of the virus infection, because six out of nine HBoV1 and/or
HBoV2 IgM-positive patients had elevated viral loads compared with HBoV IgM negative patients.
There was no clinical difference between patients with high or low HBoV loads revealed in blood or
stool samples. However, other studies, where respiratory samples were analyzed, showed correlations
of high viral load with increasing disease duration or severity [7,23,24].

It has been shown that a combination of serological and PCR-based methodology is necessary for
an accurate diagnosis of HBoV1 respiratory tract infection [16,25].

In 59.0% of patients from the AGE group and in 68.2% of patients from the AGE–ARTI group,
HBoV-specific IgG antibodies were detected (p = 0.610). In the whole study cohort, the HBoV1 IgG
seroprevalence is statistically higher than those of HBoV2 or HBoV3; in 50.6%, 16.9%, and 2.4%,
respectively (p < 0.0001 for both). Additionally, the HBoV2 IgG prevalence is higher than that of
HBoV3 IgG (p = 0.0027). HBoV4 DNA or specific antibodies were not found in this study, nor in our
previous study [26], which allows us to conclude that HBoV4 is absent, or circulates rarely, in the
Latvian child population.

Out of 21 patients with HBoV DNA-positive stool samples in the study cohort, five (23.8%) had
an acute HBoV1 and two (9.5%) an acute HBoV2 infection, based on the presence of HBoV viremia
and IgM, in addition to virus DNA, in stool samples.

There is much discussion among scientists and clinicians regarding whether HBoV1 co-infections
may exacerbate the illness and have a meaningful role in the etiopathogenesis of the disease. To find
out if there is a monoinfection of HBoV1–4, or if the patient is co-infected with other viruses, patients’
stool samples were examined for the presence of the most widespread causative viral agents of AGE:
RoV, HNoV (GI and GII), enteric HAdV, HAstV, and HSaV. In our study cohort, HNoVGII was the
most commonly detected virus in stool samples, followed by HBoV and RoV. These were detected in
34.9%, 25.3%, and 22.9% of the cohort, respectively. Taking into account only HBoV DNA findings in
stool samples, HBoV as a monoinfection was revealed in 10.8% of 83 patients, whereas another virus
as a co-infection was detected in 15.7% of the patients from the cohort. The number of co-infecting
viruses in HBoV-positive cases ranged from one to two.

Results of the study show that most of the HBoV2-positive cases were patients with AGE
without symptoms of respiratory tract infections. Also, HBoV2 positive cases were most frequently
monoinfections, which was statistically significant (p = 0.0365), demonstrating its nature of being
predominantly an enteric virus. Similar results have been reported by other research groups [19,27].
Previous studies have mostly detected HBoV1 in respiratory specimens and HBoV2 in stool
samples [11–13]. However, HBoV1 is also often detected in stool samples and in some regions
HBoV1 is the most frequently detected HBoV in stool samples [27]. This is consistent with the results
of our study. It has been shown that HBoV1 first causes respiratory tract infection and then persists
without any symptoms for several months, and a hypothesis is that thereafter the virus would infect
the gastrointestinal tract, perhaps causing symptoms of gastroenteritis [28]. Alternatively, HBoV1 can
be swallowed during acute respiratory disease and then appear in stools; however, it is known that
diarrhea in small children might be an additional symptom in HBoV1 respiratory infection [12,29].

The present study, for the first time, illustrates the prevalence and genetic diversity of HBoVs in
the Latvian child population with gastroenteritis, and demonstrates the widespread distribution of
these viruses in the community. HBoV1 is commonly found as a single infectious agent in children with
AGE, suggesting that the virus can be as pathogenic by itself as other enteric agents are. This study
revealed that, in the AGE group, HBoV1 is the most common bocavirus detected in stools, leaving
open the question regarding HBoV1’s ability to survive in the passage through the gastrointestinal
tract, or acting as a causal agent of the disease.
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Abstract: Adenoviral viral vectors have been widely used for gene-based therapeutics, but commonly
used serotype 5 shows poor transduction efficiency into hematopoietic cells. In this study, we aimed to
generate a recombinant adenovirus serotype 5 (rAd5) vector that has a high efficiency in gene transfer
to megakaryocytic leukemic cells with anticancer potential. We first modified the rAd5 backbone
vector with a chimeric fiber gene of Ad5 and Ad11p (rAd5F11p) to increase the gene delivery efficiency.
Then, the nonstructural protein NS1 of human parvovirus B19 (B19V), which induces cell cycle arrest
at the G2/M phase and apoptosis, was cloned into the adenoviral shuttle vector. As the expression of
parvoviral NS1 protein inhibited Ad replication and production, we engineered the cytomegalovirus
(CMV) promoter, which governs NS1 expression, with two tetracycline operator elements (TetO2).
Transfection of the rAd5F11p proviral vectors in Tet repressor-expressing T-REx-293 cells produced
rAd in a large quantity. We further evaluated this chimeric rAd5F11p vector in gene delivery in
human leukemic cells, UT7/Epo-S1. Strikingly, the novel rAd5F11p-B19NS1-GFP vector, exhibited a
transduction efficiency much higher than the original vector, rAd5-B19NS1-GFP, in UT7/Epo-S1 cells,
in particular, when they were transduced at a relatively low multiplicity of infection (100 viral genome
copies/cell). After the transduction of rAd5F11p-B19NS1-GFP, over 90% of the UT7/Epo-S1 cells were
arrested at the G2/M phase, and approximately 40%–50% of the cells were undergoing apoptosis,
suggesting the novel rAd5F11P-B19NS1-GFP vector holds a promise in therapeutic potentials of
megakaryocytic leukemia.

Keywords: parvovirus B19; adenoviral vector; cell cycle arrest; apoptosis; anti-cancer

1. Introduction

Adenovirus (Ad) is a nonenveloped icosahedral virus and has a double-stranded DNA genome
of 30 to 38 kbp. Ad has been studied intensively for over 50 years in models of virus–cell interactions,
cellular processing, and latterly as a gene delivery vector. To date, over 60 serotypes of human Ad
have been described, most of which infect the respiratory or gastrointestinal tracts and the eye [1].
Recombinant Ad (rAd) is one of the most popular gene delivery vectors and has been used constantly
for phase I to III clinical trials in the development of vaccines and therapeutic gene transfer in the
last 20 years [2]. The reasons for why rAd is widely used for gene vectors are that Ad has a wide
range of tropism to cells and tissues, and infections are not associated with serious pathogenicity in
general [3]. rAd vectors have been proved to efficiently deliver transgenes to the nucleus of a wide
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range of cell types and then mediate a high level of expression of the transgenes. Moreover, rAd vectors
transduce both proliferating and differentiated cells [4]. After infection, rAd vectors remain episomal
and do not integrate into the host cell genome, which minimizes the risk of insertional mutagenesis.
Furthermore, rAd vectors have a remarkable DNA packaging capacity, offering possibilities for genetic
manipulations. Last, rAd vectors are easy to produce, requiring very limited ‘hands on’ time from
shuttle/backbone plasmid cotransfection to the isolation of virus particles.

However, the commonly used Adenovirus serotype 5 (Ad5) has a poor transduction efficiency
in hematopoietic cells, mainly because of the low expression of Ad5 receptors on the cells [5]. For
Ad entering the cells, the key step is the interaction between viral fiber knob and its cellular receptor.
So, a method for changing the knob domain or even the entire fiber gene of Ad5 is used to improve
the gene delivery efficiency to target cells. Different Ad serotypes exhibit different tissue tropism
because of the different fiber proteins. Ad11p, which belongs to the human species B adenoviruses, was
reported to have the ability to infect human CD34+ hematopoietic cells [6]. Therefore, the chimeric Ad
vector containing a chimeric fiber protein between Ad5 and Ad11p fibers may have higher transduction
efficiency to hematopoietic cells than the Ad5 vector.

Parvovirus B19 (B19V) belongs to the Erythroparvovirus genus within the Parvoviridae family [7].
B19V has a high tropism for the human erythroid progenitor cells (EPCs) from the bone marrow and
fetal liver [8]. B19V has a linear single stranded DNA (ssDNA) genome of approximately 5.6 kb, which
has identical inverted terminal repeats (ITRs) of 383 nucleotides at both ends [9]. The double-stranded
replicative-form (RF) DNA of the B19V genome encodes a large nonstructural protein (NS1). B19V NS1,
671 amino acids (aa) in length, has a molecular weight of approximately 78 kDa. NS1 predominantly
localizes in the nucleus of infected cells, as it contains nuclear localization signals at amino acid
residues 177 to 180 (KKPR) and 316 to 321 (KKCGKK) [10]. B19V NS1 not only plays important roles in
viral DNA replication and transcription activation [11], but also executes a cytotoxic effect on human
erythroid cells. B19V-infected cells have ultrastructural features associated with apoptosis, and the
NS1 has been identified as the apoptosis-inducer [12,13]. Besides, we have previously found that B19V
NS1 induces cell cycle arrest at the G2/M phase [14].

Leukemias are a group of life-threatening malignant disorders of the blood and bone marrow.
Despite significant progress achieved in the past decade in the chemotherapy-based and targeted
treatments of several leukemia subsets, relapse remains common after an initial response, indicating
the resistance of leukemia cells to current therapies.

In this study, we modified the Ad5 fiber gene in rAd5 with the Ad11P fiber gene to increase
the transduction efficiency into UT7/Epo-S1 cell line, which was generated by Kazuo Sugamura
and is susceptible to B19V infection [15]. UT7/Epo-S1 is a subline derived from UT7/Epo, which is
an erythropoietin (Epo)-dependent cell line, and originating from UT7, a megakaryocytic leukemia
cell line [16]. We demonstrated that the transduction of the chimeric rAd that expresses B19V
NS1-induced cell cycle arrest and apoptosis. Thus, our novel rAd5F11P-B19NS1 vector, which can
be subjected to further genetic manipulations, holds promise for gene-based therapeutic medicine of
leukemia treatment.

2. Material and Methods

2.1. Cell Lines

HEK293 cells (CRL-1573) were purchased from the American Type Culture Collection (ATCC)
(Manassas, VA, USA) and were cultured in Dulbecco’s modified Eagle’s medium (DMEM; GE Healthcare
Biosciences, Piscataway, NJ, USA) with 10% fetal calf serum (Sigma-Aldrich, St. Louis, MO, USA).

T-REx-293 cells were purchased from Invitrogen (Carlsbad, CA, USA) and were cultured in DMEM
plus 10% fetal calf serum and 10 μg/mL blasticidin.

UT7/Epo-S1 cells were obtained from Dr. Kevin Brown at the Hematology Branch, NHLBI, NIH,
with permission from Dr. Kazuo Sugamura at Tohoku University, Japan, and were cultured under
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normoxic conditions in DMEM containing 10% fetal calf serum (FCS) and 2 U/mL erythropoietin
(Amgen, Thousand Oaks, CA, USA).

2.2. Plasmids

The DNA sequences coding B19V NS1 were codon-optimized and purchased at GenScript USA
Inc. (Piscataway, NJ, USA) as previously described [17].

The pacAd5 CMV-GFP transfer plasmid was made by digesting the pacAd5 U6-GFP (purchased
from Cell Biolabs (San Diego, CA, USA)) with XhoI to remove the mU6 promoter and multiple cloning
site (MCS). Then the CMV promoter, MCS, and a bGH poly(A) signal were inserted.

The CMV promoter of the pacAd5 CMV-GFP vector was modified by inserting two repeated
tetracycline operator elements (5′-TCC CTA TCA GTG ATA GAG ATC TCC CTA TCA GTG ATA GAG
A-3′) at 9 bases behind the TATA box, resulting in pacAd5 CMVTetO2-GFP. C-terminally Strep-tagged
optimized (opt) B19V NS1 was inserted into pacAd5 CMVTetO2-GFP to generate the transfer plasmid,
pacAd5 CMVTetO2-B19NS1-GFP.

pacAd5 9.2-100 was purchased from Cell Biolabs, Inc. (San Diego, CA, USA) The fiber gene in the
pacAd5 9.2-100 was replaced with a chimeric fiber gene encoding the Ad5 fiber tail domain and Ad11p
fiber shaft and knob domains described as before [18]. Firstly, pacAd5 9.2-100 was digested into two
fragments by EcoRI. The large fragment of 26,438 bp was saved for use, the small fragment of 8509 bp
which contains Ad5 fiber gene was ligated to EcoRI-digested pGEX-3Z to generate pGEX-3Z-Ad5F.
Secondly, chimeric fiber gene Ad5F11P was synthesized using an overlapping PCR strategy, with AgeI
or Alf II site at each end. Thirdly, AgeI/Alf II fragment that encodes Ad5 fiber gene from pGEX-3Z-Ad5F
was replaced with the synthesized Ad5F11P digested by the same enzymes to form a new plasmid,
pGEX-3Z-Ad5F11P. Finally, pGEX-3Z-Ad5F11P was digested with EcoRI, and ligated with the large
fragment of the EcoRI-digested pacAd5 9.2-100 to generate pacAd5F11P 9.2-100.

All plasmids were sequenced to confirm their constructions at MCLAB (South San Francisco,
CA, USA).

2.3. Recombinant Adenoviral (rAd) Vector Construction and Purification

rAd was made following the instructions provided by Cell Biolabs (San Diego, CA, USA). Briefly,
linearized shuttle vector pacAd5 CMVTetO2-GFP or pacAd5 CMVTetO2-B19NS1-GFP were transfected
into T-REx-293 cells with linearized Ad genome backbone, pacAd5 9.2-100 or pacAd5F11P 9.2-100.
After one week, when plaques were formed, cells were collected and resuspended in phosphate
buffered saline (PBS), pH 7.4, and lysed by three cycles of freezing and thawing. Crude viral lysates
were collected for virus propagation. The final viral lysates were spun at 10,000 rpm for 30 min, and
then the supernatant was collected and dissolved in CsCl at a density of 1.36 g/mL for centrifugation in
a Sorvall TH641 rotor at 36,000 rpm for 36 h at 20 ◦C Fractions of 500 μL were collected using a Piston
Gradient Fractionator (BioComp, Fredericton, NB, Canada).

2.4. Q-PCR

The primers and FAM (6-carboxyfluorescein)-labeled probe used for quantification of rAd DNA
were designed to target the GFP gene: Forward primer (5′-CTG CTG CCC GAC AAC CA-3′), Reverse
primer (5′-TGT GAT CGC GCT TCT CGT T-3′), and the probe (5′-FAM-TAC CTG AGC ACC CAG
TCC GCC CT-BHQ1-3′). Quantitative PCR was performed as described previously [19] on a 7500 Fast
real-time PCR system (Applied Biosystems, Foster City, CA, USA).

2.5. Fluorescence Images

GFP fluorescence images were taken at a magnification of 10 × (objective lens), with a Nikon
Eclipse Ti-S inverted microscope (Nikon, Tokyo, Japan).
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2.6. Flow Cytometry Analysis

(i) Cell cycle analysis: Cell cycle analysis was performed using the 4′,6-diamidino-2-phenylindole
(DAPI) staining described as before [20]. Briefly, rAd-transduced UT7/Epo-S1 cells were washed
with PBS, fixed by 1% Paraformaldehyde (PFA), then permeabilized with 0.4% tween-20 and
stained with DAPI at a concentration of 1 μg/mL for 30 min in dark. Samples were analyzed by
flow cytometry within 1 h.

(ii) Fluorescent-Labeled Inhibitors of Caspases (FLICA): FLICA Caspase-9 assay kit was purchased
from ImmunoChemistry Technologies (Bloomington, MN, USA) and the assay was performed
following the manufacturer’s protocol. Briefly, 290 μL of rAd-transduced UT7/Epo-S1 cells was
incubated with 10 μL of the working solution of the reagent and then incubated for approximately
1 h, and then analyzed with a flow cytometer.

(iii) Apoptosis analysis: FITC-conjugated Annexin V and Propidium Iodide (PI) double staining was
performed following the manufacturer’s protocol. Briefly, rAd-transduced UT7/Epo-S1 cells were
washed twice with cold PBS and then resuspended in 1 × Binding Buffer at a concentration of 1 ×
106 cells/mL. A volume of 100 μL of the solution (1 × 105 cells) was transferred to a 1.5 mL tube,
with 5 μL of FITC Annexin V and 5 μL of PI. After gentle vertexing, the cells were incubated
for 15 min at RT (25 ◦C) in dark, with 400 μL of 1 × Binding Buffer, and were analyzed by flow
cytometry within 1 h.

All processed samples were analyzed on a three-laser flow cytometer (LSR II; BD Biosciences
(San Jose, CA, USA)) at the Flow Cytometry Core at the University of Kansas Medical Center. All flow
cytometry data were analyzed using FACS DIVA software (BD Biosciences).

2.7. Western Blot

Cells were transfected or transduced as indicated in each figure. The cells were harvested and
lysed 2 days post-transfection/transduction. Western blotting was performed to analyze the lysates as
previously described [21], using anti-strep and β-actin antibodies.

3. Results

3.1. Modification of the rAd Vector System

In order to generate a rAd vector that has high tropism to leukemia cells, we made a rAd vector
that has a chimeric fiber of Ad5 and Ad11p [18]. As the rAd backbone vector pacAd5 9.2-100 is too large
to manipulate, we digested pacAd5 9.2-100 with EcoRI and ligated the Ad 8.5 Kb fragment, which
contains the Ad5 fiber gene, into pGEX-3Z plasmid, then mutated the Ad5 fiber gene to be a chimeric
gene of Ad5 and Ad11p. Finally, we subcloned the Ad 8.5 Kb fragment back to the rAd backbone vector
pacAd5 9.2-100, resulting in pacAd5F11P 9.2-100 (Figure 1).

It has been reported that autonomous parvoviruses, such as rat parvovirus H-1 (H-1PV), interfere
with Ad replication due to the NS1 protein [22]. Therefore, we modified the CMV promoter in
the shuttle plasmid, which transcribes B19V NS1-encoding mRNA, by inserting two tetracycline
operator elements (Figure 2A,B). As a result, CMV promoter-driven NS1 expression was inhibited
in the packaging cells, T-REx-293 cells, which constitutively expressed the tetracycline repressor [23],
allowing a high-yield rAd production. As a control, the CMVTetO2 promoter still had activities in
normal HEK293 cells (Figure 2C).
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Figure 1. Modifications of the adenoviral backbone vector pacAd5 9.2-100. The proviral gene of units
9.2-100 of the Ad5 and chimeric fiber Ad are diagramed. The chimeric Ad5 and Ad11P fiber gene
is indicated.

Figure 2. Modifications of the adenoviral shuttle vectors. (A,B) Modification of the CMV promoter. The
transfer plasmid pacAd5 CMV-B19NS1-EGFP is diagrammed. Two tetracycline operator elements were
inserted into the CMV promoter, which govern B19V NS1 expression. (C) Validation of the CMVTetO2

promoter activity. HEK293 cells and T-REx-293 cells were transfected with pacAd5 CMV-B19NS1-GFP
and pacAd5 CMVTetO2-B19NS1-GFP, respectively. At 48 h post-transfection, cells were collected
for Western blotting using anti-strep antibody to check B19V NS1 expression. Lane 1: HEK293 cells
control; Lane 2: HEK293 cells transfected with pacAd5 CMV-B19NS1-GFP; Lane 3: HEK293 cells
transfected with pacAd5 CMVTetO2-B19NS1-GFP; Lane 4: T-REx-293 cells transfected with pacAd5
CMV-B19NS1-GFP; Lane 5: T-REx-293 cells transfected with pacAd5 CMVTetO2-B19NS1-GFP; Lane 6:
protein ladder.
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3.2. Production of B19V NS1-Expressing rAd

T-REx-293 cells were co-transfected with linearized pacAd5 CMVTetO2-GFP or pacAd5
CMVTetO2-B19NS1-GFP and linearized pacAd5F11P 9.2-100 (Figure 3A). After one week, we found a
high percentage (>80%) of GFP-expressing cells and a few plaques appeared, which were likely caused
by rAd5F11P-GFP and rAd5F11P-B19NS1-GFP (Figure 3B). We then harvested the rAd-producing cells,
released the viruses from cells, and saved the crude viral lysates (initial viral stocks). The initial viral
stocks were used to amplify the virus in T-REx-293 cells, and the final viral lysates were then purified
using CsCl gradient ultracentrifugation. The purified viruses were titrated by quantitative-PCR (qPCR)
using a TaqMan probe targeting the GFP gene, which had titers of 5 × 1012 vgc/mL (viral genome
copies (vgc) per mL).

Figure 3. Production of recombinant adenovirus expressing GFP and B19NS1-GFP. (A) The schematic
flowchart of recombinant Ad production. Both the Ad shuttle and proviral backbone plasmids
are transfected into cells. After homologous recombination, a rAd proviral genome is generated,
which further replicates to produce rAd virions as diagramed. (B) Recombinant adenovirus
production. T-REx-293 cells were co-transfected using linearized pacAd5 CMVTetO2-GFP or pacAd5
CMVTetO2-B19NS1-GFP with linearized pacAd5F11P 9.2-100. After one week, GFP expression was
monitored under a Nikon Eclipse Ti-S inverted microscope at 10×magnification.
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3.3. Ad5F11p-B19NS1-GFP Is More Effective in the Transduction of Leukemia Cells at a Relatively Low
Multiplicity of Infection (MOI)

We next transduced the UT7/Epo-S1 cells with rAd5F11p-B19NS1-GFP and rAd5-B19NS1-GFP,
respectively, at various MOIs (viral genome copies (vgc) per cell). We found that at an MOI of
100, the rAd5F11p-B19NS1-GFP transduced >90% of UT7/Epo-S1 cells while rAd5-B19NS1-GFP
transduced only <30%; at MOI of 500 and 1000, the transduction efficiency was over 90%, similar
between transductions using rAd5F11p-B19NS1-GFP and rAd5-B19NS1-GFP (Figure 4). This result
suggests that the rAd5F11p-B19NS1-GFP vector transduces UT7/Epo-S1 cells more efficiently than the
rAd5-B19NS1-GFP vector, when they were used at a relatively low MOI.

Figure 4. rAd5F11p-B19NS1-GFP is more effective than the parent rAd5 in the transduction of leukemia
cells UT7/Epo-S1 at a relatively low MOI. UT7/Epo-S1 cells were transduced with rAd5-B19NS1-GFP
or rAd5F11p-B19NS1-GFP at three different MOIs (100, 500, and 1000 vgc/cell), respectively. At 48 h
post-transduction, GFP expression was monitored under a Nikon Eclipse Ti-S inverted microscope at
10×magnification.

3.4. rAd5F11p-B19NS1-GFP Induces a Cell Cycle Arrest at G2 Phase and Apoptosis in Transduced Cells

In order to test our hypothesis to use B19V NS1 to kill leukemia cells, we transduced UT7/Epo-S1
cells with Ad5F11P-GFP (as a control) and Ad5F11p-B19NS1-GFP at an MOI of 100, respectively, to
ensure over 90% of the cells were transduced. Western blotting was performed to detect the NS1
expression (Figure 5A). Cells were harvested at 48 h post-transduction and stained with DAPI to
detect the cell cycle. We found that over 90% of the cells were arrested at G2/M (Figure 5B,C). This is
consistent with our previous study that B19V NS1 protein is a key factor for disrupting the cell cycle at
the G2/M phase [14].

235



Viruses 2019, 11, 820

Figure 5. rAd5F11p-B19NS1-GFP induces cell cycle arrest at the G2/M phase and apoptosis in
UT7/Epo-S1 cells. UT7/Epo-S1 cells were transduced with rAd5F11p-GFP or rAd5F11p-B19NS1-GFP
at an MOI of 100 vgc/cell. After 48 h post-transduction, (A) Western blotting. Transduced cells were
collected for Western blot analysis using an anti-strep antibody. The same membrane was reprobed by
using anti-β-actin antibody. (B,C) Cell cycle analysis and Fluorescent-Labeled Inhibitors of Caspases
(FLICA). Transduced cells were fixed and stained using 4′,6-diamidino-2-phenylindole (DAPI) or
FLICA caspase-9. Cell cycle and caspase-9 activity were detected by flow cytometry. (D,E) Transduced
cells were stained with Annexin-V FITC and Propidium Iodide (PI), followed by flow cytometry
analysis. The percentages of both early and late apoptotic cells are presented with averages and
standard deviations, which were obtained from at least three independent experiments.

Next, we looked into apoptosis induced by NS1 as previously reported [12]. Caspase-9 is an
important member of the Caspase family and caspase-9 further processes other caspase members,
including caspase-3 and caspase-7, to initiate a caspase cascade, which leads to apoptosis [24]. We
chose caspase-9 activity as a marker to measure apoptosis. We found that compared with only 8.7%
GFP-expressing cells, NS1 expression increased caspase-9 activity to 46.17% (Figure 5B,C). We also
carried out Annexin V-FITC and PI double staining to confirm the NS1-induced apoptosis. The results
showed, for GFP control, the apoptosis (early and late) percentage was 6.27% and 4.40%, respectively
(a total 10.67%). For B19V NS1, the apoptosis (early and late) percentage was 23.57% and 16.97%,
respectively (a total 40.54 %) (Figure 5D,E).
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Taken together, all of these results showed that chimeric fiber increased the tropism of the B19V
NS1-expressing rAd to leukemia cells UT7/Epo-S1. The expressed NS1 induced over 90% of the
leukemia cells arrested at the G2/M phase and the approximately 50% undergoing apoptosis.

4. Discussion

In this study, we modified the Ad5 fiber gene into a chimeric Ad5 and Ad11P fiber gene
to increase the transduction efficiency into leukemia cells UT7/Epo-S1. The fiber gene-modified
rAd5F11P-B19NS1-GFP transduces UT7/Epo-S1 more effectively than the rAd5-B19NS1-GFP. More
importantly, the transduction of NS1-expressing rAd vector induced nearly all the cells arrested at the
G2/M phase. Cancer cells are considered as cells that cannot control their cell cycle progression. During
tumorigenesis, due to genetic and epigenetic changes, the regulation of cell cycle is malfunctioned,
resulting in uncontrolled cell proliferation [25]. Our novel rAd5F11P-B19NS1-GFP could be a promising
gene-based therapeutic approach with anti-leukemia potential.

The cellular receptor for commonly used Ad5 is coxsackie virus and adenovirus receptor (CAR)
on the cell membrane. After the initial interaction between Ad5 fiber with CAR, the second interaction
between the RGD motif of the penton bases with αvβ3 and αvβ5 integrins facilitates Ad5 internalization
by endocytosis [26]. However, both CAR and αvβ3 and αvβ5 integrins are poorly expressed on the cell
membrane of hematopoietic cells, thus rAd5 has a poor transduction efficiency into hematopoietic
cells [5]. The interaction of the fiber knob with the cellular receptor is the key step by which Ad
enters the cell. Different adenoviral serotypes exhibit different tissue tropism because their fiber
proteins recognize and interact with different cellular receptors [27,28]. Ad11p, which belongs to
adenovirus group B, has been reported to infect human CD34+ hematopoietic cells [6]. Thus, we
replaced Ad5 fiber with a chimeric fiber gene encoding the Ad5 fiber tail domain and the Ad11p
fiber shaft and knob domains. In our case, the chimeric Ad5 and Ad11P fiber recognizes its cellular
receptor on UT7/Epo-S1 cells more efficiently than the parent Ad5 fiber, which could explain why the
Ad5F11p-B19NS1-GFP is more effective in the transduction of UT7/Epo-S1 cells at a relatively low MOI
than the rAd5-B19NS1-GFP.

Our previous study has found that NS1 induces cell cycle arrest at the G2/M phase through
its C-terminal transactivation domain, and NS1 transactivates signaling from ATR to CDC25C.
Phosphorylated CDC25C prevents the dephosphorylation of CDK1 at tyrosine 15. Thus, an inactive
cyclin B1–CDK1 complex is imported to the nucleus, thereby blocking progression from the G2- to
the M-phase. We believe that the cell cycle arrest induced by NS1 in UT7/Epo-S1 is caused by the
NS1-inactivated CDC25C. The CDC25C protein is a phosphatase responsible for the dephosphorylation
and activation of CDK1 to promote the transition of cells to mitosis, so NS1-inactivated CDC25C
could inhibit cancer cell proliferation. Apoptosis is a programmed cell death involving the sequential
activation of caspases. The NS1-induced apoptosis activates caspase-9, indicating the intrinsic pathway,
which is also called the mitochondrion-mediated pathway, which is different from the NS1-induced
apoptosis during B19V infection [29].

In our study, we use modified rAd expressing B19V NS1 to induce cell cycle arrest and apoptosis
in UT7/Epo-S1 cells at the G2/M phase, which shows a promising tool to kill the megakaryocytic
leukemic cells. Our next step is to modify the promoter which controls NS1 expression into the hTERT
promoter, which has activity specifically in cancer cells. Using this strategy, we could more specifically
induce the cell cycle arrest and apoptosis of cancer cells. Thus, the rAd5F11P-B19NS1-GFP vector
holds promise in gene-based therapeutics for anticancer potential to human leukemia.
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Abstract: The rat protoparvovirus H-1PV is nonpathogenic in humans, replicates preferentially
in cancer cells, and has natural oncolytic and oncosuppressive activities. The virus is able to kill
cancer cells by activating several cell death pathways. H-1PV-mediated cancer cell death is often
immunogenic and triggers anticancer immune responses. The safety and tolerability of H-1PV
treatment has been demonstrated in early clinical studies in glioma and pancreatic carcinoma patients.
Virus treatment was associated with surrogate signs of efficacy including immune conversion of tumor
microenvironment, effective virus distribution into the tumor bed even after systemic administration,
and improved patient overall survival compared with historical control. However, monotherapeutic
use of the virus was unable to eradicate tumors. Thus, further studies are needed to improve H-1PV’s
anticancer profile. In this review, we describe H-1PV’s anticancer properties and discuss recent efforts
to improve the efficacy of H-1PV and, thereby, the clinical outcome of H-1PV-based therapies.

Keywords: oncolytic virus immune therapy; rodent protoparvoviruses; H-1PV; combination therapies;
second generation parvovirus treatments

1. Oncolytic Viruses: A General Introduction

Oncolytic viruses (OVs) are a novel class of self-propagating anticancer agents that act in a
multimodal fashion to kill cancer cells [1]. The basis of their mechanism of action is the ability to
selectively target, replicate in, and eventually lyse cancer cells without harming normal cells, tissues, or
organs. This oncotropism can be either a natural property of the virus or the result of virus engineering
at the level of virus cell entry (e.g., modification of the virus capsid to redirect the OV more specifically
to receptors overexpressed in cancer cells) or virus replication (e.g., insertion of cancer-specific miRNAs
into the viral promoters, which restricts replication within transformed cells).

In addition to this direct killing activity, OVs can engage the immune system in the fight against
cancer [2]. Within the tumor microenvironment, a variety of different mechanisms prevent the immune
system from attacking cancer cells [3,4]. OVs have the ability to reshape the tumor microenvironment
and re-establish immune surveillance, thus acting as vaccine adjuvants [5]. Indeed, in addition to
disseminating new progeny viral particles, OV-induced cancer cell lysis is associated with the release of
danger-associated molecular patterns, pathogen-associated molecular patterns, and tumor-associated
antigens, which triggers inflammatory immune responses directed against not only the virus (via the
production of virus-neutralizing antibodies) but also the tumor. The immune system therefore becomes
the best ally of the virus in the elimination of cancer cells, even those not directly infected by the virus
(e.g., small disseminated metastasis).

Furthermore, some OVs have a natural ability to disrupt tumor vasculature, thus inducing necrosis
of tumor cells due to deprivation of oxygen and nutrients [6–8].
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Treatment of thousands of cancer patients with various OVs has demonstrated that their safety
and tolerability are excellent, and that OVs are associated with only minor side effects, which are
limited to flu-like symptoms such as fatigue, fever, and chills [9,10].

Talimogene laherparepvec (T-Vec or Imlygic) was the first OV approved by the US Food and Drug
Administration and the European Medicines Agency, at the end of 2015, for the treatment of malignant
metastatic melanoma [11,12]. It is a genetically engineered herpes simplex virus (HSV) carrying the
granulocyte-macrophage colony-stimulating factor (GM-CSF), which is intended to strengthen the
immune response. T-Vec reveals another interesting property of OVs: their anticancer potential can be
reinforced by inserting a therapeutic transgene into their genome, for example, an apoptosis inducer
with bystander effects to kill cancer cells that eventually become virus-resistant, or immune-modulators
(e.g., GM-CSF) to promote more sustained antitumor immunity.

As a result of their anticancer properties, no fewer than forty OVs from at least ten families are
currently being tested in clinical trials against a number of malignant indications, alone or in combination
with other anticancer modalities (e.g., chemotherapy, radiotherapy, and immunotherapy) [13]. In
addition to HSV, the list includes adenovirus (Ad), vaccinia virus, measles virus, coxsackie virus,
poliovirus, reovirus, Newcastle disease virus, vesicular stomatitis virus, Seneca Valley virus and
protoparvovirus (PV) [13]. Each of these OVs has a distinct mechanism of action, tumor tropism,
immunogenicity, possibility of expressing therapeutic transgenes, potential risk of pathogenicity,
stability, and specific advantages and limitations associated with the production process. These
variations justify the continued development of these different virus platforms. Some of these viruses
have entered late-phase clinical development and will hopefully soon become a therapeutic option for
cancer patients.

Clinical studies have shown that OV treatment is often effective only in a small percentage of
patients, which emphasizes the importance of developing new strategies to improve clinical outcome.
As with other anticancer treatments, the combination of OVs with other therapies is believed to
improve treatment efficacy. Therefore, the design of novel OV-based combination therapies is the
subject of intense research for all OVs under clinical development [14]. Particularly promising are the
combinations of OVs with other forms of immunotherapy (e.g., checkpoint blockade) [2,15–17].

In the next section, we present one of the clinically relevant OVs, the rat protoparvovirus H-1PV.
We discuss its main features and clinical applications, along with recent advances in improving its
anticancer activities. It is important to mention that parallel studies have been carried out also using
other rodent protoparvoviruses as anticancer agents [18–22]. Given the focus of the review to H-1PV,
these studies will not be discussed in full here.

2. The Rat Protoparvovirus (PV) H-1PV: A Biosketch

H-1PV was first discovered by Toolan and co-workers in the late 1950s (first publication in 1960)
from transplantable human tumors [23]. It was soon realized that the infection was not causative of
the tumor, but rather opportunistic, and that the virus displayed a natural tropism for human cancer
cells [24]. In the 1960s and later in 1982, Toolan’s laboratory further showed that H-1PV suppressed
viral- and chemical-induced tumors as well as reduced the incidence of spontaneous tumors in animal
models [25–27]. These discoveries were seminal in establishing the concept that H-1PV’s ability to
infect human tumor cells might be used therapeutically.

H-1PV is a member of the Parvoviridae family, genus Protoparvovirus (Figure 1), which also includes
the Kilham rat virus, rat minute virus, LuIII virus, mouse parvovirus, minute virus of mice (MVM),
and tumor virus X [28]. Some of these viruses are presently the subject of preclinical investigations
aimed at evaluating their potential as anticancer therapeutics. H-1PV is among the smallest known
viruses, with a diameter of 25 nm, roughly the size of a ribosome. The natural hosts of H-1PV are rats.
H-1PV is shed from the animals through the feces, and transmission occurs via the oronasal route.
Under normal conditions, the virus is stable for several months in the environment.
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The H-1PV viral capsid contains a linear, single-stranded DNA molecule with a length of about
5100 bases. The original isolate of H-1PV was derived from an adventitious infection of the human
Hep-1 hepatoma cell line, transplanted in cortisone-immunosuppressed rats [23]. Since then, the virus
was further propagated in human transformed cell lines. Therefore, the current H-1PV may differ
from authentic field isolates. Small differences in the length and sequence of the genome may occur
naturally as a result of the virus adapting to different host cells by acquiring missense mutations
or small deletions in the coding and noncoding regions of the viral genome (see below). The viral
genome includes two promoters: the early P4 promoter controls the expression of the non-structural
(NS) transcription unit, which encodes the nonstructural proteins NS1 and NS2; and the late P38
promoter regulates the expression of the viral particle (VP) transcription unit, which encodes the VP1
and VP2 capsid proteins and the nonstructural small alternatively translated (SAT) protein. At its
extremities, the viral genome contains palindromic sequences that form hairpin structures, which serve
as self-priming origins during viral DNA replication [29,30].

The 83 kDa nonstructural protein NS1 is expressed early after infection and plays multiple essential
roles during the virus life cycle. NS1 activities are modulated by post-translational modifications such
as phosphorylation and acetylation (see below) [31]. Owing to its ATPase and helicase activities, NS1
is the major regulator of viral DNA replication. It also plays a pivotal role in viral gene transcription,
given its ability to modulate the transcription of its own P4 promoter and to activate the P38 promoter
by binding specifically to DNA [32] (for a detailed review of the NS1 mechanisms of action, see Nüesch
and Rommelaere, 2014 [33]). NS1 is also the major effector of virus cytotoxicity (see below), and its
expression is sufficient to trigger cell cycle arrest and apoptosis—similar to expression of the whole
virus [34]. The role of H-1PV NS2 is less understood, but, based on studies on the closely related
parvovirus MVM, it is thought to involve the modulation of viral DNA replication, viral mRNA
translation, capsid assembly, and virus cytotoxicity [35].

The H-1PV capsid, like that of other parvoviruses, consists of 60 protein subunits: 10 copies of
VP1 and 50 copies of VP2 [36]. VP1 (81 kDa) and VP2 (65 kDa) are translated from the same RNA
via alternative splicing, but they differ in their N-terminus. VP1 is 142 amino acids longer than VP2
(735 vs. 593 amino acids). The VP1-N-terminal region has been associated with phospholipase A2
(PLA2)-like activity and contains nuclear localization signals. Both properties are important for the
transfer of the viral genome from the endocytic compartment to the cell nucleus [37–40]. In fully
infectious, mature virions, but not in empty capsids lacking viral DNA, VP2 undergoes proteolytic
cleavage of 18–21 amino acids at its N-terminus to form VP3, which becomes the major component of
the viral capsid [36].

Structural crystallographic analysis of the H-1PV capsid has revealed the typical capsid of
parvoviruses: a cylindrical structure surrounded by a canyon-like depression at the fivefold axes, spike
protrusions at the icosahedral threefold axes, and a dimple-like depression at the twofold axes that
appears to be involved in cell-surface recognition and binding [36].

The H-1PV-specific cellular receptor(s) remain to be identified, although terminal sialic acid has
been shown to play an essential role in H-1PV cell surface binding and entry [41]. Indeed, treatment
with neuraminidase, which cleaves sialic acid from the cellular surface, strongly reduces H-1PV
infection by impairing virus cell attachment. The essential role of sialic acid in H-1PV cell surface
recognition was confirmed in Chinese hamster ovary (CHO) cells. Whereas the parental CHO Pro-5
cells, which express sialic acid on their surface, are fully susceptible to H-1PV infection, the two
isogenic CHO Lec 1 and Lec 2 mutants, which lack sialic acid, are resistant. Two residues at the twofold
depression, I368 and H374, are essential for binding to sialic acid [41].

Based on homology with other members of the Parvoviridae family, H-1PV cell entry is believed
to occur after virus cell membrane binding, via clathrin-mediated endocytosis (for a comprehensive
review of PV entry mechanisms, see the review from Ros et al., 2017 [42]). However, the H-1PV cell
entry pathways remain to be elucidated. After trafficking into the cytosol, H-1PV penetrates the
nucleus. For its viral DNA replication, the virus needs proliferating cells but is itself unable to induce a
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quiescent cell to enter S-phase. Once the cell enters S-phase, the single-stranded genome is converted
to the active double-stranded forms that are accessible for transcription [42,43]. As soon as empty
capsids are assembled into the cell nucleus, the single-stranded viral genome is transferred to the
shells, and the progeny viruses are transported to the cytoplasm. At the completion of its life cycle, the
virus induces cell lysis, which is associated with the extracellular release of progeny viral particles.
These new virions can initiate second rounds of lytic infection in neighbouring cells [42].

Figure 1. H-1PV’s ID card. An overview of H-1PV classification and main features. The virus genome
is a single-stranded DNA (ssDNA) molecule including two promoters. The P4 promoter controls the
nonstructural unit (NS), which encodes the NS1 and NS2 nonstructural proteins; and the P38 promoter
regulates the expression of the VP gene unit, which encodes the VP1 and VP2 capsid proteins. At its
extremities, the viral genome contains palindromic sequences (depicted in grey) that are important
for virus DNA amplification. An in silico model of the virus capsid is shown [41]. See text for a more
detailed description.

3. H-1PV at the Preclinical Level: Acquiring License to Kill Cancer Cells

In this paragraph we discuss the main features that make H-1PV an attractive oncolytic virus (OV).

3.1. Non-Pathogenicity in Humans

The natural host of the H-1PV is the rat. Humans are naturally not infected with the virus. No link
has been established between the virus and human diseases, and no pre-existing immunity to H-1PV
has been demonstrated in humans. The latter represents an advantage of H-1PV over OVs based on
human pathogens (e.g., HSV and Ad), as H-1PV may have a larger therapeutic window before the
appearance of neutralizing antibodies. Laboratory studies have demonstrated that although H-1PV
can penetrate normal, non-transformed cells, this infection fails to produce new virus particles (i.e., it
is an abortive infection) and to induce cell lysis [44]. Clinical studies have shown that H-1PV treatment
is safe, well tolerated, and not associated with unwanted side effects (see below).

3.2. Natural Oncotropism

Because of H-1PV’s limited genomic information, its life cycle is strictly dependent on the host
cell. Some of the factors needed for a productive virus infection are more abundant or more specifically
active in the cancer cell than in its normal counterpart. Thus, the cancer cell provides a more favourable
milieu than the normal cell for sustaining the virus life cycle. The determinants of H-1PV oncoselectivity
have been the focus of several recent reviews and are not discussed in detail here [18,31,44]. Some
of these interactions have been described for the closely related MVM and are believed to take place
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for other PVs, including H-1PV. Briefly, PVs take advantage of some of the (epi)genetic defects that
distinguish cancer cells (listed below) at many stages of their life cycle.

3.2.1. Uncontrolled Proliferation

PV DNA replication and, in particular, the conversion of the single-stranded genome into the active
double-stranded form rely on cellular factors (e.g., the cyclin A/CDK2 complex) that are S-phase-specific
and typically expressed in proliferating cells [45,46].

3.2.2. Dysregulated Signaling Pathways

Various factors that are overexpressed in cancer cells are active in controlling PV nuclear transfer
(e.g., CDK1/PKCα-mediated rupture of the nuclear envelope [47]), NS1 activities (e.g., PDK1/PKB/PKC
involvement in the phosphorylation of NS1 [48]), viral gene expression (e.g., members of the E2F, Ets, and
ATF families of transcription factors are needed to activate the P4 promoter [44,47,49]), virus replication
(e.g., interaction with components of the DNA damage response, such as RPA-P32, γH2AX, NBS1-P,
ATR, ATRIP, and ATM, which are recruited in the subnuclear PV replication centres, the so-called
APAR bodies [50]), viral progeny capsid assembly and nuclear transport (e.g., MAP3K-mediated
phosphorylation of capsid intermediates [51]), and virus egress (e.g., XPO1, PKB, PKCη, and Radexin,
which regulate various steps involved in trafficking of the virus outside the cell [52–54]).

3.2.3. Impairments of Innate Antiviral Immunity

Defects in the innate immune system are common in cancer cells, which often makes them unable
to counteract a virus infection efficiently. H-1PV infection, similarly to MVM infection, triggers an
antiviral innate immune response that is associated with the production of type I interferons (IFNs) in
normal cells but not in cancer cells. This antiviral response efficiently blocked H-1PV multiplication
only in normal cells [21]. However, the sensitivity of rodent PVs to type I IFNs is presently a matter of
scientific discussion [20,55–58].

All these interactions (and probably many others still to be characterized) define whether a certain
cancer cell is susceptible or not to H-1PV infection. The discovery of new H-1PV cellular modulators is
extremely important, as these signatures may serve as markers to predict if a certain patient is likely to
respond favorably or not to H-1PV treatment (see also below).

3.3. Oncolytic Activities

Cancer cell lines and primary cultures derived from various tumor entities, including brain,
pancreas, breast, lung, cervical and colorectal cancers, melanoma, and osteosarcoma, are susceptible to
H-1PV infection and oncolysis (reviewed in [18]). H-1PV was also shown to efficiently infect and kill
cancer cell lines derived from hematological diseases such as Burkitt lymphoma, diffuse large B-cell
lymphoma, T-cell acute lymphoblastic leukaemia, and cutaneous T-cell lymphoma [59]. Both apoptosis
and non-apoptotic cell death have been reported to be induced by H-1PV [34]. Furthermore, in glioma
cells, H-1PV induces lysosome-dependent cell death with relocation of active cathepsins B and L (CTSB
and CTSL) from lysosomes into the cytosol and concomitant repression of two cathepsin inhibitors,
cystatin B and C [60]. By inducing this alternative cell death pathway, H-1PV is able to overcome
glioma cell resistance to conventional cytotoxic agents like cisplatin or to soluble death ligands such as
the pro-apoptosis inducer TNF-related apoptosis-inducing ligand (TRAIL).

The reasons why H-1PV induces lysosome-dependent cell death in glioma cells, but apoptosis
or other forms of cell death (e.g., necrosis) in other cancer cell lines, were recently investigated by
our laboratory. We discovered that pro-survival members of the BCL2 family (e.g., BCL2, BCL2L2,
BCL2L1, and MCL1), which are overexpressed in glioma (and other tumor) cells and contribute to their
resistance to apoptosis inducers, acted as negative modulators of H-1PV-induced apoptosis. Indeed,
the addition of BH3 mimetics such as ABT-737 (which inhibits pro-survival BCL2 proteins) rescued the

245



Viruses 2019, 11, 562

ability of H-1PV to induce apoptosis in these cells, thereby strongly potentiating H-1PV glioma cell
oncolysis [61].

H-1PV-induced cell death is mediated by NS1 through the accumulation of reactive oxygen species,
which leads to oxidative stress, mitochondrial outer membrane permeabilization, DNA damage, cell
cycle arrest, and, finally, caspase activation [34].

H-1PV-induced cell death is also associated with several markers of immunogenic cell death, such
as release of the high-mobility group box protein B1 [62] and the immunogenic heat shock protein
HSP72 [63]. In a co-culture experiment in which melanoma cells were grown together with dendritic
cells (DCs), H-1PV-induced cell lysis stimulated DC maturation and activation [64], accompanied
by the production of proinflammatory cytokines such as IL-6 and TNF-α. Mature DCs were able to
activate antigen-specific cytotoxic T cells, which resulted in IFNγ production (discussed in the issue by
Angelova and Rommelaere [58]).

3.4. Oncosuppressive Activities

The oncosuppressive activities of H-1PV have been demonstrated in various animal models
(reviewed in [18,44]). Oncosuppression is a result not only of H-1PV tumor oncolysis, but also of the
activation of immune responses. The immunostimulatory activities of H-1PV are discussed in the issue
by Angelova and Rommelaere [58]. As examples of the oncosuppressive activities of H-1PV, here we
summarize experiments carried out in animal models of glioma and pancreatic ductal adenocarcinoma
(PDAC) [58].

3.4.1. Glioma Models

In an immunocompetent rat model in which RG2 rat glioma cells were implanted into the brain
of allogenic Wistar rats, intratumoral treatment with a single dose of H-1PV (1 × 107 plaque forming
units/animal) significantly increased the overall survival of tumor-bearing animals, with one-third
of the treated animals undergoing complete tumor remission [65]. Similar anticancer activity was
achieved after systemic or intranasal delivery of H-1PV, although higher concentrations of virus were
required in comparison to local injection [65,66]. These experiments show the ability of H-1PV to cross
the blood-brain barrier in order to reach tumor cells. The NS1 viral protein was detected in tumors
but not in normal surrounding tissues, confirming the oncoselectivity of H-1PV. The expression of the
oncotoxic viral protein was associated with higher levels of CTSB, confirming previous results obtained
in cell culture models [60]. Furthermore, progeny viruses were isolated from the animals, providing
evidence of efficient virus multiplication in tumors [65] but not in other organs or tissues [67,68]. Virus
treatment was not associated with weight loss or other adverse toxic events [65,66,68], even when the
virus was directly injected into the brain of naive rats at high concentrations [67].

Importantly, involvement of the immune system in the elimination of cancer cells was
also demonstrated, as antibody depletion of CD8+ T cells strongly reduced virus-mediated
oncosuppression [69].

The oncosuppressive activity of H-1PV was also confirmed using the U87 xenograft model of
human gliomas in immunodeficient rnu rats [65]. Rnu rats lack a normal thymus and, thus, cannot
form T cells. In this model, T cells seem to be dispensable for H-1PV oncosuppression. However, it is
not possible to exclude that other immune components such as macrophages and natural killer (NK)
cells, which are still functional in rnu rats, may have participated in the elimination of cancer cells, thus
compensating for the absence of T cells. In support of this hypothesis, H-1PV was shown to stimulate
NK anticancer activity [70].

3.4.2. Pancreatic Ductal Adenocarcinoma (PDAC) Models

H-1PV was used alone or in combination with gemcitabine, the first-line treatment for PDAC.
In a syngeneic orthotopic rat model of PDAC, H-1PV treatment alone prolonged animal overall
survival. However, a stronger anticancer activity was observed when the virus was combined with
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gemcitabine [71]. H-1PV’s ability to replicate in PDAC cell lines positively correlated with SMAD4
expression levels. Indeed, it was seen that SMAD4 bound to the P4 promoter, thereby modulating its
activity [72]. A large set of experiments confirmed in PDAC models the central role of the immune
system in H-1PV-mediated oncosuppression. H-1PV has the ability to evoke both innate and adaptive
immune responses, as discussed in detail by Angelova and Rommelaere [58].

4. H-1PV Goes to Patients: Meeting the First Endpoints

First clinical use of H-1PV for the treatment of cancer goes back to 1965 [73]. These studies
provided first evidence that H-1PV treatment was safe, although, at the regimes used, it did not alter
the course of the patients’ cancers. This evidence, together with the subsequent preclinical results
described above, laid the foundations for the launch in 2011 of a phase I/IIa clinical trial (named
ParvOryx) using H-1PV for the treatment of patients suffering from recurrent glioblastoma (GBM)
(see also Angelova and Rommelaere, this issue [58]). GBM is the most aggressive and common type
of primary malignant brain tumor in the adult brain. GBM remains uniformly fatal, with a dismal
median overall survival of only 12–15 months and with only 4.5% of patients surviving more than 5
years. Hence, new therapeutic options are urgently needed [74]. ParvOryx was the first clinical trial in
Germany to use OVs. The study involved 18 patients, subdivided into two arms that were treated with
escalating doses of H-1PV administered intratumorally or intravenously. The results of the study are
summarized in Figure 2. The trial met its endpoints by demonstrating that monotherapy with H-1PV
is safe and generally well tolerated. H-1PV showed the ability to cross the blood–brain barrier, to
distribute widely in the tumor microenvironment, and to trigger inflammatory responses, confirming
previous results obtained at the preclinical level. Compared to historical controls, progression-free and
overall survival of the patients was improved, although all patients ultimately died from the disease.
A randomized, double-blind study needs to be performed to unequivocally demonstrate the efficacy of
H-1PV treatment.

A second clinical study (ParvOryx02), launched in 2015, used H-1PV to treat patients with PDAC.
PDAC is one of the most lethal forms of human cancer, with a five-year survival rate of about 6%
and a median patient survival rate of less than six months after diagnosis [75]. ParvOryx02 involved
a total of seven PDAC patients with at least one liver metastasis. Escalating doses of H-1PV were
given intravenously (40% of the dose subdivided in four equal daily fractions) and locally into liver
metastases (60% in one single treatment) [76]. Recruitment has been completed, and the study is
presently in its evaluation stage. Safety and tolerability are the main endpoints of the study, while
evaluation of antitumor activity and clinical efficacy are the secondary objectives.
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Figure 2. Clinical trial of H-1PV in patients with glioblastoma. (1) H-1PV was administered
intratumorally (a) or intravenously (b). (2) H-1PV injected intravenously reached the brain tumor by
crossing the blood–brain barrier. (3) H-1PV successfully infected cancer cells, which were positive
for viral RNA and NS1 protein (although NS1 expression was below detection limits when the virus
was given intravenously). (4) H-1PV induced immunoconversion of the tumor microenvironment
(TME), which was characterized by infiltration of CD4+ and CD8+ T cells. T cells were found in
their active state, as deduced from the expression of perforin and granzyme B. Microglia/microphages
were also observed in the TME. These cells expressed high levels of cathepsin B. By contrast, only a
small number of regulatory T cells (T-reg), which tested positive for FOXP3, and few natural killer
(NK) cells were detected. (5) Seroconversion occurred after a few days, with the production of
virus-neutralizing antibodies.

5. H-1PV Back to the Bench: Further Improving Its Anticancer Profile

As discussed in the previous sections, preclinical and clinical results using wild-type H-1PV as a
monotherapy are promising and support its use as an anticancer agent. Nevertheless, these results also
show that, as seen for other OVs, there is a discrepancy between H-1PV anticancer efficacy achieved
at the preclinical level (e.g., in animal models) and that observed in patients. The fact that H-1PV
treatment did not eradicate the tumors clearly indicates the need to improve its efficacy.

The field of oncolytic virus therapy in the last years shifted from considering the OVs as
self-amplifying drugs able to directly kill cancer cells by inducing their lysis, to a form of immunotherapy
acting indirectly through the induction of anticancer immune responses. However, it remains unclear
how many rounds of lytic cycles are needed to harness the immune system to act against the cancer.
The clinical experience gathered in these years indicated that, with the exception of few anecdotic cases,
treatment with OVs was unable to eliminate all cancer cells. Even in the cases where virus treatment
resulted in shrinkage of the tumor and induction of anticancer immune responses, tumors were not
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completely cured and eventually relapsed. It is possible that the high heterogeneity of tumors and the
immunosuppressive nature of the TME have helped some tumor cells to survive the treatment.

We believe that, like for other OVs H-1PV efforts should also be further directed not only to
enhance the immune modulatory activities of the virus but also to increase virus multiplication, spread,
and oncolysis in the tumor bed. If a larger number of cancer cells are targeted and killed by the virus
in the first place, the induction of anticancer immune responses is likely to be more robust.

Also of primary importance is the identification of reliable biomarkers that could be used to
identify those patients most likely to benefit from H-1PV-based anticancer treatments. Currently,
several approaches are being pursued in an attempt to improve the anticancer potential of H-1PV
(Figure 3). Preclinical proofs of concept for some of these approaches have already been acquired,
warranting clinical translation of these novel therapies.

5.1. H-1PV-Based Combination Therapies

Cancer heterogeneity often limits the efficacy of a single anticancer treatment, rendering it unable
to eliminate all cancer cells. A common trend in anticancer therapy is, therefore, the rational design of
novel combinatorial treatments that combine two or more agents with complementary mechanisms of
action, leading to additive or better synergistic anticancer effects without increasing adverse events.
Similarly, a logical approach to improve the efficacy of H-1PV (and, in general, any OV) is to search for
other anticancer modalities that increase virus potency while preserving the safety profile (Figure 3).

5.1.1. H-1PV in Combination with Conventional Treatments

For the sake of expediting clinical translation, OVs have been combined with first-line treatments
such as radiotherapy and chemotherapy, often with encouraging results [77,78]. Geletneky and
colleagues showed that radiotherapy sensitized low-passage cultures of human glioma to H-1PV
treatment [79]. In particular, pre-irradiation 24 h before H-1PV infection increased the fraction of
glioma cells in S-phase, thereby rendering the cells more susceptible to H-1PV replication. This
effect led to increased cell killing even in radiation-resistant glioma cells. However, this promising
protocol has yet to be validated in animal models. As radiotherapy also has immunostimulatory
activity [80], it would be interesting to verify whether co-treatment also results in more sustained
anticancer immune reactions.

Gemcitabine is a chemotherapeutic drug that acts as a cytidine analogue. However, its use is often
accompanied with high toxicity and limited efficacy due to quick acquisition of drug resistance by
the cancer cell [81]. H-1PV/gemcitabine co-treatment showed an additive killing activity in vitro that
was associated with higher levels of cathepsin B, suggesting that co-treatment triggered a lysosomal
cell death pathway. Higher levels of HMGB1 danger signalling were also observed, providing some
indications that the killing activity induced more sustained anticancer immune responses [62].

H-1PV efficiently infected and killed gemcitabine-resistant PDAC cells, thus circumventing the
drug resistance of the cancer cells. By contrast, gemcitabine pretreatment seemed to potentiate H-1PV
anticancer activity through still uncharacterized mechanisms. In a syngeneic orthotopic rat model
of PDAC, the consecutive combination of gemcitabine and H-1PV increased the overall survival of
tumor-bearing animals with no apparent unwanted cytotoxic effects [71], warranting clinical translation
of such a protocol. Further studies are required to optimize these protocols and find the most opportune
specific regimes, sequence of addition, and temporal schedule of treatment.

5.1.2. H-1PV in Combination with Epigenetic Modulators

The histone deacetylase inhibitor (HDI), valproic acid (VPA), significantly increases the oncolytic
activity of H-1PV. VPA and other HDIs have been shown to induce cell cycle arrest and apoptosis
in cancer cells [82]. VPA, which is currently in clinical use for the treatment of epilepsy, is being
tested in various clinical trials as an anticancer agent, alone or in combination with other drugs
(source: https://clinicaltrials.gov). At doses within the clinical range used for long-term treatment
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of epileptic patients and sublethal for cancer cells, VPA boosted the oncolytic activity of H-1PV in
a synergistic manner in cancer cell lines derived from cervical and pancreatic carcinomas but not
in normal, non-transformed cell cultures [83]. Synergistic anticancer activity was attributed to the
ability of VPA to increase the acetylation status of the NS1 protein. Two lysine residues, K85 and
K257, were found by mass spectrometry to be acetylated within NS1, and their acetylation levels were
enhanced by the addition of VPA. Acetylated NS1 has increased DNA binding and transcriptional
activities, which resulted in enhanced virus replication in tumor cells. Co-treatment with H-1PV and
VPA was associated with a significant increase in oxidative stress associated with accumulation of
intracellular reactive oxygen species and DNA damage. Enhanced H-1PV replication and oxidative
stress contributed to the synergistic killing activity. However, because of the pleiotropic action of VPA,
the role of other uncharacterized mechanisms (e.g., VPA-mediated modulation of the innate immune
response) could not be excluded. Validation of the protocol in animal models showed that VPA strongly
enhanced the oncosuppression activity of H-1PV, which resulted in complete and long-lasting tumor
remission in all co-treated animals under conditions in which single treatment had no, or only slight,
benefits for animal survival. This outcome was accompanied by higher virus multiplication, oxidative
stress, and DNA damage, thus confirming the results obtained in cell culture experiments [83].

5.1.3. H-1PV in Combination with Apoptosis Inducers

More recently, the BH3 mimetic ABT-737 has also been found to act synergistically with H-1PV [61].
ABT-737 is an inhibitor of pro-survival/anti-apoptotic Bcl-2 proteins, which are involved in the regulation
of apoptosis. Defects in the apoptotic pathways occur frequently in cancer cells. One of the most
common mechanisms by which cancer cells counteract apoptotic stimuli is the overexpression of Bcl-2
proteins [84]. The addition of the drug significantly potentiated H-1PV oncolysis against a large panel
of cancer cell lines derived from solid tumors including gliomas, pancreatic carcinomas, and cervical
carcinomas as well as lung, head and neck, breast, and colon cancers. This strong anticancer effect
was also observed in cancer cell lines that were poorly susceptible to H-1PV oncolysis. More recently,
the co-treatment was validated in xenograft rat models of human glioma and pancreatic carcinoma.
In these animal models, ABT-737 significantly boosted H-1PV-mediated oncosuppression, resulting in
a significant increase in animal overall survival (unpublished results). Further studies are required to
determine the mechanisms underlying the synergistic anticancer effect and to verify whether increased
oncolysis leads to more robust stimulation of anticancer immune responses.

5.1.4. H-1PV in Combination with Antiangiogenic and Immune-Modulating Drugs

Because of their immunostimulatory activities and ability to convert an immunosuppressive
cold tumor microenvironment (TME) into an inflamed one, OVs are presently under evaluation as
boosters of other forms of immunotherapy with very promising results obtained at both preclinical and
clinical levels [2,12,85]. The combination of H-1PV with other immune therapeutics (e.g., checkpoint
blockade) holds great promise, as discussed in the issue by Angelova and Rommelaere [58] and in
other recent reviews [69,86]. This promise was exemplified by a recent report describing nine patients
with primary or recurrent glioblastoma who were treated as part of a compassionate use program
with a combination of H-1PV, the antiangiogenic antibody bevacizumab, and the PD-1 checkpoint
blockade, nivolumab [87]. This study strongly supports the combination of H-1PV with antiangiogenic
drugs and checkpoint blockade and warrants further investigation to define optimal treatment regimes.
Unfortunately, preclinical evaluation of combined treatments involving H-1PV and immune checkpoint
blockade (e.g., with antibodies against PD-1, PD-L1) is hampered by the lack of a mouse cancer
cell line that is permissive to H-1PV infection, which precludes the use of syngeneic mouse tumor
models. However, as the cancer immunotherapy field is progressing rapidly, antibodies against rat
immune-checkpoint proteins may become available in the near future, rendering possible the use of
rat models that are susceptible to H-1PV treatment.
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5.2. Second-Generation Propagation-Competent H-1PV-Based Vectors

The strategies pursued thus far to improve the anticancer properties of H-1PV are listed below
and summarized in Figure 3B.

Figure 3. Improving H-1PV-based therapies. (A) Combination with drugs. H-1PV anticancer activity
can be improved by combining the virus with other anticancer modalities. (B) Development of
second-generation PV vectors. (1) H-1PV was successfully genetically modified by directed molecular
evolution. By serially passaging H-1PV in semipermissive cancer cells, the virus acquired random
mutations (orange arrowheads) that improved virus replication and spreading. (2 and 3) Functional
elements (CpG motifs or an shRNA expression cassette) were inserted into the H-1PV genome without
affecting its replication ability. These elements enhanced virus-mediated immune modulation and
oncolysis, respectively. (4) Virus retargeting. The viral capsid was genetically modified by inserting
an arginine-glycine-aspartic acid (RGD-4C) peptide, which improved cancer specificity at the level of
virus cell entry. (5) Construction of Ad–PV chimeras. An engineered version of the H-1PV genome
was inserted into a nonreplicative adenovirus (Ad) genome. The Ad–PV chimera brought the H-1PV
genome into cancer cells and produced fully infectious H-1PV particles. The anticancer properties of
Ad–PV chimera can be increased by inserting a therapeutic transgene into the Ad component of the
Ad–PV hybrid genome (in green).

5.2.1. H-1PV Fitness Mutants

H-1PV is a fast-evolving virus that can adapt to a specific host cell environment by acquiring
spontaneous genetic modifications. A naturally occurring H-1PV variant was isolated in a newborn
human kidney cell line NB-E in the course of routine plaque purification [88]. The virus featured a 114
nucleotide (nt) in-frame deletion (nt 2022–2135 of the viral genome) encompassing the NS region and a
duplication of a 58 nt repeated sequence within the right-hand palindrome. As a consequence of the
deletion, NS1 and NS2 proteins lost 38 amino acids at the C-terminus and internally, respectively. The
deletion conferred to the virus a superior fitness at the level of nuclear export and spreading compared
to wild-type H-1PV [89]. In a subsequent study, Hashemi et al. explored the effects of mutations within
the H-1PV NS encoding region. By introducing into the H-1PV genome single nucleotide changes that
have been shown to improve the fitness of the closely related lymphotropic strain of MVM, the authors
generated H-1PV fitness variants with enhanced infectivity and transduction efficiency [35].

In another study, Nuesch et al. generated a number of adapted variants by serially passaging
H-1PV in semipermissive, low-passage human glioma cell cultures. The variants contained small
deletions and/or point mutations leading to single amino acid substitutions within both the coding
(NS and VP gene units) and the untranslated regions of the viral genome [90]. Similar to previous
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studies, small deletions were found between nts 2000 and 2200 of the viral genome, suggesting that this
part of the genome may represent a hotspot of variability for adapting the virus to a certain cell host.
The adapted viruses displayed greater capacity to replicate in glioma cells and increased infectivity.
The evaluation of the oncolytic activity of these fitness mutants, both in cell culture and animal models,
together with the assessment of their safety profile is an interesting area of future research.

5.2.2. H-1PVs Armed with Immune Stimulators

The limited packaging capacity of PVs allows the insertion of only small heterologous DNA
sequences (max. 250 bases) into their genome (the insertion of larger transgenes can only be at the
expense of the VP region, rendering the recombinant PVs replication deficient [91]).

Raykov et al. inserted CpG motifs into the untranslated region of the H-1PV genome downstream
of the VP gene unit [92]. These sequences are frequently found in the genomes of microbes and have
immunostimulatory activities. Insertion of CpG elements into the virus genome did not affect virus
replication and infectivity. CpG-armed viruses were endowed with enhanced immunogenicity and
adjuvant capacity in both cell culture and animal models [58,92,93].

5.2.3. H-1PVs Armed with RNA Interference Triggers

Tumors are often highly heterogeneous in nature. Within a certain tumor, a fraction of cells may
be moderately susceptible to H-1PV infection and survive virus treatment, leading to tumor relapse.
RNA interference technology is used to silence the expression of genes involved in carcinogenesis in
order to revert the malignant phenotype. To potentiate H-1PV oncotoxicity and provide the virus with
an additional mode of action for killing those cancer cells that are poorly sensitive to its infection, we
inserted single hairpin RNA (shRNA) expression cassettes into the untranslated region of the H-1PV
genome. In a proof of concept study, we showed that the new virus, which we called H-1PV silencer,
was able to express shRNAs at high levels and was efficient in gene silencing while retaining its ability
to replicate and propagate efficiently [94]. More recently, we constructed an H-1PV silencer expressing
shRNAs targeting CDK9 (H-1PV sil-shCDK9), whose expression and activity are often dysregulated
in cancer cells, thus contributing to cancer development. H-1PV sil-shCDK9 has superior oncolytic
activity in semipermissive pancreatic- and prostate-derived cancer cell lines in comparison with
wild-type virus. Validation of these results in xenograft nude rat models of human pancreatic (AsPC-1)
and prostate (PC3) carcinomas confirmed the stronger anticancer activity of H-1PV sil-shCDK9, which
led to a significant increase in the overall survival of treated animals. These results warrant further
development of this promising approach.

5.2.4. Cancer Retargeted H-1PVs

Although H-1PV preferentially expresses and replicates its genome in (pre)neoplastic cells, it is
also able to infect normal cells in a nonproductive way in which it is harmless for the cells. However,
uptake of the virus by normal cells sequesters a significant portion of the administered viral dose
away from the tumor target, thus reducing its efficacy [95]. It would be beneficial to limit H-1PV
entry specifically to cancer cells, especially in view of the systemic delivery of the virus in therapeutic
applications. Allaume et al. showed that it is possible to genetically engineer the H-1PV capsid and
modify the tropism of the virus at the level of virus entry [41]. Based on an in silico model (Figure 1),
the authors identified two putative residues involved in the binding to sialic acid at the twofold axis of
symmetry of the virus capsid. Amino acid exchange at one of these sites (H174R) strongly reduced
cell surface binding and entry without affecting virus capsid formation. This mutant was used as
a template for the insertion of an arginine-glycine-aspartic acid (RGD)-4 cyclic peptide, known to
bind αVβ3 and αVβ5, two integrins that are often overexpressed in cancer cells and angiogenic blood
vessels [96]. Insertion of the peptide in one of the most protruding loops of the threefold spike of the
virus capsid rescued virus infectivity and conferred to the virus improved specificity for cancer cells.
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5.2.5. Adenovirus (Ad)–PV Chimera

To combine the high titre and efficient gene transfer capacity of Ad with the anticancer potential
of H-1PV (PV), an engineered version of the H-1PV genome was inserted into a replication-defective
(E1- and E3-deleted) Ad5 vector genome to create an Ad–PV chimera [97]. The Ad carrier serves as a
Trojan horse to bring the H-1PV genome into cancer cells, where the PV DNA is excised from the Ad
backbone and autonomously initiates a genuine PV cycle, resulting in the production of PV particles.
These PV particles retain the ability to infect neighbouring cancer cells, kill them, and induce secondary
rounds of lytic infection, thereby amplifying the initial cytotoxic activity of the chimera (Figure 4). As a
consequence, the Ad–PV chimera exerts stronger cytotoxic activities against various cancer cell lines
than those of the PV and Ad parental viruses while still being innocuous to a panel of normal primary
human cells. The Ad–PV chimera also offers the advantage of overcoming the limited cargo capacity
of the PV. Indeed, the Ad backbone can accommodate therapeutic transgene(s) encoding pro-apoptotic
or immunostimulating factors, whose activity may reinforce the anticancer effect of PV. Therefore, the
chimera offers the advantage of combining in only one vector, effectors for both cancer gene therapy
(non-propagating Ad-mediated delivery and expression of therapeutic transgenes in cancer cells) and
oncolytic viro-immunotherapy (PV particles retaining oncolytic and anticancer adjuvant properties as
well as the capacity for propagating in the tumor bed).

Figure 4. The Ad–PV chimera strategy. The entire oncolytic H-1PV genome (light blue) was inserted
into a replication-defective E1 and E3-deleted Ad5 vector genome (Ad, in black). The chimera effectively
delivers the PV genome into cancer cells, from which progeny PV particles are generated. Additionally,
a transgene (in green) is expressed from the vector genome and can act intracellularly or extracellularly.
These PV particles can infect neighbouring cancer cells, kill them, and induce secondary rounds of lytic
infection, thus amplifying the initial cytotoxic activity of the chimera [97].

5.3. Recombinant Propagation-Deficient H-1PV-Based Vectors

As reported above, protoparvoviruses have a limited packaging capacity. As a result, only
small heterologous DNA sequences can be inserted in the parvoviral genome, without impairing
the ability of the virus to self-propagate. Arming protoparvoviruses with larger transgenes is still
possible by replacing a part of the VP gene unit with a therapeutic gene [95,98]. These recombinant
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PVs (recPVs) retain the NS1/2 coding sequences (controlled by the parvoviral P4 promoter) and
the parvoviral genome telomeres, which are necessary for viral DNA amplification and packaging.
Expression of the transgene is generally kept under control of the genuine parvoviral late promoter
P38, whose activity is upregulated by NS1. Production of recPV takes place in producer cell lines upon
co-transfection of the recombinant viral genome (containing the transgene) with a second plasmid
harbouring the VP gene unit (Figure 5). The latter provides in trans the VP proteins needed for
virus assembly, thus compensating for the disruption of the structural genes in the recombinant viral
genome. The recombinant parvoviral particles generated in this way are DNA replication competent
but propagation-defective and achieve transgene expression only in primarily infected cells as a one-hit
event. The deletion of a portion of the structural genes gives the opportunity to insert transgenes up
to approximately 1200 nt, while the insertion of larger transgenes strongly impairs virus production.
Recombinant rodent parvoviruses have been constructed using MVM and H-1PV infectious plasmids
as backbones. Examples of transgene products expressed by means of recombinant H-1PV vectors
include pro-apoptotic apoptin [99], immunostimulatory cytokines/chemokines (e.g., human IL2, CCL7,
and CCL2) [100], and antiangiogenic modulators (e.g., CXCL10 and CXCL4L1) [101,102]. Some of
these recPVs are therapeutically promising, as they proved to have an enhanced anticancer activity
in preclinical animal models. However, efficient production of these recombinants remains a major
obstacle in their way to the clinic [98]. Co-transfection of the above helper system with a plasmid
containing the adenoviral E2a, E4(orf6), and the VA RNA genes (e.g., pXX6 plasmid) improved the
production of recPVs by more than 10-fold [91]. Based on these results, an Ad harbouring the VP
gene unit was constructed and used as a helper. This VP expressing Ad further improved the recPV
yields because it allowed cell lines that were difficult to transfect but efficient at producing recPVs
(e.g., NB324K) to be used according to a protocol that relied entirely on virus infection [103]. Further
research and development activities are worth conducting to optimize and scale-up recPV production.

Figure 5. Production of recombinant H-1PV. For the production of recombinant H-1PV, a part of the
VP1/VP2 region of the wild-type genome is removed and replaced with a transgene (in green). The
VP gene unit under the control of a cytomegalovirus (CMV) or P38 promoter is provided in trans by
a helper plasmid (pVP). Upon co-transfection of the plasmids, the producer cell line generates fully
infectious, yet propagation-deficient, parvovirus particles containing the recombinant viral genome.

6. Where Next for H-1PV?

Research on H-1PV as an oncolytic agent goes back to the 1960s. Since then, many efforts have
been devoted to elucidating the virus life cycle, its strict interactions with the cancer cell host, and its
anticancer properties. After more than 50 years of preclinical research, these efforts culminated with
the aforementioned launch of the first clinical study in patients with recurrent glioblastoma. The results
of the clinical study showed that H-1PV treatment is safe, well tolerated, and associated with first
signs of anticancer efficacy. These results provide new impetus for novel research and development
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activities aimed at further strengthening the H-1PV anticancer profile and bringing into the clinic more
potent H-1PV-based therapies that could improve clinical outcome.

In Section 5, we provided examples of how this could be achieved through the rational design of
H-1PV-based combination therapies and/or the development of novel, more potent, second-generation
H-1PV vectors. These studies are particularly important and should guarantee a portfolio of novel,
more efficient PV-based treatments to be tested in clinical trials. All these strategies should aim to
increase oncolysis not only in quantitative but also in qualitative terms. Indeed, how a certain treatment
kills cancer cells determines the success of the therapy, as the treatments vary in their immunogenicity
and, thus, engage the immune system to act against the cancer at different degrees. To maximize
the role of the immune system in destroying cancer cells, combinations of H-1PV with other forms
of immunotherapy are particularly promising strategies. This was observed within the frame of a
compassionate use program in patients with glioblastoma (see Section 5).

To increase the success rate of the virus treatment, it is also very important to identify biomarkers
that could predict the outcome of the therapy. Currently, we are still missing basic knowledge on
the determinants that make a tumor susceptible or resistant to H-1PV infection. For instance, it
remains elusive why some cancer cells sustain virus replication more efficiently than others. Also, the
entry pathways used by H-1PV and the mechanisms underlying virus trafficking into the nucleus are
largely uncharacterized. Studies in these areas may reveal key cellular modulators (either activators
or repressors) of the virus life cycle that could help us to predict whether a certain patient is likely
to benefit from virus treatment. This information may be used as part of a more personalized virus
treatment in which a certain therapy is selected according to patient tumor genetic makeup. At the
same time, these studies may provide the key to improving virus treatment, for instance by guiding us
in the identification of new drugs that could reinforce virus replication and oncolysis in tumor cells or
of new means to improve next-generation PV vectors (e.g., shRNA targeting negative modulators of
the virus life cycle). These new developments may overcome current molecular restrictions that limit
efficacy and thereby extend the success of H-1PV-based therapies.
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Abstract: Rodent protoparvoviruses (PVs), parvovirus H-1 (H-1PV) in particular, are naturally
endowed with oncolytic properties. While being historically described as agents that selectively
replicate in and kill cancer cells, recent yet growing evidence demonstrates that these viruses
are able to reverse tumor-driven immune suppression through induction of immunogenic tumor
cell death, and the establishment of antitumorigenic, proinflammatory milieu within the tumor
microenvironment. This review summarizes the most important preclinical proofs of the interplay
and the cooperation between PVs and the host immune system. The molecular mechanisms of
PV-induced immunostimulation are also discussed. Furthermore, initial encouraging in-human
observations from clinical trials and compassionate virus uses are presented, and speak in favor of
further H-1PV clinical development as partner drug in combined immunotherapeutic protocols.

Keywords: rodent protoparvoviruses; oncolytic activity; tumor microenvironment; immunomodulation;
preclinical; clinical trials

1. Bystander Antitumor Effect of Protoparvovirus-Induced Oncolysis

As reviewed recently [1,2], rodent protoparvoviruses are endowed with oncolytic properties. The
molecular basis of protoparvovirus cancer cell specificity and killing activity is the subject of another
review in this special issue [3]. In some cancer animal models, this direct viral oncolytic effect is potent
enough to fully eradicate infected tumors, correlating with virus spread and viral oncotoxic protein
NS1 expression throughout the neoplastic tissue [4]. In most models, however, intratumoral virus
multiplication and propagation are limited. Protoparvovirus-induced tumor suppression can still take
place in such systems, where only a minor fraction of tumor cells gets lytically infected [5,6]. An extreme
case is the one of animals implanted with double tumors, in which the protoparvovirus-induced lysis
of the infected tumor leads to regression of the non-infected distant tumor, in the absence of virus
transfer [7,8]. These data speak for the involvement of an immune bystander effect taking over from
the initial direct viral oncolytic effect to complete tumor elimination. The tight cooperation between
protoparvoviruses and the immune system to synergistically achieve tumor suppression is evidenced
by a number of phenomenological observations and mechanistic investigations, as reviewed below.
Most of these studies concern the rodent protoparvovirus H-1PV and (tumor) cells of either rat (the
natural host of this virus) or human origin. Since H-1PV is not infectious for mouse cells, a few
cited works were carried out in murine models with closely related mouse protoparvoviruses, in
particular the prototype strain of the minute virus of mice (MVMp). H-1PV and its close relatives will
be collectively designated PVs in this review.

2. Phenomenological Evidence of PV-Immune System Cooperation

Animals cured of their cancer as a result of PV treatment develop tumor-specific memory
responses protecting them against subsequent challenges with the same tumor cells, in the absence of
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detectable viral imprints [5,9–11]. This long-term vaccination effect is somewhat expected from the viral
oncolysis-dependent release of tumor-associated antigens (TAAs) triggering tumor-specific adaptive
cellular immune responses. Besides protecting animals from cancer recurrence, these responses also
contribute to PV-induced elimination of primary tumors, as indicated by the ability of H-1PV to
enhance the efficiency of an autologous tumor cell-based therapeutic vaccine [7].

Direct indications of the role of the immune system in PV-mediated tumor destruction were
obtained through different complementary approaches.

• PV antineoplastic efficacy is higher in immunocompetent, as compared to immunodeficient
animals. The impairment of the acquired cell-mediated arm of the host immune system by genetic
means [11,12], or by experimental cell depletion [7,13], was indeed found to correlate with reduced
PV capacity for tumor suppression.

• Adoptive transfer of splenocytes from rats undergoing H-1PV-mediated tumor regression into
naïve animals bearing the same tumor protects the recipients against cancer development, in
absence of detectable virus transmission [14].

• Animals undergoing tumor suppression upon PV treatment show distinct changes in tumors
and lymphoid tissues, pointing to the induction of Th1-type cellular immune responses. This
induction was revealed through the elevated production of cytokines (notably interferon (IFN)-γ
and tumor necrosis factor (TNF)-α), the infiltration of tumors with activated helper and cytotoxic
T lymphocytes (CTLs), and the proliferation of cytotoxic and/or helper T cells in spleen and
tumor-draining lymph nodes [7,8,12,14,15]. While this response is likely to be directed mostly
against viral epitopes, its stimulation by uninfected tumor cells under in vivo and/or in vitro
conditions argues for at least some level of tumor specificity [11,16].

• Upon H-1PV infection, human pancreatic carcinoma cells can prime human immune cells to
inhibit tumor development. This was shown in a humanized patient-derived xenograft model,
using ex vivo primed human dendritic and T cells for immunodeficient mice reconstitution and
growth suppression of pancreatic cancer cells derived from the same patient [15].

• There is a first hint of H-1PV oncosuppressive capacity enhancement through co-treatment with
immunostimulants. In a model of late (peritoneal carcinomatosis-associated) pancreatic cancer,
co-application of IFN-γ improved H-1PV-mediated control of the disease [16]. This improvement
correlated with enhanced activability of isolated peritoneal macrophages (TNF-α production) and
splenocytes (proliferation).

• PV propensity for inducing Th1 environment is substantiated by the bias of the virus-neutralizing
humoral response elicited after infection towards Th1/IFN-γ-dependent IgG2a isotype
antibodies [17,18]. Furthermore, some PVs were found to potentiate autoimmune reactions
through the modulation of T cell effector functions [19,20].

A straightforward mechanism of PV priming of antitumor immune reactions would be the release
of cellular TAAs and/or viral antigens as a result of the lytic infection of tumor cells, leading to induction
of tumor-specific responses and the generation of a proimmune milieu. Yet another non-exclusive
possibility deserves to be considered. PVs may act on the immune system, either directly, by infecting
various immune cells, or indirectly, by causing infected (tumor) cells to produce viral and/or cellular
signals (the so-called pathogen- and damage-associated molecular patterns, PAMPs and DAMPs,
respectively), which are recognized by immune cells, and regulate their activity. Two pieces of in vivo
evidence support the latter possibility.

• In mice infected with MVMp, extratumoral viral gene expression has been detected in lymphoid
tissues [18] and assigned to rare subpopulations of cells known to play a role in cancer immune
surveillance, namely myeloid dendritic cells (DCs) and B1 lymphocytes [21]. Interestingly,
MVMp-infected animals show striking upregulation of the expression of IP-10, a chemoattractant
known to be produced by these cells and to have antitumoral properties. In a rat model of
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pancreatic carcinoma, an initial burst of extratumoral H-1PV expression has also been observed in
lymphoid organs [6].

• A first indication of H-1PV intrinsic immunostimulatory activity has been obtained for virus
mutants that are endowed with higher anticancer potency, while keeping the same oncolytic
efficacy as the wild-type virus. These mutants were obtained by arming the PV genome with
known immunostimulating PAMPs, namely unmethylated CpG motifs. The CpG mutants proved
superior to the original virus at inducing the above-mentioned immunological changes in tumors
and lymphoid tissues, in particular DC activation in tumor-draining lymph nodes [15,22].

3. Mechanistic Evidence of PV Capacity for Modulating the Immune System

The ability of PVs to upregulate the immune system has been demonstrated through a number of
in vitro studies using immune cell cultures or co-cultures with tumor cells.

PV immunostimulating activity is mediated in part by tumor cell factors whose expression is
modulated by virus infection. PVs have been found to kill tumor cells through multiple mechanisms
(for reviews, see [1,2,23]). Besides being multimodal, PV-induced tumor cell death has been proved to
be immunogenic.

• A first hint of the interconnection between H-1PV and immunogenic cell death (ICD) has been
given by the observation that human myeloid leukemia cell variants selected for their resistance
to the virus also resisted TNF-α, a known inducer of the release of a plethora of proinflammatory
DAMPs and cytokines [24].

• H-1PV infection makes human melanoma cells able to trigger the activation/maturation of innate
immune cells, DCs in particular [25]. Similarly, microglia and DC subsets get activated after
co-culture with MVMp-infected mouse glioma cells [11]. PVs are much more potent than other
inducers of tumor cell death in having this immunostimulating effect. H-1PV-dependent DC
activation has been found to correlate with strong and long-lasting release of the DAMP heat shock
protein (HSP) 72 by infected human melanoma cells [25]. DCs incubated with H-1PV-induced
melanoma cell lysates show increased expression of both specific Toll-like receptors (TLRs) and
NF-kB, arguing for a role of TLR signaling in virus-mediated maturation of DCs [26].

• In keeping with their relaying role between innate and adaptive immunity, human DCs activated
by H-1PV-induced tumor cell lysates are able to phagocytose these lysates and cross-present TAAs,
leading to the stimulation of CTL clones specific for these epitopes [27,28].

• H-1PV infection confers to human pancreatic and colon carcinoma cells an enhanced capacity
for stimulating natural killer cells (NKCs) to release cyto/chemokines and kill tumor cells [29,30].
This H-1PV-mediated increase in NKC oncotoxic activity has been traced back to both the
overexpression of ligands specific for various NKC activation receptors and the down-modulation
of MHC class I molecules on virus-infected tumor cells.

• In agreement with the above data, incubation with H-1PV-infected human pancreatic carcinoma
cells induces Th1/M1 immune signature in human peripheral blood mononuclear cells (PBMCs),
as revealed in particular by the enhanced production of IFN-γ and TNF-α [14]. These changes are
intriguing, given their known association with tumor immune rejection. This modulation was
achieved by infected pancreatic cancer cells, which are unable to support virus production, and is
therefore likely to result from immunogenic signals produced by infected tumor cells instead of
PBMC infection by progeny virions. It is worth noting that H-1PV can exert, in addition, direct
effects on PBMCs, as discussed below.

The immunostimulating activity of PV-induced tumor cell lysates can be boosted by co-application
of immunomodulators, or by virus manipulation

• H-1PV cooperates with other inducers of ICD, resulting in the production of a broader spectrum
of DAMPs by co-treated tumor cells. This can be exemplified by an H-1PV/gemcitabine
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chemovirotherapeutic treatment, whose capacity for inducing human pancreatic cancer cells to
release two main markers of ICD, the DAMPs high mobility group box (HMGB) 1 and ATP, relies
on the virus and the drug, respectively [31]. In agreement with these data, H-1PV and gemcitabine
act synergistically to induce pancreatic carcinoma cells to activate co-cultured human PBMCs, as
revealed by the production of IFN-γ [15].

• Another intriguing strategy for improving the immunostimulating activity of PV-induced tumor
cell lysates consists of combinations of immune checkpoint blockers to remove inhibitory signals
of T cell activation. First credit to this application was given by the potentiating effect of sunitinib,
a receptor tyrosine kinase inhibitor with immune checkpoint blockade properties, on the ability
of H-1PV-infected human melanoma cell lysates to induce DC cross-presentation-dependent
activation of tumor antigen-specific CTLs [28]. Furthermore, the immune checkpoint-blocking
antibody tremelimumab may stimulate human DC maturation mediated by H-1PV-induced colon
carcinoma cell lysates [32].

• Arming the H-1PV genome with immunostimulating CpG elements boosts virus capacity for
inducing the above-mentioned tumor surveillance-predictive IFN-γ/TNF-α signature, upon
infection of co-cultures of human PBMCs and pancreatic cancer cells [15].

Besides inducing tumor cells to produce immunostimulating signals, PVs can also infect distinct
immune cells and activate them in a direct way. This appears to be true in spite of the remarkable
oncotropism, which restricts the effects of PVs on normal tissues [1]. PVs can indeed enter many
normal cells, and while being abortive, infection may still have physiological impacts, particularly
on the immune system. Infection of human PBMCs with H-1PV is abortive, leading to no detectable
production/release of progeny virions [14,33]. Analysis of H-1PV life-cycle in distinct immune cells
shows that virus entry takes place in T, B and NK lymphocyte subpopulations, monocytes and DCs, but
replication gets blocked at various subsequent steps, with no or limited production of the viral cytotoxic
protein NS1 [14,25,29,33,34]. Human neutrophils also prove to be non-permissive for H-1PV [33]. A
similar abortion of MVMp life-cycle has been observed after infection of human PBMCs [34], mouse
splenocytes [21], DCs [11] and glial cells [35]. The abortive PV infection of isolated immunocytes causes
no or little harm to these cells [25,29,33,35]. However, H-1PV infection of human PBMCs is associated
with significant toxic effects for which B lymphocytes or NKCs may be targets [14,33]. This cytotoxicity
appears, at least in part, not to be a direct consequence of virus infection, but to be mediated by cellular
factors that accumulate in vitro after being released from distinct immune cells as a result of their
activation by H-1PV.

• Some normal human immune cells appear to respond to PV infection by producing type I IFNs,
as detected in human PBMCs exposed to H-1PV or MVMp [34,36]. Distinct human immune cells,
most likely plasmacytoid DCs, appear to sense PV infection through TLRs and possibly also
through other receptors [34]. The activation of type I IFN response in these cells may contribute to
their resistance to PV infection due to abortion of virus replication (see above). This response may
still be host range-dependent, as MVMp failed to induce similar type I IFN production in mouse
plasmacytoid DCs [37]. It is noteworthy, however, that some non-immune normal cells may also
be induced to produce type I IFNs upon PV infection, depending on the host cell origin. While
the capacity of MVMp for triggering type I IFN production has been demonstrated in normal
fibroblasts derived from mice, the natural host of this virus [38–40], PVs have failed to evoke
detectable type I IFN response in a number of normal human cell types [36]. Altogether, these
observations indicate that although many human cells may fail to develop type I IFN response
after being exposed to rodent PVs, a distinct subset of immune cells are able to sense PV infection
and sustain significant type I IFN production. Besides having antiviral functions, type I IFNs
exert a wide range of stimulatory activities on both the innate and acquired arm of the immune
system. It therefore seems justified to include these cytokines in the series of potential mediators
of PV immunostimulation.

264



Viruses 2019, 11, 415

• PV infection of immune cells can have other phenotypic impacts besides type I IFN induction.
The analysis of the functional impact of H-1PV infection on isolated subsets of human immune
cells has revealed virus capacity for activating T helper cells (expression of activation markers
and secretion of Th interleukins (ILs)) [33], macrophages (TNF-α release) [14] and DCs (TNF-α
and proinflammatory IL production, expression of type I IFN-stimulated genes) [15]. A weak
stimulating effect of MVMp infection on mouse DCs has also been reported [11]. Direct PV
infection appears to be less efficient at activating DCs than incubation with PV-infected tumor
cells [27]. In contrast to the stimulation of the above-mentioned immune cells, a down-regulating
effect of H-1PV has been observed for regulatory T cells whose suppressive activity is inhibited
by infection [33]. It is worth noting that the immunostimulatory signals induced by direct PV
infection overlap those induced by incubation with infected tumor cells (see previous sections),
suggesting that some of the activating effects of the latter cells may be mediated by PAMPs, as
well as the above-mentioned cellular DAMPs. In agreement with the phenotypic changes induced
in individual immune cells, H-1PV infection of PBMCs generates a TNF-α/IFN-γ/IL-2 signature
that is accompanied by activation and focal proliferation of T cells, with the prevalence of CD4+

Th cells [14,15,33]. Similarily, conditioned immunocytes from mouse spleen and lymph nodes
sustain enhanced IFN-γ production after MVMp infection [21]. Altogether, these observations
are indicative of PV direct capacity for Th1-biased immune upregulation. In agreement with
the above-mentioned TLR involvement in PV induction of type I IFN production by PBMCs, an
H-1PV mutant armed with CpG motifs proves to be more effective than the wild-type virus in
triggering antigen-presenting and T cell activation, and IFN-γ, IL-2 and type I IFN release after
infection of human PBMCs [15].

4. Conclusions: Use of H-1PV and Its Relatives to Fine-Tune Immune Responses

The above data give credit to the ability of PVs to (in) directly interact with the immune system and
generate a microenvironment favorable to the development of both innate and acquired cell-mediated
immune responses (Figure 1). While resulting in part from phenotypic changes directly induced by
PVs in immunocytes, immune upregulation is exacerbated in the presence of tumors. This tumor
dependence reflects the fact that infected neoplastic cells are factories for the production, not only of
progeny virions, but also of PAMPs and DAMPs, which act to alert the immune system. In consequence,
PV-mediated immunostimulation proves to be directed, at least in part, against tumors in various
model systems. The potential application of this property to cancer therapy raises the question of
whether the immunomodulating activity of PVs poses any risk to the host. Two lines of evidence speak
for H-1PV and MVMp being friendly immunostimulators.

• The PV-mediated immunological activation observed in in vitro models takes place in the absence
of major toxicity for immune cells, which undergo an abortive infection with no or few direct
cytopathic effects (see above). It should, however, be stated that this conclusion cannot be extended
to all rodent PVs, some of which target cells of the hematopoietic system and can lead to immune
dysfunctions [41].

• Animal studies show that infection of natural hosts with H-1PV and MVMp, even at very high
doses and repeated treatment, is not associated with any immunotoxicity or threatening overactive
immune responses, such as cytokine storms, autoimmunity or overt inflammation [18,42].
Furthermore, PV adjuvant effects described above in cancer animal models were not accompanied
by any harmful immunological side effects [6,12]. Therefore, these viruses have a generally
low proinflammatory profile and depend on the presence of neoplastic tissues to exert immune
adjuvant effects that are targeted at infected tumors and surrounding lymphoid organs. This
tumor specificity of danger signaling by H-1PV and MVMp speaks for the inclusion of PV-based
treatments in the developing arsenal of cancer immunotherapies.
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Figure 1. Preclinical evidence of H-1PV impact on the crosstalk between immune and tumor cells.
Innate and adaptive immune cells are stimulated as a result of both their contact with H-1PV-infected
tumor cells and their direct infection with the virus. This immunostimulatory effect of H-1PV is revealed
through the induction of markers of immunogenic death in infected tumor cells and of phenotypic
activation in immune cells. The mediators involved include a number of cytokines/extracellular
signaling molecules and cell membrane receptors/ligands, as listed for the corresponding cell types
(above and below the dotted line, respectively). For details and references, see main text. ATP,
adenosine triphosphate; CD, cluster of differentiation; CTL, cytotoxic T lymphocyte; DC, dendritic
cell; HMGB, high mobility group box; HSP, heat shock protein; ICD, immunogenic cell death; IFN,
interferon; IL, interleukin; IP, interferon-gamma-induced protein; ISG, interferon-stimulated gene;
KAR-L, killer activation receptor ligand; Mϕ, macrophage; MHC, major histocompatibility complex;
MIP, macrophage inflammatory protein; NKC, natural killer cell; Teff, effector T cell; Th, T helper; TLR,
Toll-like receptor; Treg, regulatory T cell.

5. First Clinical Hints of H-1PV Capacity for Tumor Microenvironment Immunomodulation in
Cancer Patients

The above described preclinical evidence of H-1PV capacity to exert immunostimulatory effects
in various cancer models raises the question of whether similar observations could also be made
in a clinical context, i.e., in H-1PV-treated cancer patients. In 2011, the first-in-man PV clinical trial
(ParvOryx01) was launched in recurrent glioblastoma patients [43]. Trial initiation was prompted
by preclinical reports of Geletneky et al., demonstrating striking PV-induced tumor regression
in intratumorally and systemically treated glioma-bearing animals [10]. First clinical experience
brought much essential knowledge, which laid the ground for further H-1PV clinical developments.
ParvOryx01 demonstrated that the virus exhibits a reliable safety and tolerability profile in both
local and systemic applications, and poses no risk of environmental contamination or undesired
transmission to third persons. Furthermore, intratumoral H-1PV expression was also documented in
virus local injection site-distant tumor areas, and in intravenously treated patients. H-1PV capacity to
cross the blood-brain/tumor barrier, already described in animal glioma models [10], was therefore
confirmed in men. The progression-free and overall survival of ParvOryx01 patients compared
favorably with published meta-analyses of recurrent glioblastoma cases [44]. Notably, ParvOryx01
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provided observations in support of H-1PV’s double-faceted mode of action as both an oncolytic and
immunostimulatory anticancer agent. Virus-specific T cells were detected in the peripheral blood
of the majority of ParvOryx01 patients [44]. Although antiviral immune responses are generally
considered restrictive for the efficacy of OV therapy, growing evidence suggests that they can reverse
the tumor-driven host immune suppression by inducing ICD, facilitating the initial priming of
antitumor immune responses, and establishing a niche suitable for the development of tumor-specific
immunity [45]. It is indeed noteworthy that glioma-specific peripheral T cell responses were detected
in half of the tested H-1PV-treated glioblastoma patients [44].

The availability of resected glioblastoma tissues allowed the analysis of the tumor
microenvironment (TME) nine days after H-1PV treatment administration. In comparison
with historical controls, in patients who received H-1PV treatment, activated granzyme B and
perforin-positive CTLs and Th cells massively infiltrated the tumor. Both perivascular and diffuse
intratumoral immune infiltrates were observed [44,46]. In contrast, only scarce, single scattered Treg
cells were seen. IFN-γ and IL-2 expression was also detected in these tumors. Glioblastoma-associated
microglia/macrophages (GAM) displayed pronounced CD68 and cathepsin B (CTSB) upregulation,
characteristic of an activated state (Figure 2). Of note, apoptosis of glioma cells induced by
microglia-derived secreted CTSB has been shown in vitro [47].

Figure 2. Tumor microenvironment immune landscape as identified in resected tumors from
H-1PV-treated recurrent glioblastoma patients. Microglia/macrophage activation, diffuse and
perivascular tumor infiltration with activated Th and cytotoxic T cells, and proinflammatory cytokine
expression were observed in patient-derived tumor tissue sections. Only scarce Treg cells were present.
H-1PV transcripts as well as the oncotoxic NS1 protein were detected in clustered tumor cells. For
details and references, see [44,46] and main text. BV, blood vessel; CTL, cytotoxic T lymphocyte; GAM,
glioblastoma-associated microglia/macrophages; GBM, glioblastoma; N, necrosis; Th, T helper; Treg,
regulatory T cell.
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The above data hint at the establishment in H-1PV-treated glioblastoma patients of a “hot”,
proinflammatory TME, which may facilitate tumor targeting by host antitumor immune responses.
This offers the possibility to synergistically increase TME “warming up” by combining H-1PV with
other immunotherapeutic strategies. Indeed, H-1PV was recently combined with bevacizumab [48] or
bevacizumab and checkpoint inhibition [49,50] within the frame of a compassionate virus use program.
This H-1PV-based viro-immunotherapeutic approach achieved high rates of objective antitumor
responses in glioblastoma patients, raising increased expectations towards the efficiency of the concept.
It is noteworthy that bevacizumab, although originally developed as an antiangiogenic drug, exerts in
addition a certain degree of immunomodulation. Bevacizumab reduces vascular endothelial growth
factor (VEGF)-induced defects in DC functions, and inhibits tumor infiltration by immune regulatory
cells, such as Treg and myeloid-derived suppressor cells (MDSCs) [51]. Bevacizumab and H-1PV
therefore converge on the possession of several immune system boosting effects, which is likely to be
the reason behind the favorable response obtained in glioblastoma patients subjected to combined
treatment with both agents.

Following the successful completion of ParvOryx01, a second H-1PV clinical trial (ParvOryx02)
was launched, which aimed to assess virus combination with gemcitabine for the treatment of inoperable
metastatic pancreatic cancer [52]. The immunomodulating properties of gemcitabine have not yet
been clearly documented. Nonetheless, Suzuki et al. [53,54] reported that this chemotherapeutic
drug selectively eliminates splenic MDSCs and exerts significant immune stimulation in murine
tumor models. In the ParvOryx02 trial setting, H-1PV oncolytic and immunomodulating capacities
are expected to synergize with the cytotoxic (and immunostimulatory?) effects of gemcitabine.
ParvOryx02 outcome evaluation is currently ongoing and will provide further experience of value in
the development of H-1PV-based cancer viro-immunotherapies.
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Abstract: Viral metagenomics and high throughput sequence mining have revealed unexpected
diversity, and the potential presence, of parvoviruses in animals from all phyla. Among arthropods,
this diversity highlights the poor knowledge that we have regarding the evolutionary history of
densoviruses. The aim of this study was to explore densovirus diversity in a small arthropod pest
belonging to Acari, the two-spotted spider mite Tetranychus urticae, while using viral metagenomics
based on virus-enrichment. Here, we present the viromes obtained from T. urticae laboratory
populations made of contigs that are attributed to nine new potential viral species, including
the complete sequence of a novel densovirus. The genome of this densovirus has an ambisens
genomic organization and an unusually compact size with particularly small non-structural proteins
and a predicted major capsid protein that lacks the typical PLA2 motif that is common to all
ambidensoviruses described so far. In addition, we showed that this new densovirus had a wide
prevalence across populations of mite species tested and a genomic diversity that likely correlates
with the host phylogeny. In particular, we observed a low densovirus genomic diversity between the
laboratory and natural populations, which suggests that virus within-species evolution is probably
slower than initially thought. Lastly, we showed that this novel densovirus can be inoculated to
the host plant following feeding by infected mites, and circulate through the plant vascular system.
These findings offer new insights into densovirus prevalence, evolution, and ecology.

Keywords: parvovirus; viral metagenomics; virus diversity; virus phylogeny; agricultural pests;
arthropod; mite; viral communities; viral ecology

1. Introduction

Arthropod-infecting parvoviruses, termed densoviruses, have been mostly discovered with
a pathology-driven approach, which probably explains the relatively poor number of viral species (i.e.,
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less than 60) that the International Committee for the Taxonomy of Viruses (ICTV) have referenced
so far, and the strong bias that exists towards viruses infecting arthropods of health or economic
importance [1].

Breakthrough techniques in viral metagenomics and mining high throughput sequencing
(HGS) datasets have highlighted the extraordinary diversity and persistence of parvoviruses and
parvovirus-related sequences in an unexpected array of animals, including invertebrates [2–4].
These discoveries support the now generally accepted view that viruses are integral components
of the microbiome and participate in the functioning of ecosystems of differing size and complexity, i.e.,
an individual organism or a population of organisms. In the context of the general loss of biodiversity,
which is particularly worrisome among arthropods, the question of the prevalence and diversity of
their associated microorganisms, including viruses, is of particular interest [5].

Mites and ticks are small arachnids that belong to the Acari sub-class that are mostly known for
their detrimental impact on human, animal, and plant health [6]. While ticks represent a relatively
small number of taxa (around 900 species), all share a parasitic, blood-feeding alimentary regime;
mites are extraordinarily diversified (more than 40,000 species) and exhibit a large diversity of
lifestyles, including plant feeders, mite-predators, or arthropod ectoparasites, with only a few species
presenting direct threats to plant or animal health. Among harmful mites, the two-spotted spider
mite (Tetranychus urticae) is an agricultural pest that can cause significant damage to more than
1100 species of food-producing or flower cultures [7,8]. Treatment against T. urticae with synthetic
acaricides has resulted in one of the highest incidences of pesticide resistance being recorded in
arthropods [9]. In this context, the development of alternative solutions to chemicals is strongly
encouraged; one promising way could be to diversify the use of spider mites’ natural enemies,
and particularly to include their pathogens.

Despite their environmental success and the threat that they represent for agriculture, due to
their small size and the poor description of their associated pathologies, spider-mites have been long
neglected by virologists. Only one non-occluded, rod-shaped virus, related to a baculovirus, has so
far been described following infections in laboratory populations of mites [10,11]. More recently,
viral metagenomics and database mining being applied to Acari was developed to explore the viral
communities (so-called the viromes) that are associated with blood-feeding ticks [12–15]. These studies
revealed an extraordinary wealth of viruses, including parvovirus related sequences, and they
validated this approach for virus discovery in these small arthropods. A similar approach was
also developed to analyze viruses that are associated with Varroa destructor, an ectoparasitic mite of
honey bees that also transmits several viruses to the bees and are suspected to contribute to colony
collapse [16,17]. This work revealed that several viruses from different families can be found in
Varroa at the population level, including mite associated viruses that are common in arthropods (e.g.,
Baculoviridae, Circoviridae, Dicistroviridae, and Iflaviridae).

Herein, we used viral metagenomics and in depth sequencing of virion-associated nucleic acids
(VANA) [18] to explore the viral communities that are associated with T. urticae from two laboratory
populations of different geographic origins and rearing host plants. We found eight new putative virus
species belonging to taxa that are associated with arthropods and one with fungi, with five of those
viral sequences being shared by both mite populations. More specifically, we discovered that the most
abundant reads found in both viromes correspond to a new densovirus and probably a new divergent
species in the Ambidensovirus genus. RACE, PCR, and sequencing confirmed the genome of this new
densovirus and the expression of the viral genes in mites. This new densovirus displayed a very
compact genome, and the predicted sequence of its major capsid protein lacked the phospholipase A2
motif that is shared so far by all the members of this genus. This virus, initially named Tetranychus
urticae-associated ambidensovirus (TuaDV), was also prevalent in different species of spider mites
from laboratory populations worldwide and sampled from natural environments. Comparing TuaDV
sequence diversity reveals that the virus is highly conserved within each species, but that there is
distinct variation between species that are indicative of some virus-host coevolution [19,20]. Finally,
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we analyzed TuaDV transmission and found that infection can potentially occur via horizontal and
vertical routes. In particular, we showed that mites, when feeding, could transfer viral particles to
host plants, which could then be further circulated in planta, probably through the vascular system.
This mechanism, already shown for the aphid densovirus MpDV, suggests that the plant may be used
to spread infection to conspecifics and/or to other species [21].

These discoveries expand our knowledge of densovirus prevalence and diversity in an arthropod
taxon that has long been neglected by virologists.

2. Materials and Methods

2.1. Spider-Mite Populations and Rearing

Two laboratory T. urticae populations from Portugal and France were first analyzed using the
VANA metagenomics-based approach to identify the potential virus species. The first population,
the so-called the Portuguese (P) population corresponds to a mix of T. cinnabarinus and T. urticae
populations established at the University of Lisbon. This mix comprised a T. cinnabarinus population
collected in January 2014 in Spain (Almeria) on rose plants (so-called Almeria population), and two T.
urticae strains; the “London strain”, originating from the Vineland region, Ontario, Canada [8] and
the “EtoxR” strain originating from Japan and maintained for five years in the laboratory at Bayer
CropScience [22]. All of the populations and strains were maintained on bean plants in the laboratory.
It should be noted that this mix was established before the distinction was made between T. urticae and
T. cinnabarinus as possibly being separate species and not two morphs of the same species. The second
population, so-called the French (F) population was reared in Montpellier and it also constitutes
a mix of populations. The majority of these originate from a T. urticae collection in May 1994 in the
Netherlands (NL, Pijnacker) from cucumber, which were subsequently transferred to Montpellier
in 2007, at which time they were split into two populations (still maintained on cucumber plants).
In 2011, these two populations were mixed, and subsequently transferred to either tomato, bean,
or kept on cucumber plants (four populations being created per host plant type). Note that two of these
populations (HH4 and HH3) that were transferred to bean in 2011 were used to characterize TuaDV
transmission. A second batch of mites (hereafter called “Mix-Tu”) that were used to characterize
transmission contained a mix of 11 different mite populations; eight collected in Portugal, two in
Spain (including the population collected in Almeria mentioned above), and one in France. All of the
laboratory populations were maintained at 25 ◦C with an 8: 16 Light: Dark (L:D) cycle.

Once the TuaDV virus was identified in the mixes, we measured its prevalence in spider mite
populations by analyzing a total of twenty-seven populations from three species of mites (T. urticae,
T. cinnabarinus, and T. evansi), out of which TuaDV from eleven populations were partially or fully
sequenced (Table S1). Specifically, the mites came from rearing facilities in France (Nice-Valbonne),
Greece (Crete), the Netherlands (Santpoort), Belgium (Ghent), and Portugal (Lisbon), and from natural
populations across Portugal sampled in the summer of 2017.

2.2. Preparation of Viromes and Sequencing

The samples were made from pools of around 200 individual mites, from which viral particles
were purified using the method that was described by Francois et al. [18]. Briefly, the mites were
ground in HBSS buffer with beads using a tissue homogenizer. The homogenized extracts were filtered
through a 0.45 μm filter and centrifuged at 148.000 × g for 2.5 h at 4 ◦C to concentrate viral particles.
Next, non-encapsidated nucleic acids were eliminated by DNase and RNase digestion for 1.5 h at
37 ◦C, although some of the non-encapsidated nucleic acids and cellular contamination may remain.
Encapsidated DNA and RNA were then extracted using Nucleospin 96 virus Core Kit (Macherey Nagel,
Düren, Germany) and RNA was converted to cDNA using a 26 nt primer (Dodeca Linker) composed of
a 14 nt linker linked at the 3’ end to N12. Double-stranded DNA was synthetized from single-stranded
DNA using Large (Klenow) fragment DNA polymerase and the Dodeca Linker. Double-stranded DNA
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was further amplified using one 24 nt PCR multiplex identifier primer that was composed of the 14 nt
linker used during the RT step linked at the 5’ end to a 10 nt tag that allowed for sample identification.
The PCR products were cleaned with QIAquick PCR Purification kit (Qiagen, Courtaboeuf, France) and
the libraries were sequenced on Illumina MiSeq pair-end 300 nt (Genewiz, South Plainfield, NJ, USA).

2.3. Bioinformatics Analyses and Database Screening

Demultiplexing was done with the agrep command-line tool to assign reads to the samples from
which they originated [23]. Adaptors were removed and the reads were filtered for quality (q30 quality
and read length >45 nt) using Cutadapt 1.9 [24]. The cleaned reads were assembled de novo into
contigs using SPAdes 3.6.2 (k-mer lengths 21,33,55,77,125) [25] and mapping was performed on contigs
of aligned clean reads with Bowtie 2.1.0 (options local very sensitive) [26]. Taxonomic assignment was
achieved through searches against the NCBI RefSeq viral database and against the non-redundant (nr)
GenBank database using BLASTx with an e-value cutoff of <10−3 [27]. Viral contigs were classified as
viral operational taxonomic units (vOTU). The most abundant vOTUs were subsequently characterized
using an arbitrary abundance cutoff of < 0.1% that was applied for each vOTU in all of the samples
to remove the inter-sample contamination that occurred during the preparation and the sequencing
of the samples. This abundance threshold was chosen to be twice above to the most abundant virus
taxa that were found in the negative control (HBSS buffer). The predicted sequence of full-length viral
proteins were aligned and compared with their closest related viruses (found in GenBank database)
using MUSCLE 3.7 (16 iterations) [28], according to the species demarcation thresholds that were
recommended within the online reports of the ICTV (www.ictv.global/report/parvoviridae).

For database screening, sequences from all viral contigs were used as queries, as well as the
genomes contained in NCBI Viral genome database to perform BLASTn searches within the T.
urticae genome: RefSeq genomic database (GCF_000239435.1, 641 sequences), WGS (CAEY00000000.1,
2035 sequences) and transcriptomes: EST (txid32264, 80855 sequences) and TSA (BioProject 78685,
9614 sequences; BioProject 78689, 17739 sequences; BioProject 6829 sequences), with and an e-value
cutoff of <10−3.

2.4. Validation of the TuaDV Full-Length Genomic Sequence

To confirm the presence of TuaDV in mites and confirm its complete coding sequence, pools of
mites (n~100) from several populations were tested using PCR. Total DNA was extracted with Wizard
Genomic kit (Promega Corp., Madison, WI, USA) and then recovered in a final volume 100 μL
(100–135 ng/μL). PCR was performed from 100 ng DNA with specific overlapping sets of primers
covering the full length of the genome (Table S2) and while using the GoTaq reaction mix (Promega).
The amplicons were sequenced with the Sanger method. To determine the extremities of the TuaDV
genome, we performed 5’/3’ RACE with specifically designed primers (Table S2). Total RNA was
extracted from pools of mites from the HH4 population with the RNeasy minikit (Qiagen). 3’ and
5’RACE PCR were performed using the 5’/3’ RACE kit, 2nd Generation (Roche, Germany), according
to the manufacturer’s instructions.

2.5. Phylogenetic Analyses

The putative amino acid sequences of Tetranychus associated vOTUs were used for phylogenetic
analyses. All of the ORFs were translated in silico using the ORF finder (cut off >300 nt, ATG start
codon) on Geneious 1.7 [29] and aligned with the corresponding protein fragments of related viruses
being deposited on the GenBank nr database using MUSCLE 3.7 (16 iterations) with default settings [28].
The aligned sequences were manually edited to remove gaps. Maximum likelihood phylogenetic trees
were produced from these alignments using PhyML 3.1 [30,31] with substitution models being chosen
as the best-fit using Prottest 2.4 [32]. One-thousand bootstrap replicates were used to assign the strength
of support for branches. Trees were visualized with FigTree 1.4 (http://tree.bio.ed.ac.uk/software%
20/figtree/). Outgroups were used when possible, otherwise the trees were mid-point rooted.
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2.6. Densovirus Presence and Transmission

The prevalence of TuaDV was assayed from pools of mites from the different populations using
PCR, as described above. PCR was run using the following conditions: 95 ◦C for 2 min, 25 cycles of
95 ◦C for 45 sec, 57 ◦C for 45 sec, 72 ◦C for 1 min, and then 72 ◦C for 5 min and two sets of specific
primers (61F and 693R (NS) and 1125 and 1793R (VP)). Amplicons were run in an agarose gel and
stained with ethidium bromide. We also tested for the within-population prevalence of TuaDV in the
laboratory population HH4. Extracting DNA from 20 individual mites from this population achieved
this and running PCRs, as described above, to test for the presence of the virus.

When considering the universal presence of the virus, a separate experiment tested whether T.
urticae associated densovirus was vertically transmitted from mothers to their offspring. To do this,
10 females from the HH4 population were isolated on individual bean leaves placed on water saturated
cotton, and left to lay eggs for two days at 25 ◦C with a 8: 16 L: D cycle. Each female laid eggs that were
recovered individually with a clean pair of tweezers and transferred to a new individual leaf patch that
was placed on water saturated cotton, allowed to hatch, and offspring to develop into adult. Offspring
(n = 10) that became adults and their mother were individually tested for viral infection. Total DNA
was extracted from each individual mite, as described above, and recovered in 25 μL (8–12 ng/μL per
mite). PCR reactions were set as above and run with 40 cycles. Amplicons were run in an agarose gel
and stained with ethidium bromide. The detection limit of the method is estimated ~10ng.

To test for TuaDV inoculation and circulation in the host plant, we placed 50 infected mites on
an individual leaf of a whole bean plant (8–10 leaves stage). Paraffin jelly was placed at the base of
the petiole of each leaf in order to prevent mites from dispersing from the infested leaf to other leaves
on the plant. Five days later, the mites were carefully removed from the infected leaf (named L0) and
two uninfected leaves from the same plant, one ~8 cm and the other ~20 cm away from the infected
leaf, were collected (named L8 and L20, respectively). We performed six independent transmission
experiments with the HH4, HH3, and Mix-Tu populations. Three leaves from six non-infested plants
were similarly taken and processed as negative controls. Total DNA was extracted from infested
plants and negative controls using DNeasy blood and tissue kit (Qiagen) and recovered in 100 μL
(40–60 ng/μL for leaves) and 25 μL (15–25 ng/μL for mites). The TuaDV inoculated to plant leaves
was assessed by PCR, as described above, while viral loads in mites and leaves was achieved by
qPCR with a reaction mixture containing 15–20 ng and 100 ng of mites or plant DNA, respectively,
and a pair of TuaDV specific primers (1125F and 1230R, Table S2) using the Sensifast PCR kit (Bioline,
UK). qPCR was run on a Roche LC480 cycler (qPHD facility, Univ Montpellier) using the following
conditions: 95 ◦C for 2 min, 25 cycles of 95 ◦C for 30 sec, 60 ◦C for 30 sec, 72 ◦C for 50 sec, and then
72 ◦C for 5 min, which resulted in a 78 bp amplicon from ORF2 (NS). As the viral genome of TuaDV
remains to be cloned, PCR Standardization was achieved with a standard curve that was made with
the serial dilution of DNA of the Junonia coenia ambidensovirus (JcDV) as a proxy.

Statistical analyses were performed with the JMP®Version 11 software (SAS Institute Inc., Cary,
NC, USA). The analysis of viral load (ng μL−1) within each leaf was performed using a general linear
model with leaves (infected, uninfected 8cm or 20 cm away) and mite populations (HH3, HH4 and
Mix-Tu) being included in the model as fixed factors. The plant from where the leaves were taken was
included in the model as a random factor nested within population.

Accession numbers: The virus sequences reported herein have been deposited in the GenBank
database under accession numbers MK533146 to MK533158 and MK543949.

3. Results

3.1. Overview of the Spider Mite Virome

To explore the viral diversity of T. urticae populations, we prepared viral particles according to
the VANA protocol, from two laboratory populations from France (Montpellier, F population) and
Portugal (Lisbon, P population), having different geographical origins and rearing history. Pools of
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mites from both of the populations were processed for virus-enrichment (VANA) metagenomics and
high throughput sequencing. A total of 680,600 cleaned reads were obtained, including 219,982 reads
from the French (F) population and 460 618 reads from the Portuguese (P) population.

De novo assembly of the VANA reads in both populations obtained fourteen viral contigs (1.6 to
8.6 kb in length) (Table 1). Thirteen out of the fourteen contigs were mostly related to non-enveloped
DNA and RNA viruses belonging to clades infecting arthropods, including Dicistroviridae, Parvoviridae,
Birnaviridae, Nodaviridae, and unclassified picornavirales. In addition, one viral contig (2481 nt)
was similar to yeast and fungi-infecting viruses of the Narnaviridae family, which might come from
environmental contamination (e.g., food), even though we cannot exclude its replication in spider
mites [33]. While nine viral contigs were isolated in the P population only, five viral contigs were
common to both of the populations (Figure 1), which was surprising given their different origins and
rearing history.

Among the five viral contigs that are common to both viromes, the one that is assigned to the
Parvoviridae family was largely dominant in terms of reads abundance (>28% of viral reads in both
populations), with the others being found at much lower frequencies (0.1% to 10.6%) (Figure 1).
Sequence analysis and open reading frame (ORF) prediction showed that this parvovirus has
an ambisense genomic organization with a predicted small Non Structural protein-1 (NS1) that
shared 39% aa identity with the NS1 of its closest relative, the Lupine feces-associated densovirus
2, which was discovered from viral gut metagenomics of the iberian wolf and has no associated
arthropod host so far (accession number: ASM93489). Accordingly, the phylogenetic tree that is
based on the NS1 protein clustered this densovirus with Lupine feces-associated densovirus 2 among
the Ambidensovirus genus (Figure 2). According to the new species demarcation threshold in the
Densovirinae sub-family that was proposed by the ICTV (i.e., < 85% related by NS1 amino acid sequence
identity [34]), this new densovirus might represent a new divergent species in the Ambidensovirus
genus and the first densovirus isolated from Acari (Figure 2, Table 1). Hereafter, this virus is referred to
as Tetranychus urticae-associated ambidensovirus (TuaDV).

Although the Birnaviridae family has been poorly investigated, the phylogenetic analyses showed
that the polymerase protein of Tetranychus urticae-associated birnavirus that was found in T.
urticae viromes (representing 3.8% of reads) clustered with Drosophila melanogaster birnavirus
(Figure 3) within an unclassified lineage. The polymerase and capsid proteins of this putative novel
entomobirnavirus also shared 30% aa identity with the Infectious bursal disease virus (accession
number AAS10174.1) and 33% aa identity with the Blotched snakehead virus (accession number
YP_052864.1), respectively. Therefore, this putative novel birnavirus could represent the first birnavirus
isolated from Arachnids (Table 1).
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Figure 2. Cont.
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Figure 2. Maximum Parvoviridae likelihood phylogenetic tree based on a part of the NS1 protein
containing the SF3 domain, including 105 parvovirus sequences and Tetranychus urticae-associated
ambidensovirus (in bold). The alignment of 155 amino acids in length was produced using MUSCLE
3.7 (16 iterations) and was ungapped by hand. The tree was rooted with the SF3 domain of the Variola
virus D5 protein. Bootstrap values are indicated at each node. Scale bar corresponds to amino acid
substitutions per site. Genera of the Parvoviridae family are indicated in brackets. Genomic organization
of Tetranychus urticae-associated ambidensovirus is also indicated. Grey arrows and rectangles:
predicted open reading frames (ORF), Light grey: putative NS; dark grey: putative capsid protein (CP
or VP). Arrow: complete ORF.

 

Figure 3. Maximum Birnaviridae likelihood phylogenetic tree based on part of the polyprotein, including
20 birnavirus species and Tetranychus urticae-associated birnavirus (in bold). The alignment of 602
amino acids in length was produced using MUSCLE 3.7 (16 iterations) and was ungapped by hand.
The tree was mid-point rooted. Bootstrap values are indicated at each node. Scale bar corresponds to
amino acid substitutions per site. Genera of the Birnaviridae family are indicated in brackets. Genomic
organization of Tetranychus urticae-associated birnavirus is also indicated. Grey arrows and rectangles:
predicted open reading frames (ORF), Light grey: putative NS; dark grey: putative capsid protein (CP).
Arrow: complete ORF; Rectangle: truncated ORF.

Regarding two of the three viral contigs clustering within the Nodaviridae family (Figure 4, Table 1),
coding for the capsid protein, and found in the P population only (representing 1.35% of reads),
they share up to 58% aa identity with the Hubei noda-like virus 9 capsid protein (accession number:

282



Viruses 2019, 11, 233

YP_009337880.1), an unclassified RNA virus. According to the ICTV species demarcation threshold
(<87% of capsid protein aa identity) and to the position of polymerase proteins in the phylogenetic tree,
the nodaviruses that were found in T. urticae viromes may correspond to novel species-level lineages
in a novel genus-level lineage in the Nodaviridae family (Figure 4, Table 1).

Five contigs were assigned to the Picornavirales order. While two contigs clustered in the
Dicistroviridae family (hereafter referred to as Tetranychus urticae-associated dicistrovirus 1 and 2
(Tuad1 and Tuad2), the other three clustered with the unclassified Picorna-like viruses. The capsids
of Tuad1 and Tuad2 both share 20% aa identity with Beihai picorna-like virus 70(accession number
APG78062.1; Table 1). Based on the current species demarcation criteria that are used by the ICTV
Dicistroviridae study group (<90% of capsid protein identity with closest relatives) and the phylogenetic
analyses bases on the conserved polymerase protein (Figure 5, Table 1), it is likely that both of the
contigs could belong to two novel species-level lineages of the Dicistroviridae family. Interestingly,
the CP of one of the three unclassified picorna-like viruses shared >99% aa identity with the unclassified
picorna-like Aphis glycines virus 1 (Table 1). In addition, the proteins of the two unclassified
picorna-like viruses (hereafter referred to as Tetranychus urticae, being associated picorna-like virus
1 and 2) share 53% to 75% aa identity with Aphis glycines virus 1 and Hubei picorna-like virus 80
(Table 1). Their phylogenetic trees showed that they might belong to a highly divergent lineage within
the Picornavirales order (Figure 5). Moreover, Tetranychus urticae-associated picorna-like virus 1 and 2
could represent a new species according to species demarcation criteria that are defined by the ICTV
(<90% of capsid protein identity with closest relatives) (Table 1).

Figure 4. Cont.
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Figure 4. Maximum Nodaviridae likelihood phylogenetic tree based on part of the capsid protein,
including 239 species and Tetranychus urticae-associated nodaviruses (in bold). The alignment of 229
amino acids in length was produced using MUSCLE 3.7 (16 iterations) and was ungapped by hand.
The tree was mid-point rooted. Bootstrap values are indicated at each node. Scale bar corresponds to
amino acid substitutions per site. Genomic organization of Tetranychus urticae-associated nodaviruses
is also indicated. Grey arrows and rectangles: predicted open reading frames (ORF), Light grey:
putative NS; dark grey: putative capsid protein (CP). Arrow: complete ORF; Rectangle: truncated ORF.

Finally, the Tetranychus urticae-associated narnavirus, present in 0.15% and 0.2% of reads in P and
F populations, respectively, was the only one found in this study that historically belongs to a family
of fungi-infecting viruses. Although very little is known regarding these viruses, the phylogenetic
position of its polymerase protein within a clade including associated narnaviruses, as well as members
of the Ourmiavirus genus, suggests that it might represent a new species-level lineage according to the
ICTV species demarcation threshold (<50% of protein sequence identity as compared to the closest
relative) (Figure 6, Table 1).

 
Figure 5. Maximum Picornavirales likelihood phylogenetic tree based on part of the polymerase protein,
including 504 sequences and Tetranychus urticae-associated picornaviruses (in bold). The alignment
of 386 amino acids in length was produced using MUSCLE 3.7 (16 iterations) and was ungapped
by hand. The tree was mid-point rooted. Bootstrap values are indicated at each node, values <50%
were discarded to not overload the tree. Scale bar corresponds to amino acid substitutions per site.
Families of the Picornavirales order and genera of the Dicistroviridae family are indicated in brackets.
Genomic organization of Tetranychus urticae-associated picornaviruses is also indicated. Grey arrows
and rectangles: predicted open reading frames (ORF), Light grey: putative NS; dark grey: putative CP.
Arrows: complete ORF.
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Figure 6. Cont.
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Figure 6. Maximum Narnaviridae likelihood phylogenetic tree based on part of the polymerase protein,
including 129 species and Tetranychus urticae-associated narnavirus (in bold). The alignment of 121
amino acids in length was produced using MUSCLE 3.7 (16 iterations) and was ungapped by hand.
Bootstrap values are indicated at each node. Scale bar corresponds to amino acid substitutions per site.
Genomic organization of Tetranychus urticae-associated narnavirus is also indicated. Grey arrows:
putative NS.

3.2. Genomic and Transcriptomic Database Screening

To gain insights into the diversity and the distribution of viruses in T. urticae, we further screened
mite genomic and transcriptomic datasets using all ten viruses that were identified in this study as
queries. Our search highlighted that T. urticae transcriptomes contained sequences that displayed >95%
of nucleotidic identity to Aphis glycines virus 1 and Tetranychus urticae-associated picorna-like virus 1
(Table 2). Interestingly, one sequence that was related to an ambidensovirus was found in the genome
of T. urticae, but this sequence was different from TuaDV (70% of nucleotidic identity with a sequence
of 536 nt length). No sequence corresponding to TuaDV was found in any of the transcriptomes that
were analyzed, suggesting that this virus might correspond to a non-endogenized virus, whose origin
remains to be clarified.

In addition to these viruses, we found in T. urticae genomes and transcriptomes, 16 sequences
belonging to large viruses, including giant viruses (Mimiviridae, Phycodnaviridae, Poxviridae,
and Baculoviridae). These sequences were not found in the viromes that we generated in this study
(i.e., using VANA based method) and we cannot exclude that the sequences corresponding to this
large dsDNA virus might have a cellular rather than a viral origin. Eight sequences that were related
to Rhabdoviridae were found in the T. urticae genome, which all corresponded to the nucleoprotein
N, and we also found these sequences in the EST transcriptome (six sequences > 95% of nucleotide
identity). Last, we also found sequences that were related to plant viruses in the TSA transcriptome of
T. urticae that might originate from diet contamination. One transcriptomic sequence (accession number
GW017620.1) matched with the Tetranychus urticae-associated nodavirus segment B1, although its
small size did not allow its for assignation with high confidence (Table 2).

Table 2. Summary of the number of sequences found in the Tetranychus urticae genomic and/or
transcriptomic databases that display homologies with viral species discovered in the viromes
generated in this study.

Viral Contig Contig Length (nt) ref_seq Genomics EST TSA

Tetranychus urticae-associated ambidensovirus 3411 0 0 0
Tetranychus urticae-associated birnavirus Segment A 2899 0 0 0
Tetranychus urticae-associated birnavirus Segment B 2501 0 0 0

Tetranychus urticae-associated nodavirus Segment A 1 3230 0 0 0
Tetranychus urticae-associated nodavirus Segment A 2 2538 0 0 0
Tetranychus urticae-associated nodavirus Segment B 1 1661 0 1 0
Tetranychus urticae-associated nodavirus Segment B 2 1658 0 0 0
Tetranychus urticae associated nodavirus Segment B 3 1570 0 0 0

Tetranychus urticae associated dicistrovirus 1 8290 0 0 0
Tetranychus urticae associated dicistrovirus 2 8449 0 0 0

Aphis glycines virus 1 8592 0 105 0
Tetranychus urticae associated picorna-like virus 1 8151 0 0 14
Tetranychus urticae associated picorna-like virus 2 6432 0 0 0

Tetranychus urticae associated narnavirus 2481 0 0 0
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3.3. Characterization of a Novel Densovirus in Spider-Mites

As pointed out above, the size of the densovirus contig found in mites populations was about
3.4 kb, which was much smaller than genomes characterized so far in the Ambidensovirus genus,
which, when excluding the terminal repeats (ITRs), is around 4 kb for the Acheta domesticus mini
ambidensovirus and up to 5kb for Lepidopteran ambidensoviruses [34]. Ambidensoviruses usually
display a single ORF encoding for one to four structural proteins (VP1–4) that are produced by splicing
or leaky scanning, and three ORFs encoding for non-structural (NS) proteins. Viruses in the Parvoviridae
family are characterized by two typical domains: i) a phospholipase A2 (PLA2) motif located in VP1 of
most parvoviruses, including in all species described so far in the Ambidensovirus genus; and, ii) a Super
Family 3 (SF3) helicase domain that is located in the NS1 protein and common to all parvoviruses [35].

The contig corresponding to the TuaDV genome predicted three to four open reading frames
(ORFs), one encoding a typical VP protein (ORF1), and two to three putative ORFs encoding NS
proteins (ORF2–4) (Figure 2). 5’ and 3’ RACEs further verified the 5’ and 3’ ends of the viral genome
and we performed overlapping PCRs with specific primers and sequenced the amplicons using the
Sanger method (Figure 7). These results further confirmed that both of the populations shared the
same TuaDV genomic sequence and that both expressed viral genes.

Figure 7. Identification of the transcription starting site of ORF2 (ns gene) of the TuaDV by 5’ RACE PCR.
Agarose gel showed a major amplicon at ~500 bp (white arrowhead). The amplicon was sequenced to
recover the 5’ end sequence.

We did not obtain any complementary sequence for ORF1 (VP), which thus predicted a 505-amino
acids (aa) protein of 55 kDa that lacked the typical PLA2 motif that is common to all ambidensoviruses
described so far. Concerning the reverse strand, we obtained the complete coding sequence of the
NS ORFs with a predicted ORF2 (NS1) sequence of 354 aa protein of 39 kDa, harboring the typical
SF3 domain, while a predicted ORF3 (NS2) has a 273 aa protein and a molecular weight of 30 kDa.
In addition, a small ORF4 (95 aa) was predicted and it might encode for a putative 10 kDa NS3
protein. With such a compact genome, this virus would be the smallest densovirus that is described so
far, including the Acheta domesticus mini ambidensovirus, with both viruses having sizes that are
comparable to species from the Iteradensovirus genus. The closest relative of TuaDV was the Lupine
feces-associated densovirus 2 (accession number KY214445.1), which shares 30% identity with NS1
and 31% identity with VP [36]. The putative NS2 of these viruses shared 25% identity. If correct,
these NS predicted ORFs would have an ORF3 initiating upstream ORF2, which is unusual among
ambidensoviruses. Based on the current species demarcation criteria that were used by the ICTV, all of
these features suggest that TuaDV is a new mini ambidensovirus species among the Ambidensovirus
genus that shares little sequence identity with the Acheta domesticus mini ambidensovirus.

Given the theoretical rapid evolution of ssDNA viruses [37], the fact that mite populations
with different origins and rearing history share identical virus sequences more likely suggests that
contamination occurred between laboratories, due to mites and material exchange, which is also
supported by the introduction of the Almeria population in the Montpellier laboratory at the time.
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3.4. TuaDV Prevalence and Diversity in Mite Populations

To better understand the origin of the TuaDV that infected the P and F reared populations
(so-called here after TuaDV_Rearing (R) to discriminate from _Field populations), we investigated
its prevalence and diversity in different Tetranychus species with different origins. Twenty-seven
samples from three species of Tetranychus (T. urticae, T. cinnabarinus, and T. evansi) were collected from
various fields in Portugal and from rearing facilities worldwide (France, Brazil, Netherlands, Belgium,
and Crete), representing 19 and eight samples, respectively (Figure 8). Interestingly, the genome of the
Lupine feces densovirus 2 was recently discovered by metagenomics from feces of Iberian wolves that
were sampled in Portugal (South Douro region), which suggests that distant relatives of TuaDV are
present in the environment, at least on the Iberian Peninsula.

 
A         B 

Figure 8. Map representing the origin of spider mites’ populations worldwide (A) and in Portugal
(boxed) (B) where the prevalence of TuaDV has been assayed by PCR and sequenced (full or partial
genome) and in Portugal (B). T. urticae (green), T. cinnabarinus (blue), and T. evansi (red). Maps were
made from maps.google.com.

TuaDV presence and its genomic sequences in each population were confirmed by conventional
PCRs using various sets of primers and sequencing (see Materials & Methods section). Note that
each sample corresponds to a pool of mites from the same species that were collected in the same
field/rearing. Amplicons were obtained with all sets of primers and they were of the expected size,
for all samples, thus indicating 100% prevalence in the samples, and suggests a wide prevalence of
TuaDV in spider mite populations, both in natural environments and from all of the rearing facilities
tested. However, we cannot determine whether all of the individual mites were infected or few were
highly infected.

To investigate the phylogenetic relationship between the viruses, we sequenced TuaDV amplicons
from 11 selected samples, i.e., four T. urticae (a second sample from France, Belgium, Netherlands,
and Portugal), four T. cinnabarinus (Portugal), and three T. evansi (Portugal and Brazil); for each species,
one sample corresponds to mites that were collected from the field. We used various sets of primers in
order to cover the full-length genome or the ORF2 (NS1 gene) only (Table S1).

We reconstructed the TuaDV full length genomes from three species that were recently collected
in Portugal by sequence assembly and alignments. The recovered genomes displayed a high identity
score (Table 3), with the TuaDV that was isolated from T. evansi being the most distantly related (81%
identity with the original TuaDV_R genome; 86% when considering only the identity of NS1); although,
these viruses belong to the same species according to the species demarcation criteria of the ICTV.
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The TuaDV genomes that were sequenced from T. urticae and T. cinnabarinus were both similar to the
initial TuaDV_R (99.8%; 100% identity of NS1), with only three and five synonymous substitutions
between TuaDV_R and TuaDV from T. cinnbarinus and T. urticae from natural populations, respectively;
the virus from the two natural populations differed by five substitutions, which further suggests that
TuaDV_R originates from T. cinnabarinus. This relatedness is congruent with the phylogenetic position
of T. urticae and T. cinnabarinus, often considered as two morphs of the same species, with T. evansi
being more distantly related [19,20]. Moreover, it suggests that the infection of the population reared
in Portugal originated from the Almeria population introduced in the rearing three years ago (see
methods section).

Table 3. Percentage identity (DNA; aa) between the TuaDVs. Upper panel. VP1 coding sequence
(CDS)/protein isolated from field populations. Lower panel NS1 CDS/protein isolated from
field populations.

T. cinnabarinus T. evansi T. urticae_Field T. urticae_R (TuaDV)

T. cinnabarinus (79.0; 79.6)% (99.8; 99.4)% (99.8; 100)%
T. evansi (79.0; 79.6)% (79.0; 79.6)% (78.9; 79.6)%

T. urticae_Field (99.8; 99.4)% (79.0; 79.6)% (99.6; 99.4)%
T. urticae_R (TuaDV) (99.8; 100)% (78.9; 79.6)% (99.6; 99,4)%

T. evansi T. urticae_Field T. urticae_R (TuaDV)

T. evansi (83.3; 86.0)% (83.2; 86.5)%
T. urticae_Field (83.3; 86.0)% (99.9; 99.7)%

T. urticae_R (TuaDV) (83.2; 86.5)% (99.9; 99.7)%

To better assess the prevalence and origin of the TuaDV, we partially sequenced ORF2 from 10
other spider mite samples that originated from natural and rearing populations worldwide. The results
also revealed high identity scores between all of the populations, with the highest being within species
(100% identity at the nucleotidic level) independently of their origin, i.e., from natural populations and
rearings in Portugal.

Altogether, these results suggest that TuaDV is prevalent in natural populations of Tetranychus in
Portugal and it displays a genetic diversity that likely correlates with the mite phylogeny. The poor
genetic diversity that exists between the T. urticae laboratory and natural populations, with the
exception of the Nice population, is striking and it suggests that infections of laboratory populations
occurred in Portugal from wild populations and then spread between rearing facilities worldwide with
material exchanges between laboratories. A broader geographical sampling of natural populations,
including more Tetranychus species, needs to be performed in order to test this hypothesis and evaluate
the diversity of TuaDV worldwide.

3.5. TuaDV Can be Vertically Transmitted and Circulate in Planta

In the search for the TuaDV route(s) of transmission, first we assayed TuaDV prevalence in
individual mites using PCR. We found that 90% (18/20) of the individuals from the population
HH4 tested were positive for TuaDV. Due to this high prevalence and the absence of an uninfected
population, we did not test for horizontal transmission. We tested vertical transmission (from mothers
to offspring), from 10 females from the HH4 population that all layed eggs and then tested 10 offspring
per positive female. We found that seven females were positive to TuaDV, out of which four females
had positive offspring, with levels of vertical transmission that greatly differed between females.
Mean levels of vertical transmission was estimated at 28% (± 0.9 SE), and it was highly variable
between females with 8/10 for one female and 5/10 for the 3 others (versus 0/10 for females where no
vertical transmission was detected). Such variability between offspring probably revealed quantitative
variability in the vertical transmission of TuaDV. Although, we cannot exclude to have underestimated
the vertical transmission due to the limit of the detection method.
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Fecal-oral contamination is a common route of horizontal transmission. Interestingly, an aphid
densovirus (MpDV) has been shown to be injected into plants by aphids and circulate in planta,
which thus participate to its horizontal transmission to conspecifics [21]. Unlike aphids, mites used
their stylets to pierce leaf mesophyll cells, where they then inject saliva and suck the cell cytoplasm.
Mites are not considered to be vectors, although their feeding behavior injures their host, which can
cause the transmission of viruses, in a way that is similar the mite Varroa destructor transmit viruses
to bees [16]. To test whether TuaDV could be transmitted to the plant during mite feeding, we set
up an infestation assay on bean plants (see method section) and assayed virus transmission to plant
leaves by PCR. The results obtained from all pairs of primers showed that the leaves on which
mites were reared on (L0) were all positive for the three populations tested. This result showed
that infected mites have contaminated leaf surfaces, which further suggests that feces and/or saliva
are a source of virus (Figure 9). Interestingly, the distant leaves (L8 and L20) were also positive,
although the levels decreased with the distance from the primary leaf (L0), suggesting that the virus
could circulate within the plant without replicating. Control leaves from the non-infested plants
(no mites) and negative controls with no template were negative. We next wanted to quantify the
likelihood of TuaDV transmission from the mite to the plant and between the leaves of different
distances. Quantification of TuaDV from mites and leaves was performed using a pair of specific
primers in ORF2 and a standard curve that was established from serial dilutions of a construct
containing the Junonia coenia ambidensovirus genome as a proxy for TuaDV genome quantification.
Negative controls (leaves with not mites) displayed Ct values that were similar to negative controls
with no template. We estimated that the load of TuaDV per mite was 7.106 veg (± 8.105 SE), and we
found 2.107 veg (± 4.106 SE) on L0, which represents the viral shedding from 50 mites for five days.
Thus, viral shedding per mite with saliva and feces was estimated at 9.104 veg (± 1. 104 SE)/day,
which represents 1.5% (± 0.37 SE) of the total amount of virus estimated per mite. Concerning leaves
at 8 (L8) and 20 cm (L20) distance from L0, we found 2.104 veg (± 7.103 SE) and 3500 veg/leaf
(± 3100 SE) in L8 and L20, respectively, with an increasing variation between experiments when
increasing the distance from L0. Based on these results, we estimated that 0.08 % (± 0.02 SE) of TuaDV
contaminating L0 was inoculated into the plant vascular system and recovered in L8, and representing
0.017% (± 0.016 SE) in L20. Levels of virus declined with distance from the infested leaf (F 2, 10 = 124.08,
p < 0.0001), but there was no different between the different populations (F 2, 3 = 3.28, p = 0.1757).

 

Figure 9. Transmission of TuaDV in plants. PCR from total DNA (100ng) extracted from mites,
their isolated feeding leaf (L0) and two non-infested leaves at 8 and 20 cm distance (L8 and L20
respectively). Leaves from non-infested plants (CL0, CL8, and CL20) were used as negative controls,
while mites were used as positive controls. Three independent F-populations were assayed (HH3,
Mix-Tu, and HH4).
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Altogether, these results showed that T. urticae could vertically and horizontally transmit TuaDV.
Vertical transmission varies greatly between females, suggesting an important variation in the amount
of virus that can be transmitted. Horizontal transmission occurred through the contamination of food
(i.e., plant tissues) from virus shedding with feces and/or saliva. In addition, mites inoculate TuaDV to
the plant vascular system, which then can probably circulate from cell-to-cell through plasmodesmata
because of its small size (~20nm), to systemically reach distant leaves.

4. Discussion

In the work that is presented here, we used a viral metagenomic approach to explore the diversity
of viruses that are associated with the spider mite Tetranychus urticae, a small arthropod that has
long been neglected by virologists. We showed that several viruses simultaneously circulate in mites,
including a panel of eight putative virus species that belong to small, non-enveloped viruses with
a RNA genome, and one ssDNA virus with a predicted ambisense genomic organization and belonging
to the Densovirinae sub-family [34]. This novel densovirus displays two uncommon features among
ambidensoviruses, i.e., the most compact genome identified so far, all densoviruses included, and the
absence of the PLA2 motif in the major capsid protein.

An unexpected result was that two mite laboratory populations with different origins shared a set
of five viruses, representing 5 taxa. If we independently consider these viral taxa replicate, then the
probability is low that five phylogenetically distant viruses were found together in two independent
populations (although composed of the same host species) just by chance. Thus, the most parsimonious
explanation is to consider that a cross contamination occurred between laboratories, especially when
considering the absence of diversity between the common virus genotypes. One possibility is that the
Almeria population of T. cinnabarinus, which was introduced three years ago in the Portuguese rearing,
was at the origin of the contamination of the F population, as it was also maintained in Montpellier
laboratory at the time the F-population was sampled.

A second unexpected result was to find that three years after we identified TuaDV (which
represents more than 70 mites generations), nearly identical virus genotypes were still found to be
circulating in both rearings, while considering the expected occurrence of sequence change in viruses
due to error-prone replication (particularly high for RNA and ssDNA viruses [37]). One possibility
could be that sequence change of virus genomes was slower than expected. In support of that
hypothesis, we found that TuaDV genomic sequence from rearings differed by a few substitutions
(3 to 5) from the sequences that were found recently in the natural populations of T. urticae and T.
cinnabarinus sampled in Portugal and in different rearing facilities worldwide. Although the level of
relatedness was high, we did observe slight differences, indicating that TuaDVs from the Netherlands
(Santpoort) and Belgium (Ghent) were more closely related than they were to the samples from
Portugal, and the TuaDV from Greece (Crete) was almost identical to the TuaDV from Portugal (99 to
100%). When considering that the Greek population is actually composed of a mix of populations from
different origins, this suggests that a cross contamination probably occurred between the laboratories.
More interestingly, we found that the TuaDV from the French population of T. urticae that originates
from Nice-Valbonne was more distantly related to the other strains (88% with the ORF2 of TuaDV_R
versus 94 to 100% that are shared by the other T. urticae samples). This population was collected in
the Nice area 3–5 years ago and then reared there since then, without any exchange with the other
facilities of this study (M. Ferrero, personal communication). This suggests that several strains of
TuaDV probably circulate in natural populations. We speculate that TuaDV might be under stabilizing
selection when circulating in T. urticae and T. cinnabarinus, that is that most new mutations would
be deleterious and thus be quickly removed from the viral populations [38,39]. Moreover, the high
identity score of the TuaDV genome found in two ”sister” species, T. cinnabarinus and T. urticae, and the
distance with TuaDV from T. evansi further supports that divergence and evolution have co-occurred
with their hosts’ evolution.
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The third unexpected result was the discovery in mites viromes of contigs corresponding to
three unclassified picorna-like related to Aphis glycines virus 1, one of them sharing 99% nucleotidic
identity with the virus that was discovered in aphids at the University of Illinois and published in
Genebank in 2013 (#KF360262), the two others being more distantly related (Table 1). Like for TuaDV,
such sequence conservation was striking when considering the time and the geographic distance
between sampling but also the phylogenetic distance between aphids and mites. The constraints of the
host immune system are among mechanisms conditioning virus changes for adaptation. Interestingly,
mites and aphids share a genome that has lost canonical components of the immune system [40].
We speculate that such feature may contribute to provide tolerant environments to viruses. Although,
the mechanism remains to be addressed.

Most of the virus genotypes that were found in this study were classified within
arthropod-infecting taxa and/or their closest phylogenetic taxa were associated with arthropods.
The phylogenetic trees that we obtained for each virus highlighted the poor knowledge that we have
on arthropod viruses [41–43], with viruses often being located at the base of the phylogenetic trees
of the largest taxa, such as for Parvoviridae and Picornavirales, or grouped into poorly documented
viral families, which indicates that a wealth of viruses from these groups remain to be discovered.
The set of viruses that we found in this study mostly corresponds to small, non-enveloped viruses,
which contrasts with sequences that are found in nucleotidic databases and corresponding to large
viruses. The under-representation of large viruses in viromes prepared with the VANA method may
result from a technical bias. Indeed, the filtration step that is used in this method to prepare viral
particles could eliminate large viruses [44]. This observation thus pinpoints the need to combine
approaches to get an exhaustive view of virus diversity that is associated with arthropods.

In natural or experimental populations, mite density can vary due to variation in mortality
levels, which can occur without the knowledge of the causal agent(s)/conditions. Whether and how
TuaDV affects the mites phenotype remains to be experimentally addressed. As the level of vertical
transmission is relatively low, the establishment of TuaDV-free lines to investigate the role of TuaDV by
experimental infection is made possible. Interestingly, persistent densoviruses can be found in aphids
where they have been shown to confer protection against secondary infections by other pathogens,
including viruses and bacteria [45,46]. Unlike those observed for densoviruses that were discovered
in aphids, we could not find evidence of virus genomic integration in the mite genome, suggesting
that the TuaDV could correspond to an extant virus [4,47]. However, we cannot exclude that viral
sequences were cleaned off during T. urticae genome assembly [8].

It is becoming clear that both multi-infections and persistent viruses should be considered in order
to better understand the phenotypic outcome of infections and the pathogenicity of specific strains that
can change their life cycle, from pathogenic to persistent [48]. Densovirus persistent infections are likely
common in aphids, and several densoviruses have been described, with one being transmitted through
the plant [21,45,47]. Although we need to improve the viral loads quantification method, our results
suggest that potentially large amount of TuaDV can contaminate plants when considering the high
densities that mites colonies can reach. In a previous study, we described a new densovirus found
from viral metagenomics from sea barley (Hordeum marinum), probably contaminating/circulating in
the plant as well, since the virus was recovered from different leaves and was not associated with any
arthropods host [49]. We hypothesized that plants participate to TuaDV horizontal transmission by
concentrating viral particles on leaves, thus favoring the spreading of infection in mite populations.
Furthermore, the systemic inoculation of viral particles in the plant vascular system could also provide
the virus a protective niche against abiotic factors (particularly ultraviolet radiation from the sun) that
can be detrimental for viral particles. Interestingly, our results also suggest that the plant might also
mediate infections with a panel of arthropod-infecting viruses.
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We hypothesized that virus abundance and/or transmission routes might have been selected for
virus communities that occur as a unit within their host populations. Indeed, we find that five viruses
co-occur and can be maintained in two separate laboratory populations for three years, even if the
source is due to a recent contamination. Our results suggest that transmission can occur by vertical and
horizontal routes, including via the host plant, leading to a wide prevalence in their host populations.
This begs the question as to whether all of these viruses can occur in a multiple infection within single
individual hosts or if they never co-infect but separately circulate in mite populations (i.e., one virus
preventing the infection by others). Further investigation is required to evaluate whether these viruses
interact in a synergic, antagonist, or neutral manner.

In addition to sharing common ecosystems and similar immunologic environments, mites and
aphids also share diverse endosymbionts that may provide protection in compensation [40,50].
Whether and how viruses could also provide protection against immunological stress remain to
be addressed. Experimental mite colonies could provide a powerful system to combine descriptive
and manipulative experiments to test for virus pathogenicity in individual hosts; and their dynamics
(prevalence and persistence), and evolution in host populations.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/3/233/s1,
Table S1: Tetranychus species screened for the presence of TuaDV, Table S2: Sequences of TuaDV primers.
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Abstract: Bombyx mori bidensovirus (BmBDV) is a single-stranded DNA (ssDNA) virus from the
genus Bidensovirus of the Bidnaviridae family, which, thus far, solely infects insects. It has a unique
genome that contains bipartite DNA molecules (VD1 and VD2). In this study, we explored the detailed
transcription mapping of the complete BmBDV genome (VD1 and VD2) by rapid amplification of
cDNA ends (RACE), reverse transcription quantitative real-time PCR (RT-qPCR), and luciferase
assays. For the first time, we report the transcription map of VD2. Our mapping of the transcriptional
start sites reveals that the NS genes in VD1 have separate transcripts that are derived from overlapping
promoters, P5 and P5.5. Thus, our study provides a strategy for alternative promoter usage in the
expression of BmBDV genes.

Keywords: Bombyx mori bidensovirus; RACE; RT-qPCR; transcription mapping;
overlapping promoters

1. Introduction

Bombyx mori bidensovirus (BmBDV) is a unique bipartite DNA virus that currently represents the
only species in the genus Bidensovirus of the Bidnaviridae family [1]. BmBDV exclusively infects the
columnar cells of the larvae midgut epithelium, causing chronic densonucleosis disease. The virion of
BmBDV has a non-enveloped, spherical, icosahedral structure, 20–24 nm in diameter, and packages
a linear single-stranded DNA molecule from the VD1 (~6.5 kb, GenBank accession no. NC_020928)
or VD2 (~6 kb, GenBank accession no. NC_020927) genome [2,3]. Furthermore, both VD1 and
VD2 genomes are characterized by having inverted terminal repeats (ITRs) at their ends that form
a panhandle structure and share a common terminal sequence (CTS) of 53 nts [4]. VD1 contains
four open reading frames (ORFs; ORF1 to ORF4), which encode nonstructural protein 2 (NS2) [5],
nonstructural protein 1 (NS1) [6], a major structural protein (VP) [7,8], and DNA polymerase (PolB) [9],
respectively. VD2 contains two ORFs, encoding a nonstructural protein 3 (NS3) [3] and a minor capsid
structural protein (P133) [10]. NS1 is a multifunctional protein, which is similar to the NS1 protein in
parvoviruses, likely possesses activities involving ATPases, site-specific DNA binding, endonucleases,
and helicases [6,11]. Thus, it is essential for various processes associated with virus replication [12].
NS2 shares no homology with the NS2 found in protoparvoviruses [5]. However, it may be an integral
membrane protein, like the adenovirus death protein (ADP) [13], that may promote cell lysis and virus
release [5]. The exact function of the NS2 protein is unknown [14]. PolB is homologous to family B
DNA polymerase, which is involved in protein-primed replication [15,16]. BmBDV is the only virus
that possesses an ssDNA genome and encodes a DNA polymerase [9,17]. The function of NS3 is
unknown. Previous studies have shown that NS3 shares homology with the NS3 of Galleria mellonella
densovirus (GmDV) [18] and the ORF11 in Plodia interpunctella granulosis virus (PiGV) [19], which may
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play an important role in virus replication [20]. P133 is the largest viral structural protein of BmBDV,
and it is similar to the VP3 protein of the Bombyx mori cytoplasmic polyhedrosis virus (BmCPV),
which belongs to the Reoviridae family [10,21]. The amino acid sequences of P133 in the leucine
zipper region were conserved and protein homologues occur mainly in the outer layer of the viral
capsid, so P133 may interact with viral DNA and be related to virus invasion of host [22]. In addition,
BmBDV replicates its genome using a unique DNA replication mechanism that does not follow the
typical rolling circle replication model initiated by an enzyme replicator, as other known ssDNA
viruses do. Thus, the strategy of BmBDV replication is of great interest to investigate.

Previously, the transcription strategy of the VD1 genome of BmBDV has been studied to some
extent. Transcript mapping [23] shows that VD1 produces three mRNAs of 1.1 kb, 1.5 kb, and 3.3 kb in
size, respectively. The nonstructural proteins (NS1 and NS2) are expressed by alternative initiation
codons from a 1.1 kb mRNA transcript [1], and the major structural proteins (VPs) are expressed by
a leaky scanning mechanism [7,8] from a 1.5 kb mRNA transcript. The 3.3 kb mRNA transcript contains
the ORF4 that encodes DNA polymerase (PolB). Alternative splicing of mRNA transcripts was not
observed during BmBDV gene expression and the transcription strategy of VD2 has not been studied.

In this report, we explore the complete transcription strategy of both the VD1 and VD2 genomes.
We find that VD1-NS gene has two separate transcripts, which may be controlled by two overlapping
promoters (P5/5.5), which differ from previous studies. We present an analysis of the transcription
modalities of NS in VD1. We analyze the NS transcripts of VD1 by reverse transcription quantitative
real-time polymerase chain reaction (RT-qPCR) as well as the activity of overlapping promoters’
(P5/5.5) activities using a dual-luciferase reporter assay system.

2. Materials and Methods

2.1. Insect Rearing and Virus Propagation

A major impediment to bidensovirus studies is the lack of permissive insect cells that support virus
replication in vitro [24]. Therefore, we used a variant of Bombyx mori silkworm (Jingsong × Haoyue),
which is sensitive to BmBDV infection. The preserved silkworm eggs stored at 4 ◦C were removed
from the refrigerator for pickling to hatch the diapause silkworm eggs. After the larvae had hatched
from the eggs, we conducted timely feedings of silkworm larvae using moderately clean and fresh
mulberry leaves. On the first day of the fifth instar, the BmBDV solution (5 μL per head) was
freshly prepared and used to feed silkworms via oral instillation. We obtained the midguts of
silkworms from BmBDV-infected larvae at 24, 48, 72, and 96 h post-infection (hpi), respectively,
by dissecting silkworms at different phases. Silkworm midguts were kept in RNAlater® Solution
(Invitrogen, Carlsbad, CA, USA) at −80 ◦C prior to RNA preparation.

2.2. Viral mRNA Extraction and RT-PCR

Total RNA was isolated from BmBDV-infected silkworm midguts (24, 48, 72, and 96 hpi) using
Trizol® Reagent (Invitrogen, Carlsbad, CA, USA), as previously reported [24]. The quality of RNA was
detected by its absorption value at 260 nm and gel electrophoresis on a 1% agarose gel. The mRNA
was extracted using the Poly(A)Purist™ MAG Kit (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. Reverse transcription (RT)-PCR was performed to identify viral mRNA
transcripts from infected larvae and to determine the optimal time to analyze viral mRNA. The primers
used are listed in Table S1.

2.3. Identification of the 5′ and 3′ Ends of Viral Transcripts

The full length of cDNA of each gene and the 5′ starts and 3′ ends of the viral transcripts
were determined by rapid amplification of cDNA ends (RACE) using SMARTer® RACE 5′/3′ Kit
(Clontech, Dalian, China) in accordance to the manufacturer’s instructions. Primers were synthesized
at Generay Biotech Co, Ltd. (Shanghai, China). Primer sequences are shown in genes in Figure S1,
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and BmBDV-specific primers are shown in Table S1. All PCR products (see Figure S2) used for the RACE
experiments were subsequently cloned into pEASY®-T3 cloning vectors (Transgen, Beijing, China) and
submitted for sequencing (see Figures S3 and S4) at Sangon Biotech Co, Ltd. (Shanghai, China).

2.4. Analysis of NS Transcripts from VD1 Using RT-qPCR

The NS1 and NS2 gene segments were amplified using RT-PCR, and the PCR products
were extracted using the E.Z.N.A.® Cycle-Pure Kit (Omega, GA, USA). Standard curves of NS1
and NS2 mRNAs were drawn (see Table S2) using the 7300 Fast system (Applied Biosystems,
Foster City, CA, USA). The locations of primers targeting NS transcripts are shown in Figure S1,
and their sequences are shown in Table S1. The forward primer F2 was unique to NS2 transcripts.
Primer F2/R was used to specifically amplify the NS2 transcript, and primer F1/R was used to amplify
both transcripts.

2.5. Activities of the Overlapping Promoters P5/5.5

We made two constructs (P1 and P5) (see Figure S5) that have the NS1 and NS2 transcription
initiation sites (Inr1 and Inr2) to analyze promoter activities (Figure 4A), in which the intact upstream
promoter elements were cloned into the luciferase reporter plasmid (PGL3-basic). Various mutants
were generated, in which all ATGs were mutated to ACCs, or the Inr1 (CATT) for the NS1 initiation
site was mutated to TTTT, and the TATA1 for NS1 TATA box (TATA1) was mutated to GCGC.
Different constructs containing the intact luciferase initiation codon (P1 to P6) served as a positive
control for transcription, whereas those lacking the luciferase initiation codon (P1- to P6-) served as
reporters. The construct, together with pRL-ie1 was co-transfected into two insect cells (BmN and
Hi5) using Cellfectin® reagent (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer’s
instruction. Cells were harvested at 48 hpi, and luciferase activity was determined using the
Dual-Luciferase® Reporter Assay System (Promega, Madison, WI, USA) as previously described in
reference [25], using the pGL3 luciferase reporter vectors and the pRL-ie1 vector. All of the constructs
in this study were verified by sequencing.

3. Results

3.1. Mapping of the Transcripts by 5′/3′ RACE

The full-length cDNA of each gene is shown in Figure 1. Each gene corresponding to a full-length
cDNA band, except for NS3, is indicated. Two bands were detected in lane 6 (NS3). The lower band
was the same size as predicted, and the upper band was verified to be a non-specific amplified band.
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Figure 1. Detection of the full length of cDNA of each gene. Two bands appear in lane 6 (NS3).
The lower band was the same size as the predicted, and the upper band has been verified as a
non-specific band. The 5’RACE-Ready cDNA was amplified using reverse gene-specific primers (GSPs)
(NS1endR, NS2endR, VPendR, PolBendR, NS3endR, P133endR) in Table S1, and universal primer mix
(UPM) in the kit.

The results of the RACE experiments showed that each transcript corresponded to an ORF,
thus alternative splicing of any mRNA transcripts was not observed. For VD1, in contrast to what
was reported previously from one transcript, it was clear that NS1 and NS2 were transcribed from
two different transcripts (Figure 2A) [23]. The NS2 transcript started at nt 290, and the NS1 transcript
started at nt 316, 3 nts downstream of the NS2 initiation codon. NS2 started at nt 290, which is located
at the TATA box of the promoter transcribing NS1. All NS1 and NS2 transcripts terminated at nt
1438 from one canonical AAUAAA polyadenylation signal. The VP transcript started at nt 1350,
upstream of the polyadenylation site for NS transcripts, and terminated at nt 2929, which overlapped
with the 3′ end of the NS transcript by 89 nts. Notably, the PolB open reading frame (ORF) initiated at
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6 nt downstream of the previously presumed ATG, which was 21 nts downstream of the TATA box of
the P97 promoter. Consequently, the complementary strand of the PolB transcript overlapped with the
VP transcript by 4 nt, which warrants further investigation for any regulatory function.

Figure 2. Mapping of 5′ and 3′ ends of Bombyx mori bidensovirus (BmBDV) transcripts: (A) mapping of
5′ and 3′ ends of VD1, (B) mapping of 5′ and 3′ ends of VD2. The bars with inverted terminal repeats
(ITRs) at both ends represent the BmBDV genome. Major open reading frames (ORFs) that encode
proteins are shown as boxes, whereas mRNA transcripts are indicated in the middle. The wavy lines
indicate polyA tails. The arrows indicate the position of the VD1 and VD2 promoters.

For VD2, NS3 started at nt 565, 19 nts downstream of the P10 promoter TATA box at the 5′ end of
VD2. The P133 transcript started 24 nt downstream of the P89 promoter TATA box at the 3′ end of
VD2 (nt 5367), only 10 nts upstream of the first ATG, and it terminated at nt 1771. In contrast to VD1,
NS3 and P133 transcripts terminated at two polyadenylation sites, which were far apart from each
other, unlike like VP and PolB mRNAs, which had 4 nts of overlap.

3.2. Analysis of NS Transcripts in VD1

Using 5′ RACE, we observed that two NS transcripts were initiated from different locations on VD1
(Figure 3). This is in contrast to a previous study that showed the NS1 and NS2 transcripts shared the
same start site from nt 316 [23]. In order to verify the transcription of NS1 and NS2, we used RT-qPCR
to determine the copy numbers of NS1 and NS2 transcripts. Specific primers of the NS2 transcript
(F2/R1-2) (Table S1) were used to amplify NS2-specfic transcripts. Surprisingly, specific primers of NS
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(F1/R) (Table S1) amplified not only NS1 transcripts but also NS2 transcripts. The NS2 transcription
of NS2 was later than that of NS1 because the NS2 transcripts were not observed at 24hpi (Figure 4),
but both NS2 and NS1 transcripts were detected from 48 to 96 hpi. Therefore, we conclude that NS1
and NS2 are not transcribed from the same promoter.

Figure 3. Analysis of NS transcripts of VD1 by RT-qPCR. (a) Locations of primers for RT-qPCR.
The forward primer F2 is a specific primer for the NS2 transcript, and F1 is shared by the NS2 and
NS1 transcripts, which have the same reverse primer, R. (b) The copy numbers of the products are
amplified. The gray column represents the copy numbers of mRNA products amplified by primer
F2/R, and the shadow column indicates the copy numbers of the products amplified by primer F1/R.
(n=3), Error bars denote standard deviation.
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Figure 4. Analysis of P5/5.5 promoter elements using the luciferase reporter system. (A) The luciferase
reporter plasmids contain NS1 and NS2 transcription initiation sites (Inr1 and Inr2), an NS1 or NS2
initiation codon (ATG), and its intact upstream promoter elements. In the constructs, the boxes represent
elements, and the gray boxes represent replaced sequences. In addition, mutants were made for all
constructs in which the initiation codon of luciferase was mutated (P1- to P6-), and two constructs,
TATA1 and Inr1 (for NS1 transcripts), were mutated (indicated by *). ** represents Inr1. TATA1 and
TATA2 all were mutated, and then DPEs were mutated (indicated by Δ). (B) The observed luciferase
activity. The tendency of activity levels to change in different insect cells (Hi5, BmN) was consistent
(“l.s.” represents luciferase activity if leaky scanning occurs and “e.p.” represents overall expected
activities). (n = 3), Error bars denote standard deviation.
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3.3. The Function of Overlapping Promoters (P5/5.5)

The results of RACE and RT-qPCR revealed that the NS genes in VD1 expressed separate
transcripts. Since there were two TATA box elements upstream of the transcription initiation of
NS1, we speculated that the NS1 transcripts may be under the control of two overlapping promoters
(P5/5.5). To test this hypothesis, various reporter plasmids were constructed (Figure 4A), and were
co-transfected with pRL-ie1 into insect cells (BmN, Hi5), followed by analysis of the function of the
two overlapping promoters using luciferase assays. We constructed plasmids (P1 to P4) (Figure 4A) to
clearly understand the functions of the two overlapping promoters (P5/5.5). The plasmids (P1 to P4)
were expected to express both NS1 and NS2 mRNA. However, we observed low luciferase activity of P1
and P2 (Figure 4B), which came from the NS2-fused protein with luciferase, as direct translation or leaky
scanning from the luciferase initiation codon depends on NS1 or NS2 transcripts. Unexpectedly, P1- had
no activity when the luciferase initiation codon (ATG) was mutated. This indicated that P5/5.5 had
weak activity, which may have been insufficient to start NS2 transcription. In addition, the NS2
initiation codon may not be functional. Therefore, we constructed P3 and P4 by mutating the NS2
initiation codon (ATG) for further examination. Obviously, the results indicated that the activity of P3
and P4 increased, and P3 yielded a 1.3-fold increase and P4 yielded a 2.6-fold increase in luciferase
activity, respectively, compared to P1 and P2, in Hi5 cells. Hence, we concluded that the NS2 initiation
codon affects the translation of luciferase.

To investigate the function of P5/5.5 in NS1 transcription, we constructed plasmids (P5 to P8)
(Figure 4A). We already knew that the NS2 initiation codon negatively regulates luciferase expression.
As expected, P5 induced a level of activity that was low but higher than that of P1, suggesting that
the promoter may be under the control of a downstream promoter element (DPE). Previous studies
have suggested that a DPE consensus, RGWYV(T), is located about 28 to 33 nts downstream of
the transcription start site [26]. Particularly, we found a DPE-like sequence, GGTCA, located at
29 nts to 33 nts downstream of Inr1. In order to explore impacts on transcription of NS1 and NS2,
the P6Δ observed through the DPE-like sequence GGTCA in P6 was mutated to CCGA. As expected,
the luciferase activity of P6Δ declined rapidly compared to that of P6.

Transcription initiation is one of the most important control points in the regulation of gene
expression [27]. P2* and P6*- only generated NS2 transcripts of NS2 by knocking out TATA1 and Inr1.
As indicated from the results, the activity of P2* was similar to that of P2. These results indicate that
the two overlapping promoters (P5/5.5) had weak activity levels, which further proved our previous
hypothesis. P6*- and P6- had high levels of activity, and the initiation of NS1 and NS2 transcription
was closely positioned at either side of the NS2 initiation codon (Figure 2A). Consequently, NS1 could
be generated from the NS2 transcript by alternative initiation. In order to investigate the function of
NS1 promoter elements for NS2, we made P6**- by knocking out TATA2 in P6*-. The results showed
that the activity declined drastically in luciferase activity compared to that of P6*-. However, P6**-

also presented a lower level of activity. In conclusion, our deletion analyses suggest that the promoter
can induce TATA-box-independent transcription.

4. Discussion

BmBDV was classified as a member of the family Bidnaviridae by the International Committee
on Taxonomy of Viruses (ICTV) in 2012 [1]. At that time, it was the only species of the Bidensovirus
genus identified in insects. With the development of metagenomics, more and more viruses have been
found in environmental and biological samples [28]. Recently, the presence of ssDNA viruses of the
Bidnaviridae family in sponges and corals has been reported [29].

In this study, we analyzed the transcription strategies of BmBDV. Transcription mapping was
used to show the transcription initiation and termination sites of each gene in BmBDV (see Figure 2).
Interestingly, Figure 2A shows that the transcription initiation sites of NS1 and NS2 are closely
positioned at either side of the NS2 initiation codon, so NS1 can be generated from the NS2 transcript
by alternative initiation. This characteristic is similar to that of Aedes albopictus densovirus (AalDV) [30]
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during transcription. NS1 and NS2 may be encoded from separate transcripts (see Figure 3), which are
transcribed by two overlapping promoters. In fact, as shown in Figure 4A, the promoter driving NS2
transcription is the P5 promoter, which contains TATA2 and Inr2. However, since there are two TATA
box elements upstream of the transcription initiation of NS1, NS1 transcription may be under the
control of P5/5.5. We also found that in VD1, P5/5.5, which drives the transcription of the NS gene is
a weak promoter, but its activity is enhanced in the presence of DPE. In BmBDV, both the TATA box and
Ins play important roles in the high activity of the promoter driving NS1 and NS2, but are not sufficient
to drive the transcription of NS1 genes in BmBDV [25]. Therefore, the transcription of NS2 and NS1
are synergistically driven by overlapping promoters and DPE. Therefore, the expression of NS1 is
guaranteed by alternative and overlapping promoters. We know that NS1 is a multifunctional protein
that is essential for various processes involved in viral propagation [12]. Obviously, the transcription
profile of VD1-NS genes benefits the expression of NS1. Based on the phylogenetic tree analysis
of parvovirus NS1, it has been speculated that the Brevidensovirus genus is the ancestor of other
parvoviruses [31]. AalDV belongs to the Brevidensovirus genus and perhaps employs the above
transcription strategies to ensure the stable inheritance of AalDV.

Remarkably, despite our finding that NS2 ATG negatively regulates the activity of P5/5.5, P1 has
no activity (see Figure 3B) when the NS2 transcription is merely driven by P5 (see Figure 3A); the NS2
initiation codon does not exhibit activity, since P5 is insufficient to initiate NS2 transcription in the
absence of DPE. Unexpectedly, the activity of P5/5.5 dramatically increased after the NS2 ATG was
mutated (see P3, P4, and P6 in Figure 3B). However, the function of the NS2 initiation codon for P5/5.5
promoters cannot be completely understood using current studies. We hypothesize that NS2 ATG may
be in a region that is negatively regulated for the P5/5.5 promoters. The mutation of NS2 ATG can
destroy the sequence completion in the original region, causing its regulatory function to cease. We are
equally uncertain about whether NS2 ATG has dual functions. This assumption has not been reported
before and may be a new finding. Therefore, we need to further investigate into the function of the
nearby area of the NS2 ATG.

BmBDV exclusively infects the columnar cells of the larvae midgut epithelium. A major
impediment to Bidensovirus studies is the lack of permissive insect cells that support virus replication
in vitro [32]. BmBDV can be rescued from BmN cells transfected with recombinant plasmids
containing the linear full length virus genome [24]. BmBDV has the potential to be a viral
vector [33]. To achieve controllable transformation of the viral genome, it is necessary to clarify
the transcription strategies of the viral genes. In this study, for the first time, we reported the
transcription strategy of VD2 (see Figure 2B). Interestingly, we showed, through mapping, that NS3
and P133 transcripts are terminated at two polyadenylations sites, which are far apart from each other.
Therefore, this non-transcribed region could be a suitable locus for the insertion of exogenous genes in
a future Bidensoviral vector. In conclusion, our study provides new information that could be used to
employ BmBDV as viral vectors and biological control tools in the future.
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Abstract: The success of oral infection by viruses depends on their capacity to overcome the gut
epithelial barrier of their host to crossing over apical, mucous extracellular matrices. As orally
transmitted viruses, densoviruses, are also challenged by the complexity of the insect gut barriers,
more specifically by the chitinous peritrophic matrix, that lines and protects the midgut epithelium;
how capsids stick to and cross these barriers to reach their final cell destination where replication
goes has been poorly studied in insects. Here, we analyzed the early interaction of the Junonia
coenia densovirus (JcDV) with the midgut barriers of caterpillars from the pest Spodoptera frugiperda.
Using combination of imaging, biochemical, proteomic and transcriptomic analyses, we examined
in vitro, ex vivo and in vivo the early interaction of the capsids with the peritrophic matrix and the
consequence of early oral infection on the overall gut function. We show that the JcDV particle
rapidly adheres to the peritrophic matrix through interaction with different glycans including chitin
and glycoproteins, and that these interactions are necessary for oral infection. Proteomic analyses of
JcDV binding proteins of the peritrophic matrix revealed mucins and non-mucins proteins including
enzymes already known to act as receptors for several insect pathogens. In addition, we show that
JcDV early infection results in an arrest of N-Acetylglucosamine secretion and a disruption in the
integrity of the peritrophic matrix, which may help viral particles to pass through. Finally, JcDV early
infection induces changes in midgut genes expression favoring an increased metabolism including an
increased translational activity. These dysregulations probably participate to the overall dysfunction
of the gut barrier in the early steps of viral pathogenesis. A better understanding of early steps of
densovirus infection process is crucial to build biocontrol strategies against major insect pests.

Keywords: insect; Lepidoptera; insect parvovirus; chitin; peritrophins; glycans; biocontrol
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1. Introduction

The transmission of parvoviruses predominantly occurs by horizontal routes through inhalation
or oral exposure, making interaction with mucosal epithelia a crucial part of their pathogenesis (for
review [1]). The oral route represents a major challenge for viruses as they need to overcome a diversity
of barriers to invade their host. Indeed, most animal epithelia are covered in their apical surface by
a carbohydrate-rich meshwork of various complexity and thickness, the glycocalyx, which can be
coated by an additional layer of secreted mucus [2]. These structures constitute successive protective
surfaces where viruses aggregate and either access to attachment factors and receptors at the surface
of the epithelial cells or are eliminated by luminal or cilia movements [3]. This dual fate depends
on the virus affinity for glycans, which must allow to escape the trap of the mucus. The diversity of
glycans present on the epithelial surfaces vary between and within species and therefore constitute an
important component of the innate immunity and of the species barrier [4].

Members of the Parvoviridae family are non-enveloped viruses that have a simple capsid with
T = 1 icosaedral symmetry protecting a 4–6 kb linear, single stranded (ss) DNA genome [5]. They
can cause diseases of various severity in a wide range of animals. Parvovirus interest in human and
animal health or in biomedicine as vectors for gene transfer, has long focused research to understand
their cell tropism and entry mechanisms. A number of cellular attachment factors and receptors have
been characterized, mostly for vertebrates’ parvoviruses. They highlight the importance of glycans in
capsid recognition and binding specificity [6–8]. However, how capsids interact with epithelia remains
poorly known, mainly due to difficulties to reconstitute in cellular models the complexity of animal
epithelial systems [9,10].

Insect parvoviruses, named densoviruses, can be highly pathogenic, a feature that can both
represent threats for insect mass rearing or opportunities for biocontrol against harmful insects as
alternative to chemicals. Developing methods against infections or tools for biocontrol requires a deep
understanding of the mechanisms driving host range and pathogenesis.

Like their vertebrate counterparts, densoviruses are mainly transmitted orally, gut recognition and
binding constitute the primary step of their pathogenesis. The mechanisms determining densovirus
specificity are poorly known. Depending on species, densovirus replication can be either restricted
to or exclude the gut, viral particles being then transported across the epithelium by transcytosis
to reach internal organs where replication goes [11–14]. Only one cellular receptor has been so far
characterized for a “gut restricted” densovirus. It is a mucin of the gut of the silkworm Bombyx mori,
whose inactivation makes silkworms resistant to infection with the Bombyx mori densovirus type 1
(BmDV) [15]. We have previously reported that gut transcytosis of the Junonia coenia densovirus
(JcDV) involves a gut specific receptor-dependent mechanism in caterpillars [12]. However, the
mechanisms used by viral particles to overcome the successive intestinal barriers of different structures
and composition remain elusive.

In insects, the intestinal tract is covered by a chitinous acellular layer, which has specific features
due to the dual embryonic origin of the gut. Indeed, anterior and posterior extremities of the gut
are ectodermal and the acellular layer is covered by an impermeable cuticle. The midgut section
is endodermal and has no cuticle but is covered in most insects by a semi-permeable membrane,
named the peritrophic matrix (PM) (for review [16]). The PM forms a highly organized lattice of chitin
fibrils associated with glycoproteins, mainly peritrophins that have a chitin-binding domain [17,18].
The midgut is thus the portal of entry for most pathogens and their interaction with the PM a critical
step of their pathogenesis.

The PM forms pores whose size varies between insect species (e.g., 7–36 nm in Lepidoptera and
up to 150 nm in Coleoptera) and developmental stages [19,20]. Large entomopathogenic viruses have
developed specific mechanisms to pass through extracellular matrices including virus-encoded enzymes
and specific proteins that are associated with the viral particles of baculo-and entomopoxviruses [21–24].
How densoviruses cope with the physical barriers that constitute the gut and in particular the PM is so
far unknow. Due to their small size, it was initially thought they could diffuse passively across the
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pores of the matrix, but measures of the size of pores, the complexity of the PM and the nature of the
interactions between components make this hypothesis unlikely [16,20].

We previously reported that following oral infection, viral particles of JcDV, a type species ofthe
Ambidensovirus genus, aggregate on the PM of Spodoptera frugiperda caterpillars as a first step of the
infection process [12]. Such rapid virus concentration on a carbohydrate-rich surface suggested
a lectin-like activities of the capsids. Although there is no sequence similarity of the unique protein
making the surface of the JcDV with lectin domains, its structure displays similarities with cellular
carbohydrate binding proteins including lectins, which suggests that capsids could indeed recognize
and bind carbohydrates [25].

Herein, we used a combination of approaches, including microscopy, biochemistry, proteomics
and transcriptomics, to decipher the interaction of JcDV with PM major components (i.e., chitin, glycans
and proteins). We found that capsids affinity for the PM might result from multiple interactions
with different glycans including chitin and glycosylated proteins. In addition, we showed that JcDV
early infection results in (i) an arrest of N-Acetylglucosamine (GlcNAc) secretion by epithelial cells
associated with a disorganization of the PM structure mimicking the effect of chitin-binding plant
lectin; (ii) substantial changes in the expression of gut genes, which may also contribute to an early gut
dysfunction and participate to viral pathogenesis.

2. Materials and Methods

2.1. Insect Rearing and Virus Preparation

Caterpillars were reared under controlled conditions (25 ± 1 ◦C, 65 to 70% relative humidity
[RH], 16-h light, 8-h dark photoperiod) on a wheat germ-based artificial diet. JcDV was amplified
by oral infection. At death, larvae were crushed and virus extraction was processed by clarification
and filtration on 0.22 μm to constitute a semi-purified virus stock (JcDV). To obtain a purified viral
stock (P_JcDV), the semi-purified virus stock was loaded on OptiPrepTM (Sigma-Aldrich, Lyon, France)
density gradient and dialyzed against Phosphate-buffered saline (PBS) 1X as previously described
in [13]. Viral concentrations were estimated by quantitative PCR (qPCR) as described in [12] and
expressed as viral equivalent genomes ([veg]). Virus titers were determined by the tissue culture
assay method (50% tissue culture infective dose (TCID50) in the permissive Ld652 cells as previously
described [26].

2.2. Calcofluor, Glycans and Lectins

Calcofluor white M2R (Calcofluor; F3543), N-Acetyl-D-glucosamine (GlcNAc; A4106), N-Acetyl-
D-galactosamine (GalNAc; A2795), D-(+)-Fucose (Fucose; F8150), D-(+)-Mannose (Mannose; M6020),
Mucin from porcine stomach (Porcine mucin; M2378) and WGA-FITC conjugate (L4895) were all
purchased from Sigma-Aldrich (Lyon, France).

2.3. Insect Bioassays

For in vivo bioassays, third-instar (L3) S. frugiperda caterpillars were individually infected by
feeding with JcDV (109 veg/caterpillar) or by intrahemocelic injection (109 veg/caterpillar). Each
treatment was applied to a cohort of 24 caterpillars and three independent experiments were performed.
Calcofluor (0.5% to 3%) was concomitantly administrated with the virus to L3 or L6 caterpillars
(as described in the Figures). For competition assays, JcDV was incubated with glycans (GlcNAc,
GalNAc, Fucose or Mannose at 5 μM and/or 5 mM; for one hour before feeding or injection. In all
experiments, control larvae were fed or injected with PBS. Caterpillars mortality was recorded each
day during 10 days and results were presented as survival rates per day. The time to death was
assessed by comparing the survival curves using the Kaplan Meier method (GraphPad Prism software,
version 7). The significance between groups were analyzed using log-rank (Mantel-cox) tests and
Gehan-Breslow-Wilcoxon tests.
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2.4. Hemagglutination Assay

Rabbit erythrocytes cells were diluted at 3% (v/v) with 150 mM NaCl and treated with 0.5 mg/mL of
trypsin (Sigma) for 30 min at 37 ◦C. After 3 washes with 150 mM NaCl, 25 μL serially two-fold dilutions
of viral inocula (JcDV or P_JcDV; started from 1011 veg/μL) were mixed with 25 μL of erythrocytes in
96 well microtiter plates for 30 min at 37 ◦C. Positive controls of hemagglutination was performed
using 25 μL of WGA (1 mg/mL). Fifty μL of erythrocytes were subsequently added to each well for
30 min at 37 ◦C. Hemagglutination was read under a light microscope.

2.5. PM Isolation, Ex Vivo Infection and Microscopic Observation

For Calcofluor experiments, PMs were isolated from sixth-instar (L6) S. frugiperda caterpillars,
previously anesthetized on ice, then opened and washed with Phosphate Buffered Saline (PBS) to
remove the food bolus. PMs isolated from caterpillars treated with Calcofluor were fixed 1 h with 4%
paraformaldehyde (PFA), then dehydrated with increasing concentrations of ethanol (50% to 100%)
and in 1:1 (100% ethanol and hexamethyldisilazane [HMDS]) for 10 min and finally in 100% HMDS for
20 min. After overnight evaporation, samples were ultimately coated with Platinium and observed
with a Scanning Electron Microscope (SEM) HITACHI S-4800, with an acceleration voltage of 2 kV and
a working distance of 5 mm.

For ex vivo infection experiments, PMs were isolated as described above and incubated for 30 min
at room temperature (RT) with JcDV (109 veg/μL; 500μL), or with JcDV pre-incubated for 1 h with
glycans (GlcNAc, GalNAc, Fucose or Mannose; 5 μM to 5 mM) before infection. The PMs were then
washed with PBS and fixed with 4% PFA as above. Immunolabelling of JcDV particles was performed
using a specific rabbit anti-capsid antibody (1:1,000; Eurogentec) incubated for 2 h at RT and an
anti-rabbit secondary antibody (Alexa Fluor® 568; 1:500; Invitrogen, Carlsbad, CA, USA) incubated
for 45 min at RT. Labeled PMs were then mounted in Dako (Sigma) on coverslips for observation.
For epifluorescence measurements, we worked on a Zeiss AxioImager Z2, equipped with suitable
filters for the dyes, using a 40×/1.3 Plan-Apochromat Oil PH3 and a 63×/1.4 Plan-Apochromat Oil
PH3 objectives. For structured illumination images, the Zeiss ApoTome-slider was introduced into
the field-stop plane of the microscope to improve resolution of images. We used the ZEN software to
operate the microscope and took at least 10 images (10 fields per PM) for each treatment. All images
were taken with a CMOS Orca Flash 4.0 B&W camera. Images were processed with Fiji software.
The intensity of fluorescence (arbitrary unit) were measured on epifluorescence images. Statistical
analyses were performed using the non-parametric Kruskal-Wallis test (GraphPad Prism Software,
version 7, GraphPad Software, San Diego, CA, USA). Each experiment was repeated at least three
times, and each independent experiment gave similar results.

2.6. Midgut Semi-Thin Sections and Immunolabelling

L3 S. frugiperda caterpillars were individually infected by feeding as in Section 2.3. Twenty four
hours later, caterpillars were anesthetized on ice and sacrificed. In parallel, caterpillars were kept until
death to insure their infection status. Sacrificed caterpillars were fixed in 4% PFA+ 2.5% glutaraldehyde
for 1h at 4 ◦C and dehydrated by incubations in increasing concentrations of ethanol (50% to 100%)
before progressive embedding in 100% Unicryl resin (BB International) as described in [12]. Semi-thin
sections (1 μm) were cut in the central part of the caterpillars corresponding to the midgut. After
45 min of incubation with WGA-FITC (1:300), to label GlcNAc and the PM, or with Phalloidin-FITC
(1:300; Sigma), to label actin cytoskeleton, and 10 min with Dapi (1 μg/mL; Invitrogen) to label nuclei,
semi-thin sections were mounted and observed with a Zeiss AxioImager Z2 microscope using the
structured illumination module Zeiss ApoTome-slider as in 4.5. Images were taken with a CMOS Orca
Flash 4.0 B&W camera using fixed parameters for all treatments and processed with Fiji software.
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2.7. Chitin Binding Assay and Pull Down

Ten μL of chitin beads (New England Biolab) were washed three times with PBS and added in
200 μL of virus suspension (109 veg/μL in PBS). After 1 h of incubation with gentle rotation, beads were
pulled-down by centrifugation (500× g for 5 min à 4 ◦C), washed five times with PBS, then resuspended
in Laemmli buffer 2 × (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% bromophenol blue
and 0.125 M Tris HCl, pH 7) and heated at 95 ◦C for 5 min before western blot analysis. Two μL
(5% of the pull down and 1% of the initial input) was loaded on 4–15% polyacrylamide Tris-HCl gel
(Mini-PROTEAN® TGX™ Precast Gels, Biorad, Hercules, CA, USA) and separated by SDS-PAGE
for 1 h at 150 V. Next, samples were transferred to PVDF membrane (Immobilon-P, Merck) for 2 h at
200 mA. Subsequently, the membrane was saturated with 5% of milk in PBS/Tween 0.1% (PBST), then
incubated 2 h at RT with the primary anti-capsid antibody (1:1,000; see above). After washes in PBST,
the membrane was incubated 1 h at RT with an anti-rabbit secondary antibody HRP-conjugated (1:3000;
Biorad, Hercules, CA, USA). Proteins were revealed by enhanced chemiluminescence (Millipore,
Burlington, MA, USA) using a Chemidoc imager (Biorad).

2.8. SDS-PAGE, PAS Staining and VOPBA

Peritrophins were extracted from pools of five PMs from sixth instar S. frugiperda in 200 μL of
Laemmli buffer 2X, then boiled and heated at 95 ◦C for 5 min [27]. After centrifugation at 8000× g for
10 min 4 ◦C, the supernatant was collected and 1/15 was loaded on 4–15% polyacrylamide Tris-HCl gel
and separated by SDS-PAGE as above. Thirty μg of porcine mucins were also loaded on the same gel.
Gel was stained with Page blue (Thermo Fisher Scientific, Waltham, MA, USA) to analyze total proteins
or with Periodic Acid-Schiff (PAS) as described in [28] to analyze glycosylated proteins. Proteins were
also transferred on nitrocellulose membranes (Biorad) for 3 h at 70 V for viral protein overlay binding
assay [29]. Briefly, the membrane was saturated with 3% BSA in PBST for 2 h at RT, then incubated OVN
at 4 ◦C with JcDV (109 veg diluted in PBST containing 1% BSA). After washes in PBST, the membrane
was incubated with the rabbit anti-capsid antibody (1:1000; see above), then the anti-rabbit secondary
antibody HRP-conjugated, and proteins were revealed by enhanced chemiluminescence as above.

2.9. Proteomic LC-MS/MS Analysis and Data Processing

Protein bands revealed by VOPBA were cut in SDS-PAGE gel stained with Page blue (3 replicates,
10 bands) and destained with three washes in 50% acetonitrile and 50 mM triethylammonium
bicarbonate (TEABC). After protein reduction (with 10 mM dithiothreitol in 50 mM TEABC at 60 ◦C
for 30 min in the dark) and alkylation (55 mM iodoacetamide TEABC at room temperature for 30 min)
proteins were digested in-gel using trypsin (0.5 μg/band, Gold, Promega, Madison, WI, USA) as
previously described [30]. Digested products were dehydrated in a vacuum centrifuge and resuspended
with 0.05% Trifluoroacetic acid (TFA) and 2% ACN. The generated peptides were analyzed online by
nano-flow HPLC–nanoelectrospray ionization using a Q-Exactive Plus mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) coupled to an Ultimate 3000 RSLC (Thermo Fisher Scientific).
Desalting and pre-concentration of samples were performed on-line on a Pepmap® pre-column
(0.3 mm × 10 mm, Dionex, Sunnyvale, CA, USA). The capillary reverse-phase column (0.075 mm ×
150 mm, Acclaim Pepmap 100® C18, Thermo Fisher Scientific) fitted with an uncoated silica PicoTip
Emitter (New Objective, Woburn, MA, USA) was first equilibrated in solvent A (0.1% formic acid)
and a multistep linear gradient of acetonitrile consisting of 0–25% of solvent B (0.1% formic acid in
80% acetonitrile) for 30 min, 25–40% for 5 min and 90% for 8 min, at 300 nL/min was used to elute
peptides from. Spectra were acquired with the instrument operating in the information-dependent
acquisition mode throughout the HPLC gradient. Survey scans were acquired in the Orbitrap system
with resolution set at a value of 70,000. Up to twelve of the most intense ions per cycle were fragmented
and analyzed using a resolution of 17,500. Peptide fragmentation was performed using nitrogen gas
on the most abundant and at least doubly charged ions detected in the initial MS scan and an active
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exclusion time of 45 s. For all full scan measurements with the Orbitrap detector a lock-mass ion from
ambient air (m/z 445.120024) was used as an internal calibrant as described [31].

Analysis was performed using the MaxQuant software (version 1.5.5.1) [32]. All MS/MS spectra
were searched using Andromeda against a decoy database consisting of a combination of S. frugiperda
databases [33] and 236 classical contaminants, containing forward and reverse entities. The following
settings were applied: Spectra were searched with a mass tolerance of 7 ppm (MS) and 0.5 Th (MS/MS).
Enzyme specificity was set to trypsin. Up to two missed cleavages were allowed and only peptides
with at least seven amino acids in length were considered. Carbamidomethylation was set as fixed
cystein modification and oxidation was set as variable methionine modification for searches. FDR was
set at 0.01 for peptides and proteins. Sequences which found homology were annotated according to
the gene ontology (GO) terms and classified using Blast2Go software (https://www.blast2go.com/; [34]).
The enrichment in GO terms compared to the S. frugiperda reference (predicted proteins from the
OGS2.2 genome; Gouin et al., 2017) was analyzed with the same software (FDR set at 0.01).

2.10. RNA Extraction, DGE Library Construction and Sequencing

Fourth instar S. frugiperda caterpillars were orally infected or not with JcDV (1012 veg per caterpillar;
Twenty caterpillars per condition). At 1-day p.i. or 3 days p.i., caterpillars were anesthetized on ice
and dissected. The midguts were washed in PBS to eliminate the food bolus and the PMs. Trachea,
Malpighi tubes and visceral muscles were removed and the epithelia were incubated with 2.5% trypsin
for 30 min to dissociate the tissues. After washes, gut cells were lysed in 800 μL of TRIzol® reagent
(Invitrogen) for total RNA extraction according to the manufacturer’s instructions. Total RNA amount
and purity were checked by using spectrophotometrer NanoDrop ND-1000 (Thermo Scientific) and
the integrity of total RNA was analyzed by capillary electrophoresis (2100 Bioanalyzer Instrument,
Agilent, Santa Clara, CA, USA).

We used Digital Gene Expression (DGE) method that generates short sequences (Tags) specific
for mRNA [35–37]. Four DGE libraries were constructed from midgut total RNA extracted from
S. frugiperda caterpillars infected (or not) for 1 and 3 days. Sequence tag preparation was done
with Illumina’s Digital Gene Expression Tag Profiling Kit according to the manufacturer’s protocol
(version 2.1B) as described in [36]. For fourth libraries, 10 μg of total RNA were incubated with
oligo-dT beads. First-and second-strand cDNA syntheses were performed using superscript II reverse
transcription kit according to the manufacturer’s instructions (Invitrogen). The cDNAs were cleaved
using the NlaIII anchoring enzyme. Subsequently, digested cDNAs were ligated with the GEX adapter
1 containing a restriction site for MmEI. The second digestion with MmeI was performed, which cuts
17 bp downstream of the CATG site. At this point, the fragments detach from the beads. The GEX
adapter 2 was ligated to the 3′ end of the tag. A PCR amplification with 15 cycles using Phusion
polymerase (Finnzymes) was performed with primers complementary to the adapter sequences to
enrich the samples for the desired fragments. The resulting fragments of 85 bp were purified by
excision from a 6% polyacrylamide TBE gel. The DNA was eluted from the gel using Spin-X Cellulose
Acetate Filter (0.45 μm), precipitated, resuspended in 10 mM Tris-HCl (pH 8.5) and quantified using
Nanodrop 1000 spectrophotometer. Cluster generation was performed after applying 4 pM of each
sample to the individual lanes of the Illumina 1G flowcell. After hybridization of the sequencing
primer to the single-stranded products, 18 cycles of base incorporation were carried out on the 1G
analyzer according to the manufacturer’s instructions. Image analysis and base calling were performed
using the Illumina Pipeline, where sequence tags were obtained after purity filtering. We could assign
63% of the tags (Supplementary Materials Tables S2–S4) out of which 54% correspond to multiple
matches and were discarded from functional analysis with GO.

2.11. Transcriptomic Analysis of the Midgut

Functional annotation was performed using BIOTAG software (Skuld-Tech, Grabels, France).
The statistical value of DGE data comparisons, as a function of tag counts, was calculated by assuming
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that each tag has an equal chance of being detected. Differential expression of the Tag counts of the
infected vs. mock conditions was performed to obtain a list of up- and down-regulated tags for each
condition. Tags for which differential expression was ≥ 5 fold change were assigned using the reference
databases for S. frugiperda [33,38]. Sequences with homology were annotated according to the GO
terms and classified using Blast2Go software (https://www.blast2go.com/; [34]) and represented at
level 2 of Biological process and Molecular function. The enrichment in GO terms compared to the
S. frugiperda reference (predicted transcripts from the OGS2.2 genome) was analyzed with the same
software (FDR set at 0.01). The Junonia coenia densovirus (former JcDNV) corresponds to the complete
genome of the Oxford isolate (Genbank accession number KC883978.1).

3. Results

3.1. The Peritrophic Matrix of S. frugiperda is a Barrier to JcDV Infection

Early studies have estimated that the average pore size of the PM is around 8 nm in S. frugiperda
caterpillars, which might exclude 25 nm densovirus particles [39]. To assess the PM barrier function
against densovirus infection, we disrupted its structure by feeding third instar (L3) larvae with sub
lethal doses (0.5%) of the chitin-binding agent Calcofluor White prior JcDV infection [40–44]. We then
measured larval mortality rates daily. Results showed that JcDV infected larvae pre-treated with
Calcofluor displayed a significant shorter median time to death (LT50) compared to untreated infected
larvae (7 vs. 9 days p.i. for control larvae; p < 0.01) (Figure 1A and Supplementary Materials Figure S1),
supporting that the PM can limit JcDV infection. Noteworthy, an increased larval mortality was
also observed at late time post-treatment with Calcofluor in mock-infected caterpillars compared to
untreated controls (18% at 10 days p.i.), confirming a detrimental inhibition of chitin assembly on
larval development [41].

Figure 1. Calcofluor increases S. frugiperda caterpillar’s susceptibility to densovirus oral infection.
(A) Survival of S. frugiperda caterpillars following JcDV infection. Larvae (n = 24) were infected
individually by feeding with JcDV (109 veg/caterpillar) concomitantly with 0.5% (5 μg) of Calcofluor
or PBS as a control. Caterpillar mortality was recorded once a day during 10 days and results were
presented as survival rates per day. Three independent experiments were performed, each independent
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experiment gave similar results, one is represented here. The log-rank (Mantel-cox) and the
Gehan-Breslow-Wilcoxon tests were used to determine statistical significance. p Values of less than 0.05
were considered significant (**, p< 0.01). PBS refers to control (PBS-treated and non-infected) caterpillars;
Calcofluor refers to Calcofluor-treated and non-infected caterpillars; JcDV refers to JcDV-infected
caterpillars and JcDV+Calcofluor to Calcofluor-treated and JcDV-infected caterpillars. (B) Calcofluor
disrupts the PM integrity. SEM images of PM ultrastructure isolated from L6 caterpillars fed with PBS
(0%), 0.5% (5 μg) or 3% (30 μg) of Calcofluor. Endoperitrophic face is shown (bars, 300 nm).

We analyzed the effect of Calcofluor on the PM integrity by scanning electron microscopy (SEM).
Because the PM of L3 larvae has a gel-like structure that cannot be manipulated, we took L6 larvae for
this experiment as the PM is thick and solid at this stage and can be easily dissected. L6 caterpillars
were fed with up to 3% Calcofluor (not lethal at 24 h post treatment) and PMs were isolated 24 h
post-treatment and prepared for SEM analysis. As shown by Figure 1B, PMs from control larvae
displayed a highly organized structure, similar to PMs from caterpillars treated with 0.5% Calcofluor.
By contrast, PMs from caterpillar fed with 3% Calcofluor had a clear disrupted structure with enlarged
pores, confirming that Calcofluor binding to chitin fibrils compromised the integrity of the matrix.

3.2. JcDV Binding to the PM is Required for Oral Infection of S. frugiperda Caterpillars

The rapid recognition of the PM by JcDV capsids suggests that their affinity for glycans is
important for the oral infection process. To test this hypothesis, we first assayed the capsid ability
to agglutinate erythrocytes, a feature displayed by vertebrate parvoviruses [45,46]. We performed
a typical hemagglutination assay, adding serial dilutions of the virus inoculum to rabbit erythrocytes
(Figure 2). The first dilutions (1:2 and 1:4) of JcDV triggered a strong hemolysis of erythrocytes
suggesting a toxic effect of the viral inoculum, ie capsids or some host-derived component associated
with the inoculum. It is worthy to note that we use semi-purified inoculum as it mimics naturally
occurring infections. JcDV was therefore further purified on a density gradient (P_JcDV) and similarly
assayed for hemagglutination. A clear hemagglutination was obtained with P_JcDV, supporting that
toxicity is likely due to a host-derived component that can be eliminated during the purification
process. Hemagglutination with P_JcDV was obtained up to the third dilution (hemagglutination
titer of 1:8), which indicates a rather weak interaction of the capsids with glycans at the surface of
(mammalian) erythrocytes.

Figure 2. Hemagglutination assays with JcDV. Rabbit erythrocytes cells were incubated with serially
two-fold dilutions of JcDV or P_JcDV (from 1011 veg/μL, 25 μL/well) for 30 min at 37 ◦C. Positive control
(T+) of hemagglutination was performed using 25 μL of Wheat Germ Agglutin (WGA; 1 mg/mL),
negative control (PBS) with 25 μL of PBS instead of virus dilution. Semi-purified virus (JcDV) induced
a green coloration in the wells, as a result of hemolysis of erythrocytes. The wells containing purified
virus (P_JcDV) showed a clear hemagglutination at the lowest dilutions (1:2 to 1:8).

To better understand capsid affinity for glycans, we performed a competition bioassay using
monomeric glycans as JcDV-binding competitors. JcDV binding was revealed with an immunofluorescence
staining on the PMs using a specific anti-capsid antibody. We quantified this fluorescence as a proxy of
binding and competition. We first performed competition ex vivo on isolated PMs incubated with JcDV
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in the presence of four monosaccharides commonly found in insects [47], ie N-Acetyl-D-glucosamine
(GlcNAc), which is the monomeric unit of chitin, N-Acetyl-D-galactosamine (GalNAc), D-Fucose and
D-Mannose (Figure 3). We first verified with a dot blot assay that capsids interaction with monosaccharides
were not interfering with antibody recognition, which validated the competition bioassay (Supplementary
Materials Figure S2). As shown in Figure 3, JcDV binding resulted in an intense fluorescence signal on the
PMs (left panel), which was similarly competed away by the four monosacharides and within a similar
concentration range (0.5 mM to 5 mM). We noted that fluorescence quantification did not result in a strictly
linear dose-dependent effect.

Figure 3. Ex vivo interaction of JcDV with the PM involves carbohydrates. (A) Apotome images of
isolated PMs incubated with JcDV (5.1011 veg/PM) alone or with JcDV treated for 1 h with 5 μM to 5 mM
of glycans (GlcNAc, GalNAc, Fucose or Mannose) before incubation. JcDV labelling is in red. Control
PMs (mock) were incubated with a clarified and filtered homogenate of non-infected caterpillars. Bars,
50 μm. Each experiment was repeated at least three times, and each independent experiment gave
similar results, one is shown here. (B) Relative quantification of JcDV binding on isolated PM and
competition assays with monomeric glycans. Intensity of red fluorescence (arbitrary unit A.U) of PMs
were measured on epifluorescence images (10 images from 3 independent experiments). Statistical
analyses were determined using the non-parametric Kruskal-Wallis test. p Values of less than 0.05 were
considered significant (* p < 0.05; ** p < 0.01; *** p < 0.001).

To further test the role of glycans in JcDV pathogenesis, we carried out these competition bioassays
in vivo (Figure 4 and Supplementary Materials Figure S3). We mixed JcDV with each monosaccharide
prior infection, fed caterpillars with these inocula and calculated mortality rates daily as in Figure 1.
Results showed that oral infection with 5 mM (but not 5 μM) of each monosaccharide significantly
delayed the median time to death (LT50) of caterpillars (7 vs. 6 days; p < 0.05 for 5 mM) (Figure 4A and
Supplementary Materials Figure S3A,B), further supporting that PM recognition is the first step of
JcDV oral infection. To confirm these results and reveal JcDV binding and competition for binding the
PM in vivo, we carried out midgut semi-thin sections and immunofluorescence as above. Caterpillars
were infected with JcDV mixed or not with 5 mM GlcNAc and sacrificed at 2 h p.i. for midgut isolation
and preparation. As shown in Figure 4B, we observed a red fluorescence signal in untreated infected
caterpillars that typically lines the PM. In addition, labelling was also observed in the lumen, likely
revealing JcDV interaction with food bolus and/or microbial components. Both signals were strongly
and specifically decreased following competition with GlcNAc (Figure 4B), showing that different
GlcNAc-containing glycans in the gut lumen can recognize the capsids.
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Figure 4. Affinity for glycans mediates JcDV oral infection of S. frugiperda caterpillars. (A) Survival
curves of caterpillars (n = 24) infected by feeding with JcDV alone or with JcDV (109 veg/caterpillar)
incubated for 1 h with 5 μM or 5 mM of glycans (GlcNAc, GalNAc, Fucose or Mannose) before infection.
Control caterpillars were fed with PBS. Three independent experiments were performed, each
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independent experiment gave similar results, one is represented here. The log-rank (Mantel-cox) and the
Gehan-Breslow-Wilcoxon tests were used to determine statistical significance. p Values of less than 0.05
were considered significant (ns, non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001). (B) Immunolabeling
of midgut semithin transversal sections 2 h after ingestion of JcDV alone or JcDV (109 veg/caterpillar)
incubated for 1 h with 5 mM of GlcNAc before oral infection. Control caterpillars were fed with
PBS. The PM is shown by an arrowhead. Phalloidin-FITC is in green, JcDV is in red, and nuclei are
labeled with Dapi (blue). Bars, 30 μm. Lum, midgut lumen; HemoL, hemolymphatic compartment.
(C) Survival curves of caterpillars (n = 24) infected by injection of JcDV alone (109 veg/caterpillar) or
of JcDV incubated for 1 h with 5 mM of each glycan (GlcNAc, GalNAc, Fucose or Mannose) before
infection. Control caterpillars were injected with PBS. Three independent experiments were performed,
each independent experiment gave similar results, one is represented here. The log-rank (Mantel-cox)
and the Gehan-Breslow-Wilcoxon tests were used to determine statistical significance, p > 0.05 were
considered non-significant (ns). PBS refers to control (PBS-treated and non-infected) caterpillars; ‘JcDV’
to JcDV-infected caterpillars; ‘JcDV + GlcNAc’, ‘JcDV + GalNAc’, ‘Jc + Fucose’ and ‘Jc +Mannose’ refer
to caterpillars infected with JcDV incubated with GlcNAc, GalNAc, Fucose or Mannose, respectively,
before infection.

Last, we studied whether such “stickiness” was specifically required by the densovirus to cross
the gut, i.e., for oral infection. JcDV infection of target cells (eg epidermis, trachea, hemocytes) proceeds
by a receptor-dependent mechanism different from intestinal cells [12]. These cells express glycan
structures of various complexity that are attached to the cell surface or secreted and forming extracellular
matrices, whose glycans might be similarly targeted by JcDV for attachment. We performed competition
bioassays in vivo, bypassing the midgut by injecting caterpillars with JcDV mixed or not with 5 mM of
each monosaccharide. Interestingly, the median time to death was similar for all conditions (Figure 4C
and Supplementary Materials Figure S3C; p > 0.05), showing that none of the monosaccharides
competed with JcDV infection proceeding by the systemic route.

Altogether these results show that JcDV capsid is a carbohydrate-binding protein and this feature
is required for oral infection to target the PM of caterpillars.

3.3. JcDV Binds to Both Chitin and Protein Components of the PM

We next wanted to determine which component of the PM, i.e., chitin and/or glycosylated
proteins were involved in capsid interactions, using biochemical assays. We first tested capsid physical
interaction with chitin using a pull-down assay with chitin beads. JcDV from purified or semi-purified
inocula were incubated with chitin beads, pulled-down by centrifugation and subsequently revealed
by Western blot using a specific JcDV anti-capsid antibody. Figure 5A shows JcDV pull-down by
chitin beads and we did not observed difference between inocula (purified vs. semi-purified), which
confirmed that capsids can interact directly with chitin.

Second, we tested virus interaction with PM proteins using a Viral Overlay Binding Assay
(VOBPA). Total proteins were extracted from isolated PMs, separated with SDS-PAGE and either
stained with PAGE Blue and Periodic Acid Schiff (PAS) in order to visualize total and glycosylated
proteins respectively, or blotted onto nitrocellulose membranes for VOPBA. We included porcine
mucins as a control of highly (O-)glycosylated proteins. At the first glance, VOPBA revealed that
JcDV binds to most if not all the PM proteins labelled by PAGE blue and PAS combined, although
with different intensities (Figure 5B). Interestingly, no binding was observed with the porcine mucins
which might support some specificity for insect glycans. More specifically, a set of JcDV-interacting
proteins was identified at high molecular weights (>250 kDa) including proteins with a pattern similar
to porcine mucins. These proteins were labelled with PAGE blue and PAS or only with PAS suggesting
that they are mostly and probably highly glycosylated (Figure 5B). Interestingly, proteins at 180 kDa
displayed a higher intensity as they are in a relative lower amount (according to PAGE blue), which
suggests higher affinity for JcDV. Proteins interacting with JcDV were detected at 150–200 kDa and
25–60 kDa, and corresponding to proteins with low or no glycosylation (according to PAS staining).
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Figure 5. JcDV interacts with chitin and has specific affinity for proteins of the PM. (A) Western
blot analysis of the chitin binding assay. Chitin beads were incubated with JcDV or P_JcDV. Control
binding assays were performed with non-infected homogenate of caterpillars (for JcDV) or with PBS
(for P_JcDV). Five % of the pull down and 1% of the input (before pull down) were analysed by
SDS-PAGE followed by western blotting using a polyclonal anti-JcDV capsid antibody. The four VP
capsids proteins (theoretical molecular weights are VP1, 89 kDa; VP2, 58 kDa; VP3, 53 kDa and VP4,
47 kDa) are detected, with a better detection of VP2 [48]. (B) VOPBA analysis of PM proteins interacting
with JcDV. Proteins were extracted from PMs and separated by SDS-PAGE as described in Methods.
Thirty μg of porcine mucins were also loaded in the gel as a control of highly O-glycosylated proteins.
Proteins were then stained with Page Blue or Periodic Acid Schiff (PAS, pink) to visualize total or
glycosylated proteins, respectively, and transferred to nitrocellulose membranes for probing with
JcDV and anti-JcDV capsid antibody. Proteins interacting with JcDV capsids were finally revealed by
enhanced chemiluminescence (black arrowheads on the VOPBA JcDV membrane); the corresponding
positions of these bands were reported on the Page blue and PAS gels and indicated as well by black
arrowheads on the right of these gels.

In total, 10 bands representing JcDV interacting proteins are reproducibly obtained with
VOPBA. Noteworthy, each band probably include several proteins and/or isoform/glycoform of
the same proteins.

Proteins corresponding to these 10 bands were next analyzed by LC–MS/MS mass spectrometry.
We only considered 155 proteins that were shared between 3 replicates (Figure 6A), out of which 138 were
annotated in the reference genome of S. frugiperda [33]. These proteins are PM structural proteins (i.e.,
peritrophins including intestinal mucins) and PM-associated proteins (enzymes, i.e., serine proteases
and aminopeptidases N (APN) (Supplementary Materials Table S1). Gene ontology (GO) annotation
confirmed the enrichment in proteolytic activities (particularly serine-type endopeptidases) and chitin
synthesis, which are consistent with the PM composition and the gut function (Figure 6B). Interestingly
among the set of proteins >150 kDa, we identified intestinal mucins, an ATP binding cassette A type 5
(ABCA5) transporter and aminopeptidases N (Supplementary Materials Table S1); the latter being
known receptors for a number of viruses and for the Cry toxins from Bacillus thuringiensis [49–52].
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Figure 6. (A) Venn diagram of three replicates of proteomic analysis (PM1, PM2, PM3) of PM proteins
interacting with JcDV. Protein bands revealed by VOPBA were cut in SDS-PAGE gel stained with
Page blue and analyzed by LC–MS/MS as described in Methods. Among the 155 proteins common to
the three replicates, 138 were annotated in the reference genome of S. frugiperda [33]. (B) GO terms
enrichment for the 138 common annotated PM proteins interacting with JcDV (in green), compared to
the reference in grey (predicted proteins from OGS2.2 S. frugiperda genome) (FDR set at 0.01). Specific
enrichment in JcDV interacting proteins is considered when the green bars exceed the greys (controls).
The 138 common PM proteins were assignated to the GO terms using Blast2Go software.

These results show that JcDV capsids can recognize and bind to the different components of the
PM including chitin and several highly glycosylated proteins, both structural components of the PM
(mucin, peritrophins) or associated proteins (enzymes).

3.4. JcDV Early Pathogenesis Induces Changes in Midgut Metabolism

JcDV recognition and binding to glycans of the PM concentrates viral particles close to the epithelial
surface, which raised questions about the mechanism involved to cross over and reach the midgut
receptor(s). We hypothesized that capsids aggregation on the matrix can result in its disorganization,
in a way similar to chitin-binding wheat germ agglutinin (WGA) lectin or Calcofluor [53]. To test this
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hypothesis, we used fluorescent WGA-labelling (WGA-FITC) to label chitin and thus examine chitin
fibrils formation and PM organization. Third-instar caterpillars were fed with JcDV and then sacrificed
at 1 day p.i. to dissect and prepare midguts for semi-thin sections and WGA labelling. As shown in
Figure 7, the labelling of the PM (green) lined the apical surface of the epithelium in non-infected larvae
(PBS condition, Figure 7, upper panel). In addition, we observed a specific labelling at the apex of
columnar cells, probably corresponding to microvillar secretion of GlcNAc from these cells. By contrast,
the labelling lining the epithelium appeared discontinuous following infection (Figure 7, lower panel),
displaying a disorganized pattern reminiscent of the PM structure observed for caterpillars fed with
the WGA lectin [53]. Moreover, intracellular labelling was no longer observed in the sections from
infected caterpillars suggesting an arrest of GlcNAc secretion from the cells following early infection,
i.e., before we can detect virus replication in subepithelial tissues [13]. These results thus support the
hypothesis that JcDV binding on the PM and transcytosis is associated with a loss in its integrity, which
might reveal gut dysfunction.

Figure 7. JcDV oral infection induces PM disorganization. Caterpillars (L3) were orally infected with
JcDV (109 veg/caterpillar) or fed with PBS as a control. At 24 h p.i., semi-thin transversal sections (1 μm)
were prepared and processed for immunolabeling as described in Methods. WGA-FITC was used to
visualize chitin synthesis and PM structure (in green). Nuclei are in blue (Dapi). Arrows show GlcNAc
secretion by microvilli and arrowhead the PM. Lum, midgut lumen. Bars, 20 μm.

To determine the midgut response following JcDV break in, we analyzed the transcriptomic
response. We used Digital Gene Expression (DGE) based on the Serial Analysis of Gene Expression
approach [35]. This method involves the sequencing and quantification of end tagged short cDNA
fragments (i.e., Tags), which enables quantitative differential gene-expression analysis. We built four
cDNA libraries from midguts of mock-and infected larvae (Supplementary Materials Tables S2 and S3).
Tag sequences were mapped to the genome and transcriptome of S. frugiperda ([33,38]) and to the JcDV
genome. None of the tags were assigned to viral transcripts, which is consistent with JcDV pathogenesis
excluding replication in midgut cells [13]. Pie charts represented GO assignment corresponding to
unique transcripts at 1 and 3 days p.i. that displayed a differential expression at least 5-fold up- or
down-regulated (Supplementary Materials Figure S4A,B). Interestingly, the distribution of GO terms
was roughly similar at 1 and 3 days p.i., suggesting that the overall intestinal response to JcDV oral
infection was poorly affected by virus replication going on in subepithelial tissues (Supplementary
Materials Figure S4A,B). We observed only GO terms enrichment for the over-represented transcripts
at 1-day p.i., more specifically in functions involved in metabolic processes including translation (i.e.,
regulation of biological processes, response to stimuli and signaling) at 1 day p.i., that might indicate
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that JcDV intrusion induces a rapid metabolic response in the gut (Figure 8). Interestingly, these
changes did not change significantly at 3 days p.i. suggesting that the gut response is rapidly initiated
by JcDV transcytosis and was not affected by the viral replication that takes place in underlying tissues.
We did not observe any significant activation of genes involved in “inflammation” nor in the canonical
gut immune response. However, we observed an increased expression in cytochrome P450 and catalase
genes that might indicate a response of the cells to the ongoing infection.

Figure 8. GO terms enrichment between infected and non-infected midgut DGE libraries, for the
up-regulated genes at 24 h p.i. (in red), compared to the S. frugiperda reference genome (in grey) (OGS2.2
version; [33]) (FDR set at 0.01). The Blast2Go software was used for the assignation to the GO terms.

Concerning the expression of genes involved in carbohydrate, chitin metabolism and/or coding
for mucin-like proteins (all the corresponding results are provided in Supplementary Materials
Table S4), we only observed few changes including a trehalose transporter and an intestinal
mucin, both down-regulated from day 1 p.i., and a chitinase up-regulated at day 3 p.i.. Except
for an aminopeptidase N, no gene corresponding to the JcDV interacting proteins identified by VOPBA
displayed a transcriptional change.

We did not observe any significant activation of genes involved in “inflammation” nor in the
canonical gut immune response. However, we observed an increased expression in cytochrome P450
and catalase genes that might indicate a response of the cells to the ongoing infection.

Altogether these results show that JcDV infection induces rapid changes in the gut, particularly
in translation and metabolism, within 24 h p.i.. Both increased molecular activities might favor viral
invasion by supporting the increased energetic demand associated with virus replication in target
tissues. Interestingly, the canonical midgut immune system did not detect JcDV break in and transport
across the epithelium.

4. Discussion

How densoviruses cope with the forest of glycans that constitute extracellular matrices and
decorates insect cell surfaces has been so far a neglected step of their early pathogenesis. Results
presented here show that JcDV capsids display carbohydrate-binding properties that insure recognition
of the peritrophic matrix and determines caterpillars oral infection. We found that capsids can bind
to the different components of the PM and their agglutination on the PM surface is associated with
the disruption of its organization. Furthermore, we showed that this primary step of infection of
caterpillars results in a series of physiological changes in the midgut including an arrest of chitin
synthesis by epithelial cells.
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4.1. JcDV Recognition and Binding to Glycans

The PM is an obligatory binding platform for capsids to avoid elimination and get closer to the
epithelial cell surface where receptor recognition can occur. However, strong attachment to glycans
composing the PM would trap capsids there and thus impair their physical connection with the
receptor(s). Therefore, a first hypothesis is that the “stickiness” of the capsids is balanced to bind and
unbind glycans. We used competitions assays with monosaccharides to test this “bind and release”
hypothesis and our results showed that indeed, capsids have an affinity for glycans, although the
concentration range of the monosaccharides (mM) we tested likely indicates their poor affinity for the
capsids. As these monosaccharides could compete capsids away from the PM further suggests that
glycan-capsids interaction are probably of low affinity.

The issue for bound viral particles is then to move across the PM. Our experiments show that capsid
binding results in a structural disorganization of the PM similar to effects induced by chitin-binding
lectin WGA and Calcofluor. Such capsid-induced disruption of the PM thus favors a second hypothesis,
involving a “saturate and pass through” mechanism, where bound capsids are not released but open
a way for viral particles to cross over. Such “cooperative” mechanism of the capsids to overcome the
PM is supported by the fact that PM disruption is enhanced by virus concentration and decreased
as caterpillars age. Such developmental resistance of S. frugiperda has been also reported following
baculovirus infections and a high synergism with Calcofluor was obtained at late instars (e.g., > 60-fold
at 4th instar vs. 3 to 6-fold at 2nd and 3rd instars) [54].The structure and the composition of the PM can
vary as caterpillars grow and feed, or between populations, which might impact virus-PM interactions
and consequently insect susceptibility [16,17,55]. Whether PM disruption results from mechanical
stresses on chitin fibers similar to calcofluor and probably WGA lectins or from an enzymatic activity of
the capsids (i.e., of VP4) remains to be analyzed more thoroughly. Understanding the early interaction
of JcDV with the glycans of the PM within species, i.e., along the larval development is of importance
to develop biocontrol strategies against insect pests.

4.2. The Role of PM Glycans in the Species Barrier to Densovirus Infection

Whether or not the PM could contribute to the species barrier against densovirus infection is
unknown. A better understanding of the structure and the glycan composition of the PM in S. frugiperda
together with comparative studies in different lepidopteran species are essential to go further on the
role of the PM in densovirus infection.

Structure-fonction studies of the capsid of parvoviruses infecting vertebrates, in particular for
species in the genera Protoparvovirus and Dependovirus, have highlighted the importance of glycans
recognition on tissue tropism, pathogenicity, and host range adaption [6,45,56–59]. Regarding
densoviruses, information and capsid structure-function studies is poor [60]. We performed
preliminary assays with a glycan array from the Consortium for functional glycomics (http:
//www.functionalglycomics.org/fg/, AS Gosselin-Grenet, unpublished data). Although this array
represents mammalian glycans, the specific recognition of JcDV capsids by paucimannose, which are
particularly abundant in insects, suggests some specificity in the interaction of the capsid with glycans.
An “insect array” would be of interest to explore glycan ligands affinity and specificity for densovirus
capsids. Morevover, insects are particularly “handly” animal models for structure-function assays
in vivo.

4.3. JcDV Early Infection Induces Physiological Changes in the Midgut

We showed that JcDV early infection triggers an arrest of GlcNAc secretion, which might
considerably weaken the PM and explain the disorganized pattern observed with chitin-labelling at
1 day p.i. Interestingly, these changes are observed before we could detect JcDV transcription/replication
in primary targeted cells [13], suggesting that these effects are induced as a consequence of the transport
of the viral particles across the epithelium. It has been reported that specific drugs that disorganize
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microtubules induce an arrest of chitin synthesis [41,61]. We speculate that JcDV transcytosis might
induce some stress on the cytoskeletal network, similar to microtubules disorganizing drugs. It is
worthy to note that chitin synthesis arrest was not associated with a drop in the expression of chitin
synthase genes. However, we cannot exclude to have missed enzymes due to some lack in the
annotation of the genome of S. frugiperda [33].

Last, our results showed that JcDV capsids can also interact with components of the luminal
compartment including food and bacteria. The competition of the capsid with monosaccharides
for binding the PM, suggests that food components could interfere with infection. Indeed, plants
contain compounds that can interfere with PM synthesis, which has been shown to consequently
affect baculovirus infection [55] (Chen et al., 2018). Regarding bacteria, it has been shown recently
that the PM controls commensal bacteria, and conversely that its synthesis and integrity can be
microbiota-dependent, i.e., the gut microbiota inducing the expression of components of the peritrophic
matrix [62,63]. So, it is plausible that food and microbiota can modify the outcome of the densovirus
infection, either by directly competing for binding the PM, or indirectly by modulating the composition
of the PM.

The binding of densovirus capsids to a wide array of glycans questioned about the role of this
“stickiness” in the whole infection cycle including transmission. Groundbreaking articles have shown
the role of microbiota polysaccharides including GlcNAc, on the infectivity and thermostability of
picornaviruses [64–66], whose capsid share structural similarity with parvoviruses [25]. It is tempting to
speculate that densovirus “stickiness” can similarly impact their transmission, which might participate
to their success if only among arthropods that occupy extremely diversified ecosystems [67]. Such
consideration could also apply to parvoviruses going through faecal–oral route and environmental
contamination [58,68]. More generally, stickiness is a major issue for most viruses to and mathematical
models have been applied to influenza. They predict that a maximum stickiness favors a maximum
fitness [69]. However, trade-off probably exists in biological systems with an optimal “stickiness” that
must be found to infect and leave a host for transmission.

Densoviruses can be highly pathogenic for insect pests and vectors, which have long stimulated
their interest as biocontrol agents or genes vectors [70]. They are considered today with a renewed
interest as solutions to control harmful insects are lacking, which encourages efforts to understand their
pathogenesis and their specificity. Altogether our results suggest that PM glycans are crucial interacting
components of the early JcDV pathogenesis. Exploring their diversity and their complexity in insects
can also provide important cues on the extend of the mechanisms that determine densovirus specificity.
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