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Preface to ”Advances in Parvovirus Research 2020”

The Special Issue of Viruses ‘Advances in Parvovirus Research 2020’ features a series of articles

collected in 2020 and 2021. The issue was conceived in continuation of the 2019 Special Issue ‘New

Insights in Parvovirus Research’, which successfully attracted the interest of scientists actively

involved in research on the topic of paroviruses. The contributions collectively cover many aspects

of basic and translational research on viruses of the family Parvoviridae, which are incredibly diverse

in their biology and have significant relevance as human and veterinary pathogens, as tools for

oncolytic therapy, or as sophisticated gene delivery vectors.

Structural biology is the subject of articles contributed by Mietszch et al. and Chun Yu et al.,

from the group of late Mavis Agbandje-McKenna, a leading scientist whose achievements will exert

a long-lasting influence on her colleagues. Mattola et al. provide a review of current knowledge and

advanced experimental techniques for studying the initial phases of parvovirus replicative cycles.

Ros et al. summarize known aspects, open issues, and future perspectives related to the minor

capsid protein of parvovirus B19. Ferreira et al. report on the uptake mechanism of the oncolytic

parvovirus H-1, while Boftsi et al. provide new mechanistic details of post-transcriptional processing

in a Minute Virus of Mice virus model. Parvovirus B19 is the subject of contributions from Bua et

al. and Ducloux et al., both of which address issues with translational implications for a pathogenic

human virus. Other contributions are focused on viruses of veterinary interest, including the review

on perspectives related to Aleutian mink disease virus by Markarian et al. and the article on the

construction of viral-like particles of tiger feline parvovirus by Jiao et al. Investigations into the

molecular phylogenetics of canine parvovirus were the subject of further contributions by Kelman et

al., Giraldo-Ramirez et al., and Gainor et al., while Horecka et al. report on the shift in epidemiology

connected to the first wave of the COVID-19 pandemic. Finally, Mijanovic et al. present an overview

of adeno-associated virus-derived vectors for gene therapy of neurodegenerative diseases, an area of

impressive achievements and critical ethical debate.

In the years these papers were submitted, the concomitance of the most critical phases of

COVID-19 pandemic hindered normal research activity and diverted relevant energies and resources.

Searching for the term ‘Parvoviridae’ in PubMed reveals the emergence of an inversion in the

increasing trend in publications, with an around 30% decrease in published papers on the subject,

a fate common to numerous other subject topics in face of the exponential accumulation of works on

SARS-CoV2. It is foreseeable and hoped that in the near future, research on parvoviruses will resume

its pace and progress toward new knowledge and advanced translational applications.

Giorgio Gallinella

Editor
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Abstract: The capsid structures of most Adeno-associated virus (AAV) serotypes, already assigned
to an antigenic clade, have been previously determined. This study reports the remaining capsid
structures of AAV7, AAV11, AAV12, and AAV13 determined by cryo-electron microscopy and three-
dimensional image reconstruction to 2.96, 2.86, 2.54, and 2.76 Å resolution, respectively. These
structures complete the structural atlas of the AAV serotype capsids. AAV7 represents the first
clade D capsid structure; AAV11 and AAV12 are of a currently unassigned clade that would include
AAV4; and AAV13 represents the first AAV2-AAV3 hybrid clade C capsid structure. These newly
determined capsid structures all exhibit the AAV capsid features including 5-fold channels, 3-fold
protrusions, 2-fold depressions, and a nucleotide binding pocket with an ordered nucleotide in
genome-containing capsids. However, these structures have viral proteins that display clade-specific
loop conformations. This structural characterization completes our three-dimensional library of the
current AAV serotypes to provide an atlas of surface loop configurations compatible with capsid
assembly and amenable for future vector engineering efforts. Derived vectors could improve gene
delivery success with respect to specific tissue targeting, transduction efficiency, antigenicity or
receptor retargeting.

Keywords: AAV; serotype; capsid; cryo-EM; genome packaging; gene delivery

1. Introduction

Adeno-associated viruses (AAV) are single-stranded DNA packaging viruses of the
Parvoviridae and belong to the genus Dependoparvovirus [1]. Vectors based on AAVs are
being developed and used as gene delivery biologics to treat a large variety of monogenetic
diseases [2]. Thirteen human and primate AAV serotypes, and numerous genomic iso-
lates have been described and have been assigned to six clades A–F or individual clonal
isolates [3]. The virions of the AAVs are composed of non-enveloped capsids with T = 1
icosahedral symmetry and diameters of ≈260 Å [4]. They are assembled from 60 viral
proteins (VPs): VP1 (≈82 kDa), VP2 (≈73 kDa), and VP3 (≈61 kDa) in an approximate
1:1:10 ratio [5]. The VPs share a common C-terminus that includes the entirety of VP3.
Compared to VP3, VP1 and VP2 are extended at their N-termini with a shared ≈65 amino
acid (aa) region and additional ≈137 aa N-terminal to VP2 in the case of VP1 (VP1u).
The N-terminal regions of VP1 and VP2 contain conserved elements required for AAV
infectivity such as a phospholipase A2 (PLA2) domain, a calcium-binding domain, and
nuclear localization signals [6,7]. Overall, the VP1 amino acid sequence identity of the AAV
serotypes varies between 57 and 99% [8].

Viruses 2021, 13, 101. https://doi.org/10.3390/v13010101 https://www.mdpi.com/journal/viruses

1



Viruses 2021, 13, 101

The capsid structures of several natural human and primate AAV serotypes, AAV1-
AAV6, AAV8, AAV9, AAVhu.37, AAVrh.8, AAVrh.10, and AAVrh.39 have been determined
by either X-ray crystallography and/or cryo-electron microscopy (cryo-EM) [9–19]. Re-
gardless of the method of structure determination, only VP3 of the AAVs, except for
the first ≈15 aa, are structurally ordered. The VP3 structure consists of an anti-parallel,
eight-stranded (βB to βI) β-barrel motif, with the BIDG sheet forming the inner surface
of the capsid. An additional strand, βA, runs anti-parallel to the βB strand. Furthermore,
all AAVs conserve an α-helix (αA) located between βC and βD. Between the individual
β-strands, large loops are inserted that are characterized by high sequence and structure
variability among the AAVs. These loops form the exterior surface of the capsid and are
named after their flanking β-strands. For example, the HI loop is flanked by the βH and
βI strands. The sequence variability of different AAVs results in alternative conforma-
tions of these loops, which result in AAV serotype-specific capsid surface features. Nine
regions of significant diversity at the apex of these loops have been defined as variable
regions (VRs) by structural alignments [15]. Despite the structural differences of the VRs,
the overall capsid morphology is conserved. These include cylindrical channels at the
icosahedral 5-fold symmetry axes, formed by the DE-loops (VR-II), surrounded by a de-
pression largely outlined by the HI-loops. The 5-fold channel is believed to be the route
of genomic DNA packaging and VP1u externalization during endo/lysosomal trafficking
following cell entry [20,21]. At the 2-fold symmetry axes, depressions are flanked by
protrusions surrounding the 3-fold symmetry axes, and raised capsid regions between
the 2- and 5-fold axes are termed 2/5-fold walls. The 3-fold region as well as the 2/5-
fold wall have been identified as receptor binding sites for many AAV serotypes and
serve as determinants of cell and tissue tropism. Among the cellular receptors are sialic
acids [22–24], heparan sulfate proteoglycans (HSPG) [25–29], terminal galactose [30,31],
sulfated N-acetyl-lactosamine [32], AAVR [33], laminin [34], αvβ1 integrin [35], αvβ5
integrin [36], the hepatocyte growth factor receptor [37], the fibroblast growth factor recep-
tor [38], and platelet-derived growth factor receptor [39]. In addition to receptor binding,
the surface of the capsid, including the 5-fold region, displays antigenic sites for antibodies
raised by the host immune response [40].

In this study, the structures of the AAV7, AAV11, AAV12, and AAV13 capsids were
determined by cryo-EM in an effort to complete the panel of available structures for the
defined AAV serotypes. The empty and genome-containing capsid structures of these four
AAV serotypes were reconstructed to be between 2.54 to 3.15 Å resolution. All density
maps displayed well-defined amino acid side chain densities and showed the characteristic
AAV capsid features, including the channels at the 5-fold axes, depressions at the 2-fold and
surrounding the 5-fold axes, and protrusions that surround the 3-fold axes. The comparison
of the empty (no DNA) and full (genome packaged) capsid structures showed no structural
differences of the VP monomer except for an ordered nucleotide at the previously described
nucleotide (nt) binding pocket in the case of the full capsids and alternative side chain
orientations [17]. Compared to AAV2, significant structural differences were observed
primarily at the 3-fold protrusions and the 2/5-fold wall due to aa insertions or deletions
as well as sequence differences. This characterization of the structures of AAV7, AAV11,
AAV12, and AAV13, completes the library for the defined serotypes. This provides a means
to functionally annotate their capsids and a visual platform to aid recombinant DNA vector
engineering for improved gene delivery applications.

2. Materials and Methods

2.1. AAV Production and Purification

The AAV7, AAV11, AAV12, and AAV13 producer plasmid cap genes were synthesized
by GenArt (Thermo Fisher, Waltham, MA, USA) and subcloned into a plasmid with the
AAV2 rep gene to generate pR2V7, pR2V11, pR2V12, and pR2V13, respectively. Recombi-
nant AAV7, AAV11, AAV12, and AAV13 vectors, with a packaged luciferase gene, were
produced by the triple transfection of HEK293 cells, utilizing pTR-UF3-Luciferase, pHelper
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(Stratagene, San Diego, CA, USA), and either pR2V7, pR2V11, pR2V12, or pR2V13, and
harvested 72 h post transfection as previously described [41]. The cleared lysates containing
AAV7, AAV12, and AAV13 capsids were purified by AVB Sepharose and AAV11 by POROS
Capture Select AAVX affinity chromatography as previously described [42]. Sample purity
and capsid integrity were monitored by SDS-PAGE and negative- stain electron microscopy
using a Spirit microscope (FEI, Hillsboro, OR, USA).

2.2. Cryo-Electron Microscopy Data Collection and 3D Image Reconstruction

For each of the purified AAV capsids, 3.5 μL was applied to a glow-discharged Quan-
tifoil copper grid with 2 nm continuous carbon support over holes (Quantifoil R 2/4
400 mesh), blotted, and vitrified using a Vitrobot Mark 4 (FEI, Hillsboro, OR, USA) at 95%
humidity and 4 ◦C. The capsid distribution and ice quality of the grids were screened
in-house using an FEI Tecnai G2 F20-TWIN microscope (FEI) operated under low-dose
conditions (200 kV, ≈20e−/Å2). Images were collected on a GatanUltraScan 4000 CCD
camera (Gatan, Pleasanton, CA, USA). Grids deemed suitable for high-resolution data
collection were used for collecting micrograph movie frames using the Leginon applica-
tion [43] on a Titan Krios electron microscope. The microscope was operated at 300 kV
and data were collected on a Gatan K3 direct electron detector. During data collection, a
total dose of ≈60 e−/Å2 was utilized for 45 to 71 movie frames per micrograph (Table 1).
The movie frames were aligned using MotionCor2 with dose weighting [44]. All datasets
were collected as part of the NIH “Southeastern Center for Microscopy of MacroMolec-
ular Machines (SECM4)” project. For the three-dimensional image reconstruction, the
cisTEM software package was utilized [45] and the data were processed as described previ-
ously [46]. The sharpened density maps were inspected using Coot and Chimera [47,48].
The −90 Å2/0 Å2 sharpened maps were utilized for assignment of the amino acid main-
and side chains. The resolution of the cryo-reconstructed density maps for empty (no DNA)
and genome-containing AAV7, AAV11, AAV12, and AAV13 capsids were estimated based
on a Fourier Shell Correlation of 0.143 (Table 1).

2.3. Model Building and Structure Refinement

Three-dimensional (3D) homology models of AAV7, AAV11, AAV12, and AAV13
VP3 were generated with the protein structure homology-modeling server Swiss model
(https://swissmodel.expasy.org) [49] using their amino acid sequences (NCBI accession
numbers YP_077178, AAT46339, ABI16639 and ABZ10812, respectively) and supplying
the VP3 structures of AAV8 (PDB accession number: 2QA0) for AAV7, AAV4 (2G8G) for
AAV11 and AAV12, and AAV3 (3KIC) for AAV13 as templates [9,14,15]. A T = 1 60-mer
capsid coordinate model was generated from the respective VP3 with the VIPERdb2
Oligomer generator subroutine by icosahedral matrix multiplication [50]. The 60-mer
capsid models of each AAV were docked into their cryo-reconstructed density maps
by rigid body rotations and translations using the ‘fit in map’ subroutine within UCSF-
Chimera [48]. This application uses a correlation coefficient (CC) calculation to assess the
quality of the fit between the map generated from the model and the reconstructed map.
During the model fitting, the voxel (pixel) size of each reconstructed map was adjusted to
optimize the CC between the models and maps. The fitted models were exported relative
to the respective map for further use. Each map was resized to the voxel size determined
in Chimera using the “e2proc3D.py” subroutine in EMAN2 [51] and then converted to the
CCP4 format using the program MAPMAN [52]. A VP monomer was extracted from each
60-mer and the side- and main chains were adjusted into the maps by manual building and
the real-space refinement subroutine in Coot [47]. The adjusted capsid model was refined
against the map utilizing the rigid body, real space, and B-factor refinement subroutines in
Phenix [53]. Capsid model refinement was alternated with visualization and adjustment of
VP side- and main chains using Coot while maintaining model geometry as well as rotamer
and Ramachandran constraints [47]. The CC and refinement statistics, including root mean
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square deviations (RMSD) from ideal bond lengths and angles (Table 1), were analyzed
using Phenix [53].

Table 1. Summary of data collection, image processing, and refinement statistics.

Cryo-EM Data and
Refinement Parameter

AAV7 AAV11 AAV12 AAV13

Full Empty Full Empty Full Empty Full Empty

Total number of micrographs 271 1251 1629 1582

Defocus range (μm) 0.8–2.0 0.8–3.0 1.0–3.0 0.8–3.0

Total electron dose (e−/Å2) 60 60 60 60

Frames/micrograph 71 45 50 50

Pixel size (Å/pixel) 1.08 0.85 1.08 1.08

Capsids used for final map 4695 40,988 10,429 118,351 40,764 220,137 6794 56,962

Resolution of final map (Å) 3.16 2.96 3.15 2.86 2.67 2.54 3.00 2.76

Refinement Statistics

Map CC 0.871 0.899 0.859 0.863 0.864 0.868 0.856 0.864

RMSD bonds (Å) 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

RMSD angles (◦) 0.79 0.83 0.82 0.99 0.91 0.94 0.88 0.95

All-atom clashscore 8.83 7.78 9.29 10.38 8.91 7.96 8.26 8.99

Ramachandran plot (%)

Outliers 0 0 0 0 0 0 0 0

Allowed 2.3 1.7 2.3 1.7 1.5 1.5 1.9 2.1

Favored 97.7 98.3 97.7 98.3 98.5 98.5 98.1 97.9

Rotamer outliers 0 0 0 0 0 0 0.2 0

Cβ deviations 0 0 0 0 0 0 0 0

2.4. AAV Capsid Structure Comparison

The Cα positions of the ordered amino acids within the VP3 atomic coordinates
for each of the AAVs were superposed using secondary structure matching (SSM) in
Coot [54]. This SSM subroutine also generates a list of the Cα–Cα distances between the
aligned structures, which was used to calculate the overall root mean square deviation
(RMSD). Deviations between non-overlapping Cα positions, because of residue deletions
or insertions, were measured using the distance tool in Coot. Structural identity was
determined using PDBeFold (https://www.ebi.ac.uk/msd-srv/ssm/) and calculated as
the number of aligned residues (<1.0 Å apart) divided by the total number of residues.
Amino acid sequence alignments of the different AAV serotypes were done utilizing the
sequence alignment option in VectorNTI (Invitrogen, Carlsbad, CA, USA).

2.5. Structure Accession Numbers

The full and empty AAV7, AAV11, AAV12, and AAV13 cryo-EM reconstructed
density maps and models built for their capsids were deposited in the Electron Mi-
croscopy Data Bank (EMDB) with accession numbers EMD-23190/PDB ID 7L5U (AAV7
full), EMD-23189/PDB ID 7L5Q (AAV7 empty), EMD-23202/PDB ID 7L6E (AAV11 full),
EMD-23203/PDB ID 7L6F (AAV11 empty), EMD-23200/PDB ID 7L6A (AAV12 full), EMD-
23201/PDB ID 7L6B (AAV12 empty), EMD-23204/PDB ID 7L6H (AAV13 full), EMD-
23205/PDB ID 7L6I (AAV13 empty), respectively.

3. Results and Discussion

3.1. The Structures of AAV7, AAV11, AAV12, and AAV13 Capsids Completes the Serotype List

The capsid structures of AAV serotypes 1–6 and 8–9 have been previously reported [9–15],
leaving those of AAV7 and AAV10–13 yet to be determined. AAV10, a member of clade E [3],
possesses just a single amino acid (aa) difference (A589T) within VP3 compared to AAVrh.39,
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for which the capsid structure has been determined [17]. Thus, the AAV10 capsid structure
is likely identical to AAVrh.39, especially since the AAVrh.10 capsid, which has several
aa differences, is already shown to be structurally identical to AAVrh.39 [17]. In contrast,
AAV7 (has an 82 aa difference in VP3 vs. AAV8), AAV11 (109 aa vs. AAV4), AAV12 (109 aa
vs. AAV4), and AAV13 (28 aa vs. AAV3) are substantially different to their closest sequence-
related AAV serotype, as shown in the parentheses. Thus, to determine their capsid
structures recombinant AAV7, AAV11, AAV12, and AAV13 vectors were produced by triple
transfection of HEK293 cells followed by purification with AVB affinity chromatography
in the case of AAV7, AAV12, and AAV13, and AAVX affinity chromatography in the
case of AAV11, as described in the methods. While the affinity purification resulted in
highly pure AAV capsid preparations, it did not separate empty (no genome) and genome-
containing (full) capsids, and thus, both types of capsids were observed in cryo-EM
micrographs (Figure 1A).

 

Figure 1. Cryo-electron microscopy (cryo-EM) reconstruction of genome containing (full) and empty AAV7 and AAV11–
AAV13 capsids. (A) Cryo-electron micrographs showing the presence of full capsids (dark appearance) and empty (light
appearance). Scale bar: 50 nm. (B) Cross-sectional views of the reconstructed maps determined by cryo-EM reconstruction
from full and empty capsids contoured at a sigma (σ) threshold level of 0.9. The reconstructed maps are radially colored
(blue to red) according to radial distance to the particle center. This figure was generated using UCSF-Chimera [48].

The distribution of the capsids in the micrographs enabled the independent structural
determination of both empty and full capsids using 2D classification, as described previ-
ously [46], for each serotype. For AAV7, AAV11, AAV12, and AAV13, the empty/full struc-
tures were determined from 40,988/4695, 118,351/10,429, 220,137/40,764, and
56,962/6794 capsids, respectively, to 2.96/3.16, 2.86/3.15, 2.54/2.67, and 2.76/3.00 Å resolu-
tion (FSC 0.143), respectively (Table 1). For each of the AAV serotypes, the resolution of the
full structures is slightly lower compared to the empty, which is most likely due to fewer
capsids used in the reconstructions of the former. Direct comparison of the reconstructed
empty and full maps for each AAV serotype in a cross-sectional view clearly showed the
electron-dense filled interior of the genome-containing capsids, which is absent from the
empty capsids (Figure 1B). Similar to previous observations of full AAV capsid density
maps, the majority of the capsid interior is filled except for the region directly underneath
the 5-fold channel [17,46]. It has been suggested that the dynamic and flexible VP1/VP2
common region and VP1u could be located in the area under the 5-fold channel in readiness
to be externalized through the 5-fold channel, which is a structural rearrangement that is
required for its PLA2 enzyme function during the viral life cycle [20].
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3.2. The AAV7, AAV11, AAV12, and AAV13 Capsid Structures Conserved the AAV Features

Regardless of whether full or empty maps were analyzed, the different AAV serotypes
displayed the characteristic morphological features of other AAVs, e.g., a channel at the
5-fold symmetry axes, trimeric protrusions that surround each 3-fold symmetry axis, and
a depression at each 2-fold symmetry axis (Figure 2A). However, the exact morphology
of the 3-fold protrusions varies between the different AAV serotypes, with much broader
protrusions for AAV11 and AAV12 compared to AAV7 and AAV13. Similarly, the shape and
orientation of the 2-fold depression of AAV11 and AAV12 differs from AAV7 and AAV13.

 
Figure 2. The AAV7 and AAV11–13 capsid structures. (A) The capsid surface density maps contoured at a sigma (σ)
threshold level of 2.0. The maps are radially colored (blue to red) according to distance to the capsid center, as indicated by
the scale bar on the right. The icosahedral 2-, 3-, and 5-fold axes as well as the 2/5-fold wall are indicated on the AAV7
capsid map. (B) The AAV7 and AAV11–13 amino acids modeled for the βG strand are shown inside their respective density
maps (black mesh). The amino acid residues are as labeled and shown in stick representation and colored according to atom
type: C = yellow, O = red, N = blue, S = green. This figure was generated using UCSF-Chimera [48].

The reconstructed maps of the four AAV serotypes, empty and full, showed well-
ordered amino acid side-chain densities (Figure 2B) throughout the VP structure starting
at aa position 218–220 (AAV7 numbering), which is comparable to the other currently
determined AAV serotype capsid structures [9–15]. The only exception was the apex of
surface loop VR-IV in AAV7, where aa 455–458 (GGTAG) were disordered, preventing the
reliable placement of main- and side-chain residues. A similar disorder was previously
observed in AAVrh.10 and AAVrh.39 that share the same or very similar sequence at the
apex of the loop, GGTAG and GGTQG, respectively [17]. The glycines on both sides of the
apex likely confer the flexibility of this loop and thus the cause of the lack of structural
order. AAV11–13 do not possess this accumulation of glycines at this loop; thus, their loops
were structurally ordered.

3.3. The Full Capsids of AAV7, AAV11, AAV12, and AAV13 Show Ordered Nucleotides

Similar to previous observations, a structural comparison of empty to the full capsids
for the individual AAV serotypes showed them to be largely identical with overall Cα

RMSDs ranging from ≈0.2 to 0.3 Å [17,46]. However, a major difference is the observation
of weakly ordered density in the interior of the capsid maps in the full structures interpreted
as the packaged genome (Figure 1B). This density extends into a pocket underneath the 3-
fold symmetry axis and has been interpreted as deoxyadenosine monophosphate (dAMP),
which is positioned between conserved prolines 421/632 and histidine 631 (AAV7 number-
ing) (Figure 3A). We hypothesized that the genome interacts with this 3-fold region of the
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interior capsid by binding within the pocket to two symmetry-related VP monomers [17].
Due to the imposed icosahedral symmetry during 3D image reconstruction and the fact
that the genome cannot follow this symmetry, other nucleotides leading in and out of this
pocket are weakly ordered and cannot be reliably modeled. We postulate that as reconstruc-
tion methods improve, relaxation of the enforced icosahedral symmetry in future structure
determination efforts may allow the observation of a more ordered DNA structure.

 
Figure 3. Empty and full Adeno-associated virus (AAV) density map differences. (A) The modeled AAV7 and AAV11–13
residues at the nucleotide binding pocket with their respective mesh density maps (black = empty, red = full). The extra
density exclusively in the full maps was interpreted as an ordered nucleotide (deoxyadenosine monophosphate, dAMP). (B)
Dual conformation of histidines (e.g., H230 in AAV7). This histidine adopts alternative side-chain conformations primarily
in the absence of packaged DNA with the exception of AAV12. Atom colors: C = yellow, O = red, N = blue, S = green,
P = orange. This figure was generated using UCSF-Chimera [48].

While the VP structures of empty and full capsids were largely identical, some alter-
native side-chain orientations, e.g., histidine 230 (AAV7 numbering), were observed. In the
AAV serotype structures determined in this study, the histidine side chain preferred the
“left” orientation in full capsids (Figure 3B). However, in AAV12 and AAV13, weak density
was also observed toward the “right” orientation. In contrast, both orientations are equally
adopted in empty capsids, except for AAV12, where the right orientation appears to be
favored (Figure 3B). The dual conformation of H230 was previously observed in empty
AAVrh.10 capsids [17]. While the cause of this difference between empty and full capsids is
unknown, disordered density at low sigma level in the full maps, likely from the packaged
genome, appears to contact the histidine side chain in the “right” orientation and thereby
induce this preferred conformation of the side chain. Furthermore, H230 is located near
the 5-fold symmetry axis, and the different conformation may be related to the observed
differences underneath the 5-fold region in both types of capsids (Figure 1B).

3.4. The AAV7, AAV11, AAV12, and AAV13 Capsid Structures Display Diversity in Surface
Loop Conformations

The AAV7, AAV11–13 VP topologies conserve the core eight-stranded anti-parallel
β-barrel (βB-βI), with the additional β-strand A and α-helix A (Figure 4A), as described
previously for all other AAV structures [9,11–15,17–19,46,55–59]. When superposed, these
core regions are homologous for the AAV serotypes (Figure 4A). Between the β-strands, the
loops that form the surface of the capsids provide the structural variability among different
AAVs. The nine VRs, I-IX previously defined [15], provide serotype-specific functions.
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Figure 4. Structural comparison of AAV2, AAV7, and AAV11–13. (A) Structural superposition of AAV2 (blue), AAV7 (cyan),
AAV11 (burgundy), AAV12 (salmon), and AAV13 (wheat) shown as ribbon diagrams. The positions of β-strands, the N- and
C-terminus, the variable regions (VRs), and the icosahedral 2-, 3-, and 5-fold axis are indicated. This figure was generated
using PyMol [60]. (B) Cα–Cα distance plot (in Å) for the AAV7 and AAV11–13 residues relative to AAV2 of the superposed
viral protein (VP) structures. The VRs are indicated and the overall VP Cα-RMSD (root mean square deviation) compared
to AAV2 shown. The dashed line marks the Cα–Cα distance variation of 1 Å.

Compared to AAV2, the prototype serotype, some of the AAV7 and AAV11–13 surface
loops showed only minor structural differences with Cα distances of ≤1 Å such as VR-VIII
and the HI-loop (Figure 4B). AAV7 also shows minor structural differences compared
to AAV2 in four additional loops (VR-III, VR-V, VR-VI, and VR-IX) and AAV13 in six
additional loops (VR-I, VR-III, VR-V, VR-VI, VR-VII, and VR-IX), respectively. Structural
variability (Cα distances of <3 Å) was also observed for the DE-loop/VR-II at the 5-fold
symmetry axis for all analyzed AAV serotypes. The absence of major differences in the
5-fold region, which includes the HI-loop, are likely due to the common function these
loops have to fulfill such as their role in DNA packaging and VP1u externalization [20,21].

Greater structural variability between AAV7 and AAV2 was seen in VR-I, VR-IV,
and VR-VII due to single aa insertions (VR-I and VR-IV) or a single aa deletion (VR-VII)
(M). In AAV13, the only significant structural difference is observed in VR-IV, which is
slightly shorter due to a single aa deletion compared to AAV2. In contrast, major structural
variabilities (vs. AAV2) were seen in VR-I, VR-III, VR-IV, VR-V, VR-VI, VR-VII, and VR-IX
for AAV11 and AAV12. Consequently, their overall Cα-RMSD for the entire VP is larger
than that of AAV7 and AAV13 (Figure 4B). Most notably is the 5 aa insertion in VR-V for
both AAV11 and AAV12, relative to AAV2, but also to AAV7 and AAV13 (Figure 4A). In
addition, both AAV serotypes possess a single aa insertion in VR-IV and display a different
conformation to the other AAV serotypes with the apex of the loop positioned over part
of VR-V. This subloop of VR-V and the alternative conformation of VR-IV are responsible
for the broader appearance of the 3-fold protrusions of the AAV11 and AAV12 capsids
as described above (Figure 2A). On the side of the 3-fold protrusions VR-VI and VR-VII
also showed significant differences with a 1 aa deletion in VR-VI and major structural
variabilities in AAV11 and AAV12 (Figure 4A,B). Similarly, structural differences of VR-I,
VR-III, and VR-IX lead to morphological differences at the 2/5-fold wall. VR-I takes a
different conformation in AAV11 and AAV12 compared to AAV2 due to a 3 aa deletion. This
is partially compensated by VR-III with a 2 aa insertion resulting in a broader loop without
extending the height of the loop (Figure 4A). Finally, VR-IX of AAV11 and AAV12 displays a
differential conformation without amino acid insertions or deletions relative to AAV2. This
variation is located near the 2-fold symmetry axis, resulting in a slightly wider depression
of the AAV11 and AAV12 capsid (Figure 2A). Their overall RMSD of the Cα coordinates for
the entire VP of 2.05 and 2.02 Å (vs. AAV2) is greater than the overall Cα RMSD of AAV2
compared to AAV5, the most divergent AAV serotype, with a Cα RMSD of 1.8 Å [46].
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3.5. The AAV7, AAV11, AAV12, and AAV13 Capsid Structures Display Clade-Specific
Surface Features

The clades for the AAV serotypes were proposed in 2004 [3] based on more than 100
unique isolates from human and non-human primates that were grouped based on their
VP phylogenetical similarity (Figure 5A). AAV serotypes 10–13 were described after this
study [28,61,62], and thus, they were originally not grouped into the clades.

 
Figure 5. Relationship of the AAV serotypes. (A) Cladogram showing the assignment of the AAV serotypes to their clades
as proposed by Gao et al. [3]. (B) Amino acid sequence identity of the AAV serotypes given as percentage for VP1 and VP3
or the structural identity as a percentage of aligned amino acids within 1Å when superposed. High values are colored
in dark blue or orange and lower values in lighter shades of each color, respectively. * For AAV10, the VP structure of
AAVrh.39 was utilized, which varies by a single aa from AAV10.

AAV7 belongs to clade D (Figure 5A) and is closest related to the clade E members
AAV8 and AAV10 based on VP1 or VP3 amino acid sequence ranging from 85 to 88% aa
sequence identity (Figure 5B). When AAV7 is superposed onto AAV8, the overall Cα RMSD
is 0.75 Å with a structural identity of 93% (Figures 5B and 6A), which is slightly lower than
the comparison to AAV2 described above at 0.92 Å. However, the 94% structural identity
of AAV7 compared with AAV2 is slightly higher than for AAV7 vs. AAV8 (Figure 5B).
Compared to AAV8, the AAV7 VP showed different surface loop conformations in VR-I
(1 aa deletion), VR-IV (1 aa insertion), and VR-VII (1 aa deletion), respectively. In fact, these
AAV7 loops are unique among all the available AAV serotype capsid structures. VR-I of
AAV7 is structurally most similar to AAV1 and AAV6, without deletions or insertions but
with amino acid variations resulting in Cα distance variation of up to 3 Å. AAV7’s VR-VII is
the shortest loop among all AAV serotypes with a 1 aa deletion compared to AAV1-AAV4,
and AAV6-AAV13 and a 4 aa deletion compared to AAV5. AAV7 vectors were shown to
result in high transduction efficiencies of the CNS and spinal cord after delivery into the
cerebrospinal fluid or intravenously [63,64]. This indicates that AAV7 might be able to
cross the blood–brain barrier (BBB). However, the proposed residues in AAVrh.10 reported
to be responsible for this phenotype [17] are only partially conserved in AAV7, e.g., S269,
but not N472, where AAV7 has a threonine. More research is needed to determine if AAV7
has the ability to cross the BBB. AAV7 was shown to bind to several AAV8 antibodies,
which are termed ADK8, HL2381, and HL2383 [65,66]. These antibodies utilize AAV8’s
VR-VIII as its epitope [67,68]. The observed cross-reactivities can be explained by the high
structural conservation of VR-VIII between AAV7 and AAV8 (Figure 6A).
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Figure 6. Structural comparison of AAV7 and AAV11–13 to their closest clade member. (A) Left—Structural superposition of
AAV7 (cyan) and AAV8 (green) shown as ribbon diagrams. The positions of the N- and C-terminus and the variable regions
(VRs) are indicated. This figure was generated using PyMol [60]. Right—Cα–Cα distance plot (in Å) for the AAV7 residues
relative to AAV8 when the VP structures are superposed. The VRs are indicated, and the overall AAV7 VP Cα–RMSD
compared to AAV8 is shown. The dashed line marks a Cα–Cα distance of 1 Å. (B) Structural comparison as in (A) for AAV4
(red), AAV11 (burgundy), and AAV12 (salmon). (C) Structural comparison as in (A) for AAV3 (yellow) and AAV13 (wheat).

For AAV11 and AAV12, the closest related AAV serotype is AAV4 (Figure 5A) based on
VP1 or VP3 amino acid sequence ranging from 78 to 81% aa sequence identity (Figure 5B).
However, the sequence identity of AAV11 and AAV12 to each other is slightly higher
(84–87%). Surprisingly, the structural identity between AAV11 and AAV12 is 98%, which is
only surpassed by AAV1 and AAV6 with 99% sequence and structural identity (Figure 5B).
Compared to all other AAV serotypes, the VP3 sequence identity ranges from 51 to 59%
(Figure 5B). Consequently, the AAV4 VP is structurally more similar to AAV11 and AAV12
when superposed (Figure 6B) with a structural identity of 91–92% compared to all other
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AAV serotypes with structural identities ranging from 63 to 79% (Figure 5B). In particular,
AAV4, AAV11, and AAV12 share the insertion in VR-V and the alternative conformation
of VR-IV (Figure 6B). The overall Cα RMSD of AAV11 and AAV12 to AAV4 is 0.68 and
0.70 Å with minor loop variations in VR-II, VR-III (1 aa deletion in AAV11 and AAV12),
VR-VII, and VR-VIII (Figure 6B). When AAV11 and AAV12 are compared to each other,
minor structural differences were observed in VR-II and VR-VII with an overall Cα RMSD
of 0.56 Å. We propose that rather than clonal isolates, these three viruses, AAV4, AAV11,
and AAV12 (Figure 5A), should be grouped into a new clade G.

While for AAV4, α2–3 linked sialic acid is described as a receptor [22], the receptor for
AAV11 and AAV12 is unknown. For AAV12, HSPG and sialic acids were excluded as a
receptor [62], and no binding to the available glycans on an array was shown [29]. Amino
acids in AAV4 were suggested to be involved in sialic acid binding, which involves residues
in VR-V, VR-VI, and VR-VIII [69]. The amino acids in VR-V and VR-VI are conserved
structurally and in residue type in AAV11 and AAV12, unlike those in VR-VIII, which may
be the reason why AAV11 and AAV12 do not bind sialic acids. Overall, AAV11 and AAV12
vectors have been rarely used for gene delivery purposes; however, AAV11 was described
to possess a tropism for the spleen and smooth muscle [61,70], whereas AAV12 was shown
to transduce nasal epithelia efficiently [71].

An interesting difference between AAV4, AAV11, and AAV12 for AAV vector pro-
duction is the requirement for the assembly activating protein (AAP) for capsid assem-
bly [72,73]. While AAV12 is dependent on the presence of AAP, AAV4 and AAV11 are not.
An analysis of residues shared between AAV4 and AAV11 but not with AAV12 revealed a
total of 23 aa. Previous studies suggested that interior residues are involved in the AAP
function [74,75]. Only four of 23 aa differences are located in the interior of the capsid,
A301S, A338T, I619V, and R688H (first aa type = AAV4/11, second aa type = AAV12). Of
these aa positions, 619 is likely not the determining factor, since AAV11’s isoleucine is
conserved in most AAV serotypes. A301S and R688H are located near the 2-fold symmetry
axis, which is the previously suggested region for AAP binding [74]. More research is
needed to confirm the importance of the residues for capsid assembly.

For AAV13, the closest related AAV serotype is AAV3 (Figure 5A) based on VP1 or
VP3 amino acid sequence ranging from 94 to 95% aa sequence identity, which is followed
by AAV2 with 88–90% (Figure 5B). Nonetheless, when superposed, AAV13 is structurally
slightly more similar to AAV2 compared to AAV3 (Cα RMSD: 0.65 Å vs. 0.72 Å and
structural identity: 96% vs. 92%) (Figure 4B, Figure 5B, and Figure 6C). In addition to
the significant difference in VR-IV caused by 2 aa deletion of AAV13 relative to AAV3,
there are also minor variations in VR-I, VR-II, and VR-V (Figure 6C). Common to all of
these three AAV serotypes is their ability to bind to HSPG [25,28,29,76] and to the A20
antibody [77]. For AAV13, a critical aa for this binding is K528, which is not present in
AAV2 or AAV3 [28]. This residue is located on the side of the 3-fold protrusion within
VR-VI. The mutation of K528 to glutamic acid results in the inability to bind HSPG [28,29].
Interestingly, this residue is in a structural equivalent position to AAV6-K531 reported to
be important for HSPG binding of AAV6 [78]. AAV13 vectors have currently not been used
for gene delivery purposes. Thus, more research is needed to determine its tropism and
transduction efficiency.

4. Conclusions

This study determined the capsid structures of AAV7, AAV11, AAV12, and AAV13,
thereby completing the panel of available structures for all currently defined AAV serotypes.
While these capsids conserve the AAV capsid features such as the 5-fold channels, protru-
sions around the 3-fold symmetry axes, depressions at the 2-fold axes, as well as nucleotide
binding pocket, they also display surface loops that are not found in any other AAV
serotype structure. These separate AAV7 from its closest related AAV members contained
within clade E (such as AAV8, AAV10, or AAVrh.10).
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AAV11 and AAV12 share structural similarity to AAV4 with loop conformations that
are also not found in other AAV serotypes. Thus, while not defined as such, AAV4, AAV11,
and AAV12 might form a separate clade. Lastly, AAV13 with AAV3 as its closest related
AAV serotype shares structural similarity to both AAV2 and AAV3. It likely belongs to
clade C, which was previously described to contain AAV2–AAV3 hybrid members.

The definition of clades suggests antigenic specificity, with members being cross-
reactive [3]. However, recent data shows that members of different clades cross-react, and
thus the clade definition requires revisiting [66]. The completion of the AAV serotype
structural atlas, providing visualization of the conserved and variable regions, shows
that the serotypes can also be grouped based on structural morphology. These structures
provide a template for engineering the AAV capsids for targeted tissue tropism and the
escape of recognition by host antibodies toward improved vector efficacy.
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Abstract: Human bocavirus 1 (HBoV1) has gained attention as a gene delivery vector with its ability
to infect polarized human airway epithelia and 5.5 kb genome packaging capacity. Gorilla bocavirus
1 (GBoV1) VP3 shares 86% amino acid sequence identity with HBoV1 but has better transduction
efficiency in several human cell types. Here, we report the capsid structure of GBoV1 determined
to 2.76 Å resolution using cryo-electron microscopy (cryo-EM) and its interaction with mouse
monoclonal antibodies (mAbs) and human sera. GBoV1 shares capsid surface morphologies with
other parvoviruses, with a channel at the 5-fold symmetry axis, protrusions surrounding the 3-
fold axis and a depression at the 2-fold axis. A 2/5-fold wall separates the 2-fold and 5-fold axes.
Compared to HBoV1, differences are localized to the 3-fold protrusions. Consistently, native dot
immunoblots and cryo-EM showed cross-reactivity and binding, respectively, by a 5-fold targeted
HBoV1 mAb, 15C6. Surprisingly, recognition was observed for one out of three 3-fold targeted
mAbs, 12C1, indicating some structural similarity at this region. In addition, GBoV1, tested against
40 human sera, showed the similar rates of seropositivity as HBoV1. Immunogenic reactivity against
parvoviral vectors is a significant barrier to efficient gene delivery. This study is a step towards
optimizing bocaparvovirus vectors with antibody escape properties.

Keywords: bocavirus; capsid; parvovirus; cryo-EM; gene therapy; antigenicity

1. Introduction

Gorilla bocavirus 1 (GBoV1) is a member of the genus Bocaparvovirus in the Parvoviridae
that contain single-stranded DNA (ssDNA) packaging viruses [1]. The family is divided
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into three subfamilies, including the subfamily Parvovirinae whose members infect verte-
brate hosts [1]. Bocaparvoviruses represents the largest genus in this subfamily, with 21
classified species that infect a variety of hosts, including cows, rabbits, rodents, humans
and non-human primates [2–10]. Bovine parvovirus (BPV) is the first discovered member
of the genus, isolated from cattle in 1959 [3]. The first discovered member infecting hu-
mans is human bocavirus 1 (HBoV1), isolated in 2005 from nasopharyngeal aspirates of
children under 2 years of age with acute respiratory infections [7]. Enteric strains, HBoV2-4,
were then described from children with acute gastroenteritis [8,9]. GBoV1 was isolated
from gorillas with enteritis and is the first identified non-human primate bocavirus [10].

The bocaviruses have a ~5.5 kb genome that consist of three open reading frames
(ORFs), the ns gene on the left end, the cap gene on the right end and the np gene between
ns and cap [7]. The three ORFs are flanked by two non-identical hairpin structures and are
transcribed from a single promoter (p5) to generate a single pre-mRNA that is alternatively
spliced [11,12]. The ns gene encodes non-structural proteins that are essential for viral
DNA replication [11]. The np gene encodes the NP1 protein, which was shown to be
play a role in pre-mRNA processing and subsequent capsid protein expression [11,13].
The structural proteins that form the viral capsid, VP1, VP2 and VP3, are encoded by the
cap gene [14]. Sixty copies of VP1, VP2 and VP3 assemble one T = 1 icosahedral capsid in
an approximate 1:1:10 ratio in 2-, 3-, 5-related symmetries [14,15]. The three VPs share the
same C-terminus. VP3 is the major capsid protein and is the smallest of the three VPs. VP2
shares a common region with VP1 at the N-terminus, called the VP1/2 common region [16].
The unique region of the minor VP1 protein N-terminus (VP1u) contains a phospholipase
activity (PLA2) shown to be responsible for endosomal escape during trafficking to the
nucleus and is absolutely required for infectivity [17–19]. The VP1u is hypothesized to
externalize through a channel located at the 5-fold axis of the capsid to activate its PLA2
activity [20,21]. While VP1 incorporation is essential for viral infectivity, the VP3 protein
alone was shown to form intact capsids, termed VP3-only capsids, with similar antigenicity
to wild-type capsids [22,23]. It is the capsid that interacts with the host environment and is
a determinant of host and cell recognition, host immune response and cell entry [24].

Previously, the capsid structures of HBoV1-4 have been reported that showed con-
served features across the Parvoviridae family, as well as features unique to the genus [23,25].
The bocavirus VP monomer has a conserved eight-stranded β-barrel motif (βB to βI), form-
ing the interior of the capsid, with a βA strand that runs antiparallel to βB and an α-helix
(αA) located between strands βC and βD of the β-barrel [16]. The loops between the β

strands form the surface of the capsid and these surface loops are labeled based on the
flanking β strands, for example, the loop between βD and βE is the DE loop. Within
the loops are defined variable regions (VRs), ranging from VR-I to VR-IX. These vari-
able regions (VRs) were previously defined for the bocaviruses based on comparisons
to the structure of bovine parvovirus (BPV), the first capsid structure solved from the
Bocaparvoviridae genus [26]. In addition to the conserved β-barrel motif, βA and αA, the
bocaviruses were reported to possess a unique α-helix (αB) located near VR-III as well as a
basket-like structure beneath the 5-fold channel [23].

Recently, HBoV1 and GBoV1, along with enteric human strains HBoV2-4, were pro-
posed as gene therapy delivery vectors. The interest in HBoV1 stems from its specific
tropism for the apical side of polarized human airway epithelia (pHAE), which is optimal
for the treatment of cystic fibrosis [27,28]. Gene therapy has been the “gold standard” for
the treatment of monogenetic diseases such as cystic fibrosis but Adeno-associated virus
serotype 2 (AAV2), a vector used for treatment was shown to be inefficient at delivery
to the lung and has tropism for the basolateral side of pHAE [29–31]. In addition to the
favorable tropism of HBoV1, the expanded genome capacity of bocaviruses (5.5 kb), com-
pared to AAV, allows the packaging of the full-length 4.7 kb CFTR gene [7,28]. Due to
these advantages, various studies have aimed to optimize a recombinant (r)AAV2/HBoV1
pseudotyped vector, a HBoV1 capsid-based vector that packages a transgene with rAAV2
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inverted terminal repeats (ITRs), for delivery of the CFTR gene. This vector was shown to
have tropisms similar to the HBoV1 wild-type virus [28,32,33].

Despite the advantages of HBoV1 as a gene therapy vector, the capsid has high sero-
prevalence in the human population, a hurdle to therapeutic gene delivery. GBoV1 is an
alternative to HBoV1, as it is capable of also infecting the apical side of pHAE efficiently,
package 5.5 kb and less susceptible to neutralization by pooled intravenous immunoglobu-
lin (IVIgs) [33]. The goal of this study was to characterize the GBoV1 capsid and to better
understand the functional regions including antigenicity of the capsid. We report the
high-resolution structure of the GBoV1 capsid, determined by cryo-electron microscopy
(cryo-EM) and 3D single-particle reconstruction. The GBoV1 VP3 monomer conserves
features common to parvoviruses and contains features unique to bocaviruses, for exam-
ple, α-helix αB. Within the capsid interior is a 5-fold basket-like density, which appears
smaller when compared to HBoV1-4. The main differences between the HBoV1 and GBoV1
monomer are localized to VR-I, VR-III and VR-V. Low-resolution structures of the GBoV1
capsid complexed with mouse monoclonal antibodies (mAbs) 15C6 and 12C1, originally
generated against HBoV1, show epitopes localized to the 5-fold and 3-fold axes, respec-
tively, in agreement with reports for HBoV1 [22]. However, two other mAbs, targeted at the
HBoV1 3-fold axis, did not recognize GBoV1 indicating structural variation at this capsid
region between the two viruses. Both viruses showed comparable high seroprevalence
against human sera suggesting a high degree of cross-reactivity for the sera tested and a con-
served capsid region, such as the 5-fold region, as forming the epitopes. These observations
begin to unravel the antigenic properties of GBoV1 and provide information that could aid
engineering vectors with reduced antigenic reactivity and, thus, therapeutic efficacy.

2. Methods

2.1. Virus-Like Particle Production and Purification

The Bac-to-Bac baculovirus system was used for the expression of HBoV1, HBoV4,
GBoV1, AAV2 and AAV5 virus-like particles (VLPs) as described previously for HBoV1
(VP3 only), AAV2 and AAV5 [22,34]. For the generation of GBoV1 expressing VP1, VP2 and
VP3 (termed wild-type), the entire cap gene (NCBI accession no. NC_014358.1) was cloned
and inserted into the pFastBac plasmid with an ACG start codon for VP1. For the generation
of GBoV1 VP3-only VLPs, the VP3-encoding sequence (without the VP1 unique region and
the VP1/2 common region) was directly cloned and inserted into the pFastbac plasmid for
transposition into the baculovirus expression vector. Based on the standard manufacturer’s
protocol, the baculovirus expression vectors were then used to generate recombinant
baculovirus stocks expressing GBoV1 wild-type and VP3-only VLPs [35]. Briefly, Sf 9 insect
cells, maintained in SFM Sf9-900 medium (Thermo Fisher, Waltham, MA, USA) with 10%
fetal bovine serum (FBS) and antibiotics, were infected at a multiplicity of infection (MOI)
of 5 and harvested 72 h post-infection. Sucrose cushion and sucrose density gradients
were performed for the purification of VLPs after three rounds of freeze-thaw cycles and
benzonase (Millipore) treatment of the cell pellets, as described previously [15]. Purified
samples were dialyzed into 1× phosphate-buffered saline (PBS) (2.8 mM KCl, 137 mM
NaCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) and concentrated to 0.5–2 mg/mL using Apollo
concentrators (Orbital Biosciences, Topsfield, MA, USA). Purity and capsid integrity of the
VLPs was confirmed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and negative stain electron microscopy analysis using a Tecnai G2 Spirit electron
microscope (FEI, Hillsboro, OR, USA) at 120 kV, respectively, as described previously [22].

2.2. Dot Immunoblot Analysis

In dot immunoblots HBoV1 VP3-specific mAbs were probed against GBoV1 (VP3 only
and WT), HBoV1 (VP3 only), HBoV4 (VP3 only), AAV2 and AAV5 native capsids. To deter-
mine the seroprevalence, human sera from healthy donors (Valley Biomedical, Winchester,
VA, USA) were utilized in dot immunoblots against GBoV1, HBoV1 (VP3 only), AAV2 and
AAV5. H1-H1 polyclonal antibody (rabbit double-immunized with HBoV1 VP3 VLPs) was
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used against denatured capsids as a positive BoV control [36]. Dot blots were performed
on nitrocellulose membrane dipped in 1× PBS. Denatured (incubating capsids at 100 ◦C for
5 min) and non-denatured VLPs were applied directly to the membrane at approximately
10 ng−1 μg using a vacuum manifold, letting the sample incubate for 10 min. The mem-
branes were blocked in 6% milk in 1× PBS overnight at 4 ◦C. For the primary antibody,
mAb 15C6 was added at a 1:2000 dilution; mAbs 12C1, 4C2 and 9G12 [22] were added at a
1:1000 dilution; H1-H1 was added at a 1:1000 dilution; human sera samples were added at a
1:500 dilution in 6% milk in PBS-T (PBS with 0.1% Tween) and incubated on the membrane
for 1.5 h at room temperature (RT). Secondary anti-mouse and anti-rabbit antibodies were
applied to the membrane in a 1:5000 dilution and anti-human IgG was applied in a 1:50,000
dilution in 6% milk in PBS-T for 1 h at RT. Five min washes were performed three times
before and after incubation with secondary antibody. Blocking, primary and secondary
antibody steps were all performed on a shaker. Finally, luminol substrate was applied to
the membrane and incubated in the dark for 1 min, before the membrane was exposed to
X-ray radiography film and developed.

2.3. Generation of Fab Fragments

Production of the 15C6, 12C1, 4C2 and 9G12 mAbs from BALB/c mice injected
with HBoV1 VLPs and subsequent purification of IgGs were previously described [22].
IgG from 15C6 and 12C1 at a concentration of approximately 1–2 mg/mL was buffer-
exchanged into 20 mM sodium phosphate, pH 7.0, 10 mM EDTA for papain cleavage.
Papain was added to the IgG samples and incubated for 16–20 h at 37 ◦C with rotation.
The papain-IgG mixture was centrifuged at a low speed (1000× g) and the supernatant
containing cleaved Fab fragments was loaded onto a protein A column. The Fc portion
of the cleaved IgG was captured in the protein A column and flowthrough containing the
desired Fab fragments was collected. This flowthrough was concentrated to ~0.5 mg/mL
in an Apollo concentrator with a 9 kDa molecular mass cutoff. sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was performed to confirm the purity of
the Fab fragment sample.

2.4. Preparation of GBoV1-Fab Complexes and GBoV1 VLPs for Cryo-EM Data Collection

GBoV1 VLPs were mixed with the 15C6 and 12C1 Fab fragments at a 1:120 to 1:180
(VLP:Fab) ratio to ensure binding-site saturation. The VLP: antibody complexes were
incubated on ice for 30 min to 1 h and 3 μL of sample was vitrified onto C-flat holey
carbon grids (Protochips, Inc.) using the Vitrobot Mark IV (FEI Co.). For the GBoV1 VLPs
(wild-type and VP3-only), 3 μL of sample was prepared as described for the complexes.

2.5. Cryo-EM Data Collection

For the GBoV1-Fab complexes, micrographs were collected from frozen grids using a
Tecnai G2 F20-TWIN transmission electron microscope (FEI) with a 200 kV voltage under
low-dose conditions (20 e−/Å2) at a magnification of 82,500× on a 16-megapixel charge
coupled device (CCD) camera with pixel size 15 μm, resulting in micrographs with a pixel
size of 1.82 Å. This microscope and camera were also used for screening grids for ice
quality and particle distribution of GBoV1 prior to high-resolution data collection and also
for collecting a low-resolution data set for comparison to the complex structures. For the
GBoV1 VLP-alone high-resolution studies, holey carbon grids with vitrified VLPs were
used to collect micrograph movie frames on a Titan Krios electron microscope (FEI Co.)
operated at 300 kV with a K3 DED using the Leginon application. High-resolution data
collection was performed with a total dose of 60 to 67 e−/Å2 for up to 50 movie frames per
micrograph. The movie frames collected on the K3 detector were aligned using MotionCor2
with dose weighting as previously described [37]. Data sets were collected as part of the
NIH project “Southeastern Center for Microscopy of MacroMolecular Machines” (SECM4).
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2.6. 3D Particle Reconstruction

The cisTEM software package was used for three-dimensional (3D) image reconstruc-
tion of both, wild-type and antibody-complex structures [38]. The aligned micrographs
were first imported and their microscope-based contrast transfer function (CTF) estimated.
Suboptimal-quality micrographs were eliminated. Capsids on the remaining micrographs
were automatically selected using a particle radius of 125 Å. The selected capsids were
subjected to 2D classification and undesirable classes, such as ice or impurities, were re-
moved from the dataset. Both, ab-initio 3D reconstruction and automatic refinement was
performed under default settings. Ab-initio 3D reconstruction generated an initial low-
resolution model with 10% of the total boxed particles with imposed icosahedral symmetry
and automatically refined with the entire dataset. Map sharpening of the high-resolution
structure used a pre-cut off B-factor value of 90 Å2 and variable post-cut off B-factor values
such as 0, 20 and 40 Å2. Using the UCSF-Chimera software, the sharpened density maps
were analyzed and the −90 Å2/0 Å2 map was used for further model building and struc-
ture refinement. The final resolution of the structures was estimated based on a Fourier
shell correlation (FSC) threshold criterion of 0.143 (Table 1).

Table 1. Summary of data collection, processing and refinement statistics.

Parameter GBoV1

Total no. of micrographs 1411
Defocus range (μm) 1.08–3.19

Electron dose (e−/Å2) 60
No. of frames/micrograph 50

Pixel size (Å/pixel) 1.08
No. of capsids used for final map 168,565

Resolution of final map (Å) 2.76
PHENIX model refinement statistics

Residue range 33–542
Map CC 0.877

RMSD (Å)
Bonds 0.01
Angles 0.89

All-atom clash score 10.61
Ramachandran plot (%)

Favored 98.4
Allowed 1.6
Outliers 0.0

Rotamer outliers 0.0
No. of Cβ deviations 0

2.7. Model Building and Structure Refinement

The 3D model for GBoV1 wild-type VP3 monomer was generated from the protein
sequence (NCBI accession ADK34012.1) in the online program SWISS-MODEL using the
structure of HBoV1 (Research Collaboratory for Structural Bioinformatics [RCSB] PDB
code 5URF) as a template [39]. This reference monomer model was used to generate a
60mer (based on 60 copies of the VP3 protein) with the VIPERdb2 oligomer generator [40]
and docked as rigid bodies into the GBoV1 density map using the “fit in map” subroutine
in UCSF-Chimera [41]. The docked VP monomer model was adjusted to better fit the
GBoV1 wild-type cryo-reconstructed density map with manual model-building tools and
real-space-refine options in Coot [42]. Further refinement was performed on the model
with PHENIX, using the real-space-refinement subroutine under default settings for five
macrocycles [43]. This refined model was inspected in Coot and amino acid side chains are
adjusted, if needed, for favorable statistics. After another round of refinement in PHENIX,
an icosahedral model was generated from 60 copies of the refined VP3 monomer with the
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VIPERdb2 oligomer generator. The 60-mer VP3 monomer was further refined in PHENIX
using B-factor refinement options.

2.8. Antibody Epitope Mapping

The high-resolution 60-mer GBoV1 structure was rigid body-docked into the antibody-
complex density maps, using the “fit in map” subroutine in UCSF-Chimera. A generic
Fab (PDB ID: 2FBJ) was fitted into the density of the Fab using the same subroutine in
UCSF-Chimera [41]. The resulting pseudo-atomic model was used to generate a roadmap
using RIVEM [44]. The contact residues, residues in the interface between the capsid
and antibody structure, were identified via manual inspection in the program Coot [42].
Occluded residues were also identified manually by generating a roadmap in RIVEM using
the GBoV1 structure and generic Fab.

2.9. Sequence and Structural Comparison

The VP3 models of HBoV1-4 and GBoV1 were analyzed in Coot and using the su-
perposition tool. Overall paired root mean squared deviations (RMSD) were calculated
between Cα positions. The distances between Cα positions of regions with insertions
or deletions were manually measured in Coot with the distance tool. Regions with two
or more adjacent amino acids and a greater than 2 Å difference determined by Coot are
considered to be structurally diverse and are assigned to previously described VRs [42].

2.10. Structure Accession Numbers

The GBoV1 WT cryo-EM reconstructed density map and model built for the capsid
were deposited in the Electron Microscopy Data Bank (EMDB) with accession numbers
EMD-23460 and PDB ID 7LNK, respectively.

3. Results & Discussion

3.1. GBoV1 Shares Conserved Capsid Features with the HBoVs

The GBoV1 VLPs were produced using recombinant baculovirus expressing either
GBoV1 VP1, VP2 and VP3 (GBoV1 WT) or only VP3 (GBoV1 VP3-only) in Sf 9 insect cells.
The purified GBoV1 WT sample was analyzed on SDS-PAGE to confirm the presence and
purity of VP1, VP2 and VP3 with a corresponding molecular weight of approximately 60, 65
and 80 kDa. For GBoV1 VP3-only, only one band is present at 60 kDa (Figure 1a). Cryo-EM
micrographs confirmed the presence of intact capsids with a diameter of approximately
250 Å without the presence of contaminants (Figure 1a). Thus, the samples were deemed
suitable for data collection for high-resolution structure determination and movie frame
micrographs were collected. 3D image reconstruction of 168,565 GBoV1 WT and 218,746
GBoV1 VP3-only capsids resulted in structures with an estimated resolution of 2.76 Å for
both types of capsids based on an FSC threshold of 0.143 (Figure 1b–d, Table 1).

The GBoV1 capsid structures were identical, despite being assembled from different
VP compositions (Figure 1a). They share the conserved features of the Parvoviridae sub-
family, with a channel at the 5-fold symmetry axis, protrusions around the 3-fold axis, the
2/5-fold wall, located between the depressions at the 2- and 5-fold axes and depressions
at the 2-fold as well as around the 5-fold axis (Figure 1b,c) [16]. The basket-like structure
beneath the 5-fold channel previously reported within the capsids of HBoV1-HBoV4 and
BPV [15,23,25,26], was less pronounced in GBoV1 suggesting less order at the N-terminus
of the VP (Figure 1c). This basket contains residues located at the N-terminus of VP3
and is part of a glycine-rich region hypothesized, for parvoviruses, to act as a hinge for
the externalization of the VP1u to utilize its PLA2 activity. The location of this density
below the 5-fold axes is consistent with the suggested use of this channel for the VP1u
externalization [19,20]. Interestingly, this region of GBoV1, residues 1–32 (VP3 numbering),
is similar to the analogous regions of HBoV2-4 (aa1-32) with a sequence identity ranging
from 69–79% but shares only a 50% sequence identity with HBoV1 despite the higher
sequence identity across the entire VP3 for all five viruses (Table 2).
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Figure 1. The capsid structure of Gorilla bocavirus 1 (GBoV1). (A) sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) of GBoV1 WT and VP3 only samples confirming the presence of VP1, VP2 and VP3 (~80, 65, 60 kDa)
and cryo-electron micrograph showing intact viral particles. (B) Capsid density map of GBoV1 WT contoured at sigma
(σ) threshold of 1.0. The radial distance from the center measured in Å is colored as shown. Arrows point to the 5-fold,
3-fold or 2-fold symmetry axis and the 2/5-fold wall. (C) Cross-sectional view of GBoV1 WT density map. (D) Fourier
shell correlation (FSC) plot for the cryo-reconstruction with an estimated resolution of 2.76 Å at an FSC threshold of
0.143. Resolution (Å) is presented using a log scale. (E) Atomic model of amino acids 55–61 (βB) represented within their
density map contoured at a σ threshold level of 1. C = yellow, O = red and N = blue. Panels B, C and E were made using
UCSF-Chimera [41].

Table 2. HBoV1-4 and GBoV1 primary VP3 sequence identity (bottom left) and structural identity
(top right).

HBoV1 HBoV2 HBoV3 HBoV4 GBoV1

HBoV1 94.7 93.9 93.8 94.1
HBoV2 77.5 98.8 97.4 98.2
HBoV3 77.2 89.2 97.3 96.5
HBoV4 77.2 88.7 90.2 95.3
GBoV1 86.3 79.7 79.9 79.4

In both the GBoV1 structures, excluding residues 1–32, residue 33 to the last C-terminal
residue, aa542 (VP3 numbering), were structurally ordered and models could be built into
the cryo-reconstructed density maps (e.g., in Figure 1e). The densities of the amino acid
side chains were well-defined for the β-strands and most of the surface loops. Some acidic
residue side chain densities were less defined. This observation is caused by a high
sensitivity of these residue types to radiation damage as has been reported in other high-
resolution cryo-constructed maps [45]. The GBoV1 VP3 structure conserved the parvovirus
features, including the eight-stranded β-barrel motif, α-helix A and β-strand A (Figure 2a).
The structure also featured α-helix B, a region unique to the bocaparvoviruses and the ten
defined VRs, VR-I to VRVIIIB and VR-IX (Figure 2a). The GBoV1 WT model refinement
statistics (Table 1) are consistent or better than for structures reported at this resolution by
cryo-reconstruction for other bocaparvoviruses as well as other parvoviruses [16,23]. The
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root mean squared deviation (RMSD) between the VP models built into the GBoV1 WT
and VP3 reconstructed density maps is 0.32 Å. Due to this high similarity, only the GBoV1
WT model will be used for further analysis.

 
Figure 2. Structural comparison of GBoV1 to the HBoVs. (A) The VP3 monomer structure of GBoV1
shown as a ribbon diagram, with the secondary structure elements, N- and C-terminus and VRs
labeled. The approximate positions of the icosahedral 2-, 3- and 5-fold axes are indicated as filled
oval, triangle and pentagon, respectively. (B) VP3 monomer structures of HBoV1 (blue) and GBoV1
(yellow) superposed. The labels are as in panel (A). (C) VP3 monomer structures of HBoV1 (blue),
HBoV2 (orange), HBoV3 (green), HBoV4 (red) and GBoV1 (yellow) superposed. The labels are as in
panel (A). The color for each model is as given beside panel (C). Images were superposed in the Coot
program [42] and visualized in the PyMol program [46].

3.2. Structural Differences between GBoV1 and the HBoVs Are Localized to the Variable Regions

The GBoV1 VP3 monomer has high primary sequence identity to the HBoVs, with
86.3% for HBoV1 and ~79% for HBoV2-4 (Table 2). The structural identity was determined
by superposing the model of GBoV1 onto the previously published models of HBoV1-4
in Coot (Figure 2a–c) [23,42]. A structure-based sequence alignment was generated using
these measured Cα distances, revealing that secondary structures (βI-G, βC-F core, αA
and αB) are conserved and the surface loops between these regions are characterized
by amino acid substitutions, insertions and deletions that result in structural differences
(Figures 2 and 3).
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Figure 3. Structure-based sequence alignment of Human bocavirus 1 (HBoV1)-4 and GBoV1. The structure-based sequence
alignment, starting from the first ordered residue (aa33), was generated using distance values from the Coot [42] superpose
tool. Secondary structural elements, β-strands and α-helices, are indicated by blue arrows and red cylinders, respectively.
Regions highlighted with orange indicate sequence identity between HBoV1-4 and GBoV1. The locations of the VRs are also
indicated based on the previously defined VRs [23]. Amino acid number, based on HBoV1, is shown above the sequences.
Structural variability, defined by amino acids whose Cα atoms are >2 Å apart, are offset low and highlighted in red.

The highest structural variabilities between the VP3s of the five viruses compared are
localized to VR-I, VR-III and VR-V, with an RMSD of up to 3.3 Å, 4.5 Å and 3 Å, respectively
(Figure 3, Table 3). VR-I and VR-III, along with VR-VII and VR-IX, form the 2/5-fold wall,
a region of the capsid reported to be important for antigenic reactivity and receptor binding
in parvoviruses [16]. VR-I has high structural variability as a result of the primary sequence
differences at residues 78–85 (Figure 2b,c and Figure 3). For VR-III.

GBoV1 and HBoV1 are both structurally divergent to HBoV2-4 with a four amino
acid insertion at the apex of the EF loop (Figure 3). Due to the four amino acid insertion in
HBoV1 (a respiratory virus) that is not present in HBoV2-4 (gastroenteric virus) (Figure 3),
VR-III was previously suggested as a region that determines tissue tropism [23]. The GBoV1
VR-III contains two amino acid substitutions relative to HBoV1 at residues 205–206 (VR-III),
where NA is switched to TT (Figures 2c and 3). With these substitutions, the RMSD at VR-III
for GBoV1 to HBoV1 (4.5 Å) is higher than that of HBoV2-4 (3.1–3.3 Å) (Table 2). The high
structural variability between GBoV1 and HBoV1-4 suggests VR-III may also play a role in
host tropism. In other parvoviruses, the region analogous to VR-III serves as a determinant
for tissue tropism, pathogenicity, transduction efficiency and antigenicity [24]. VR-V along
with VR-IV and VR-VIII form the protrusions around the 3-fold axis. The 3-fold protrusions
have been shown to be part of an antigenic footprint for HBoV1, as well as to be important
for both, antigenicity and transduction efficiency in parvoviruses [16]. Interestingly, the
GBoV1 VR-V is more structurally similar to the VR-V of HBoV2-4, compared to HBoV1
(Table 3).
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Table 3. Local root mean squared deviations (RMSDs) in angstroms (Å) for aligned HBoV1-4 and GBoV1 VRs. Higher
values are shaded darker.

VR-I VR-III VR-V VR-II
VR-

VIIIB
VR-IV VR-VI VR-VII VR-VIII VR-IX

HBoV1 vs.
HBoV2 3.1 3.1 2.9 1.9 1.8 1.1 0.7 1.1 0.7 1.0

HBoV1 vs.
HBoV3 2.9 3.2 3.6 1.3 2.9 0.9 0.4 1.3 0.6 1.3

HBoV1 vs.
HBoV4 2.8 3.3 3.0 2.6 2.5 2.1 1.1 1.2 1.2 1.1

HBoV1 vs.
GBoV1 3.3 4.5 3.0 2.1 2.5 0.9 0.4 1.1 0.7 1.1

HBoV2 vs.
HBoV3 1.8 1.0 1.5 1.4 1.6 0.8 0.8 0.8 0.9 0.6

HBoV2 vs.
HBoV4 2.9 1.2 1.5 1.2 1.6 1.6 0.5 0.8 1.1 0.7

HBoV2 vs.
GBoV1 0.8 3.4 1.2 0.6 0.6 0.9 0.6 0.7 0.7 0.2

HBoV3 vs.
HBoV4 2.9 0.9 1.5 1.4 1.3 2.0 0.7 0.9 1.3 0.6

HBoV3 vs.
GBoV1 2.0 3.3 1.8 1.8 1.7 0.9 0.5 0.9 0.9 0.8

HBoV4 vs.
GBoV1 3.2 3.8 1.2 0.9 1.5 1.8 0.6 0.8 0.9 0.3

When comparing the GBoV1 and HBoV1 structures, RMSDs of 2.1 Å and 2.5 Å are
observed for VR-II and VR-VIIIB (Figure 2b, Table 3). Differences between GBoV1 and
the other viruses range from 0.6 to 2.9 Å (Table 3). VR-II is located at the apex of the
DE loop, five of which form the 5-fold channel. The 5-fold channel has been proposed
to be important for genome packaging and VP1u externalization [24]. VR-II is highly
conserved and is part of a cross-reactive epitope between HBoV1, HBoV3 and HBoV4 [22].
The slight structural difference within the VR-II is attributed to the need for this region
to be flexible to allow the proposed externalization through this 5-fold channel. VR-VIIIB
or the HI loop, is located on the depressions around the 5-fold channel. While HBoV1
structurally is the most divergent compared to HBoV2-4 and GBoV1, this loop is part of
a cross-reactive epitope including HBoV1, HBoV2 and HBoV4 [22]. This suggests that
only a few residues within the two loops are important for the antibody recognition of
the cross-reactive antibody. This region is also reported as being important for genome
packaging and capsid assembly of other parvoviruses [47–49].

For VR-IV, VR-VI, VR-VII, VR-VIII and VR-IX, there is the least (RMSD of 1.1–0.4 Å)
structural divergence of GBoV1 compared to HBoV1 (Table 3, Figure 2b). VR-IV forms
the protrusions around the icosahedral 3-fold axis [23]. HBoV4 differs from the other four
viruses in that it has a two amino acid insertion within this loop, conferring a different
conformation to the protrusions around the 3-fold compared to the other bocaparvoviruses
(Figures 2c and 3). VR-VI, VR-VII and VR-VIII, all located on the side of the 3-fold
protrusions, have minor to no amino acid sequence differences (Figure 3). These VRs
have been shown to play a role in antigenicity and also parvovirus infectivity [16,24].
Lastly, VR-IX is located at the 2/5-fold wall. This region is structurally identical for HBoV1-
4 and GBoV1, while having amino acid sequence variations and has been implicated as
host tropism determinant for bocaparvoviruses [23]. As an example, BPV has a 7 amino
acid deletion in VR-IX compared to the HBoVs [26]. GBoV1′s VR-IX is structurally identical
to HBoV1-4 and it was shown to be capable of infecting human cell lines [33], suggesting
that this region may govern primate and human cell tropisms.
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3.3. The GBoV1 Capsid Differs Antigenically to the HBoV1 Capsid

Antibodies 15C6, 12C1, 4G2 and 9G12 were generated, in mice, against HBoV1 capsids,
using the hybridoma technology, in a previous study [22]. These antibodies were tested
for reactivity against the GBoV1 capsid using native dot immunoblots (Figure 4). 15C6
and 12C1 were cross-reactive between HBoV1 and GBoV1, whereas 4C2 and 9G12 were
specific for HBoV1. Previously, the 15C6 binding footprint was mapped to capsid surface
features surrounding the icosahedral 5-fold axis, whereas 12C1, 4C2 and 9G12 were shown
to recognize the protrusions surrounding the 3-fold axis [22]. As expected, the reactivity of
these HBoV1-specific mAbs were the same for GBoV1 WT and VP3-only capsids (Figure 4).
This is consistent with the observation that the epitopes of the two cross-reacting antibodies
are located on the capsid surface which is formed by the VP3 common region. The antibody
H1-H1, a polyclonal rabbit antibody generated against HBoV1 VP3 VLPs, served as a
positive control, detecting denatured VLPs [36].

Figure 4. Cross-reactivity of GBoV1 capsids with HBoV1 antibodies via native dot blot. 1011, 1010 or 109 viral capsids were
loaded onto a nitrocellulose membrane and tested against H1-H1 (positive control for denatured virus-like particles (VLPs))
and HBoV1 antibodies 15C6, 12C1, 4C2 and 9G12 (detecting conformational epitopes). 1011 not shown for 15C6 and H1-H1
due to overexposure.

Cryo-EM and 3D image reconstruction were used to determine the structures of the
15C6 and 12C1 Fabs complexed with the GBoV1 WT capsid (Figure 5). A total of 1895
individual capsid complexes were used for the reconstruction of the GBoV1:15C6 and 4108
of the GBoV1:12C1 complexes, with estimated resolutions of 6.4 Å and 6.2 Å, respectively,
based on a FSC threshold level of 0.143 (Figure 5a). For direct comparison, a low resolution
GBoV1 WT-capsid structure was determined to 5.3 Å from 17,284 capsids (Figure 5a,b,e).

The density maps of the GBoV1:15C6 complex showed density corresponding to the
bound 15C6 Fabs surrounding the 5-fold channel (Figure 5c). For the GBoV1:12C1 complex,
the 12C1 Fab was bound on the protrusions surround the 3-fold axis (Figure 5d). A 0.5 σ

threshold density map was used to visualize both, the complimentary-determining regions
(CDR) and the constant regions of the Fab (Figure 5d). At 1σ threshold, five copies of the
Fab are visible of the GBoV1:15C6 complex but only the CDR for the GBoV1:12C1 complex
(not shown). The visible surface features, 3-fold protrusions and 2/5-fold wall, for the
GBoV1:15C6 complex is consistent with the low-resolution GBoV1 WT structure. The 5-fold
channel and depressions surrounding the channel is also consistent in the GBoV1:12C1
complex with the low-resolution GBoV1 WT structure (Figure 5b). Underneath the 5-fold
channel, a basket-like density can be seen in all three structures (Figure 5e–g), consistent
with improved ordering at lower resolution as observed in the low- and high-resolution
structures of BPV and HBoV1-4 [15,23].
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Figure 5. Antibody epitopes on GBoV1 capsid localized to 5- and 3-fold axes for 15C6 and 12C1. (A) FSC plots for the
cryo-reconstruction with an estimated resolution value of 5.3Å, 6.4 Å and 6.2 Å, at an FSC threshold value of 0.143 for
GBoV1, GBoV1:15C6 and GBoV1:12C1, respectively. Resolution (Å) is presented using a log2 scale. (B) Capsid density
map of GBoV1 contoured at σ threshold of 1.0. (C) Capsid density map of GBoV1 complexed with 15C6 (GBoV1:15C6)
contoured at σ threshold of 1.0. (D) Capsid density map of GBoV1 complexed with 15C6 contoured at σ threshold of 0.5.
(E) Cross-sectional view of the GBoV1 complex density map. (F) Cross-sectional view of the GBoV1:15C6 complex density
map. (G) Cross-sectional view of the GBoV1:12C1 capsid density map.

Rigid-body docking of the refined 60-mer model of GBoV1 WT was performed for
the GBoV1:15C6 and GBoV1:12C1 density maps, along with a generic Fab (PDB ID: 2FBJ),
with a CC of 0.93 and 0.90, respectively (Figure 6). Steric clashes at the 5-fold axis for the
individual 15C6 Fabs likely resulted in local disorder for the Fab (Figure 6). For 12C1 it
appears that enough space is available at the 3-fold protrusions (Figure 5) but disorder
also is observed. A 2D stereographic projection (roadmap) representation of the complex,
generated based on the fitted models, identified the contact and occluded (within Fab
footprint but not contacting capsid) residues (Figure 7) [44]. The 15C6 epitope lines the
5-fold channel, encompassing the residues that form VR-II (residues 142-GAD-144) and
VR-VIIIB (residues 460-STNA-463), which are the DE and HI loops, respectively (Figure 7a).
These residues are conserved between GBoV1 and HBoV1, with the exception of residue
S460, which is A460 in HBoV1. The high conservation within this sequence region as
well as high structural similarity explains the cross-reactivity between the GBoV1 and
HBoV1 capsid for the 15C6 antibody. This antibody also cross-reacts with HBoV2 and
HBoV4 [22]. The 12C1 epitope sits on the protrusions around the 3-fold axis and contains
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contact residues from VR-I (80-SNGN-83), VR-IV (276-IRQNGQTTA-284) and VR-VIII
(390-NQTT-393) (Figure 7b). Compared to HBoV1, the GBoV1 VR-IV and VR-VIII are
structurally identical despite having amino acid differences (Figure 3). This structural
identity likely dictates the cross-reactivity of 12C1 for the GBoV1 capsid. Interestingly,
antibodies 4G2 and 9G12, also recognizing the 3-fold protrusions, were not cross-reactive
despite the 94.3% structural identity that is shared between the GBoV1 and HBoV1 VP3
monomers [22]. VR-I, VR-III and VR-V are the most structurally divergent loops between
HBoV1 and GBoV1 and contain residues outside the 15C6 and 12C1 epitopes (Figure 7c).
These residues outside these epitopes, particularly at the 3-fold protrusion, are potentially
responsible for this difference in antigenic reactivity with respect to 4G2 and 9G12.

 

Figure 6. GBoV1-Fab binding interfaces. (A) Close-up view of the GBoV1 WT structure docked to a generic Fab (PDB ID
2FBJ) within the cryo-reconstructed density of GBoV1-15C6 (represented as a gray mesh, contoured at 0.5σ) and (B) GBoV1-
12C1. Highlighted VRs are colored as shown in key. Generic Fab (dark brown) consists of a heavy and light chain, each with
constant and variable regions. The Fab variable region interacts with the surface of the capsid. The GBoV1 capsid is also
colored in tan.

B

VR-IIVR-I VR-III

A C

15C6 Occluded15C6 12C1 Occluded12C1

VR-V VR-VIIIB

Figure 7. The GBoV1 15C6 and 12C1 epitopes. (A) Roadmap surface representation of the GBoV1 15C6 epitope. Colored
in orange are the modeled contact residues between the GBoV1 capsid and the 15C6 Fab model. Colored in yellow are
the residues occluded by the bound 15C6 Fab. (B) Roadmap surface representation of the GBoV1 12C1 epitope. Colored
in blue are the modeled contact residues between the GBoV1 capsid and the 12C1 Fab model. Colored in cyan are the
residues occluded by the 12C1 Fab. (C) Position of VR-I, VR-II, VR-III and VR-V, VR-VIIIB on the GBoV1 capsid. Amino
acid residues that are exposed on the capsid surface are labeled with their 3-letter code and residue number. The 5-fold,
3-fold and 2-fold axis are indicated by a filled pentagon, triangle and ellipse, respectively. The roadmaps were generated
with the RIVEM program [44].
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3.4. HBoV1 and GBoV1 Share Similar Rates of Seropositivity

Forty human serum samples from adult donors were screened by native dot im-
munoblot against HBoV1, GBoV1, AAV2 and AAV5 capsids. Approximately 98.3% of the
samples reacted to HBoV1 capsids, 88.3% against GBoV1, 25% against AAV2 and 14.2%
against AAV5, respectively (Figure 8). This suggests that HBoV infections are prevalent in
North America, the source of the analyzed human sera. This seroprevalence is comparable
to results from a previous study analyzing sera from adults in Finland (95%) and Pakistan
(99%) [50]. Nevertheless, seroprevalences are obtained without consideration of HBoV2-4
cross-reacting IgGs, so the true rates of HBoV1-specific and GBoV1-specific seropositivity
will be skewed by potential HBoV2-4 IgGs. The high GBoV1 response is thus likely caused
by anti-HBoV antibodies. In addition, generally weaker signal intensities were observed
for GBoV1 compared to HBoV1 across the forty samples (Figure 8). The minor difference
of 10% in seropositivity indicates variation in antigenic reactivity. Interestingly, AAV2
has been reported to be have a 72% seroprevalence (59% neutralizing) in French adults,
a significant difference compared to the data here, suggesting location may be a large
variable in these epidemiological studies [51]. As an example, another study reported
25–30% neutralizing antibodies against AAV2 when 100 human serum samples from North
American adults were tested [52]. It is important to note that native dot immunoblots do
not report the neutralization potential of the antibodies from the forty samples but rather
the antibodies capable of recognizing the capsid surface. Further study of neutralizing
factors and cross-reactivity within the human sera will be needed to determine the effect of
such samples on the transduction efficiency in human cells and tissue.

 
Figure 8. Dot immunoblot analysis of HBoV1 and GBoV1 against human sera. (A) Representative native dot immunoblots
of HBoV1 and GBoV1 against human sera with 1010 or 109 loaded capsid particles. AAV2 and AAV5 are used as controls.
Samples tested are as labeled. (B) Bar graph representation of the percentage of positive signal based visual inspection of
the 40 dot immunoblots reactivities. n = 3.

4. Conclusions

This study reports the first high-resolution structure of the GBoV1 WT capsid, resolved
to 2.76 Å resolution. Compared to other members of the genus, the GBoV1 capsid shares
similar surface features, such as the channel at the 5-fold symmetry axis, protrusions
around the 3-fold axis, the 2/5-fold wall, located between the depressions at the 2- and
5-fold and depressions at the 2-fold as well as around the 5-fold axes. In addition to the
high-resolution WT structure, the structures of two capsid-antibody complex structures
are reported, highlighting antigenic epitopes on the GBoV1 capsid surface. Both, GBoV1
and HBoV1 share a high sequence and structural identity, with major structural differences
localized to VR-I, VR-III and VR-V. VR-I and VR-III are both part of the 2/5-fold wall of the
capsid and VR-V is located on the protrusions around the icosahedral 3-fold. These VRs
contain residues that are within the epitopes of HBoV1 cross-reactive monoclonal antibodies
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12C1, 4C2 and 9G12. All three antibodies share the same antibody epitope, as previously
reported [27]. Interestingly, native dot immunoblots show that the GBoV1 capsid is capable
of escaping 4C2 and 9G12 but not 12C1, suggesting that minor structural differences at
these VRs are responsible for the GBoV1 capsid’s ability to escape antibodies 4C2 and 9G12.
Overall, the GBoV1 and HBoV1 capsid are antigenically similar at the icosahedral 5-fold
axis, a region that is most conserved amongst parvoviruses, yet differ at the 3-fold axis.
The reported capsid structures and epitopes can guide strategies for vector engineering
and aid to develop the GBoV1 capsid structure as a viral vector. In addition, the HBoV1
and GBoV1 capsid seropositivity rates against human sera points to high cross-reactivity
between the two viruses. Potential binding sites are likely the 5-fold region that is highly
conserved. This, however, remains to be determined. Interestingly, the HBoV1 and GBoV1
seropositivity rates with human sera were significantly higher than those for AAV2 and
AAV5 in the North American adult samples tested. This observation further emphasizes
the need to understand the antigenic reactivity of the bocaparvoviruses if they are to be
developed as vectors for clinical gene delivery.
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Abstract: Parvoviruses are small single-stranded (ss) DNA viruses, which replicate in the nucleo-
plasm and affect both the structure and function of the nucleus. The nuclear stage of the parvovirus
life cycle starts at the nuclear entry of incoming capsids and culminates in the successful passage
of progeny capsids out of the nucleus. In this review, we will present past, current, and future mi-
croscopy and biochemical techniques and demonstrate their potential in revealing the dynamics and
molecular interactions in the intranuclear processes of parvovirus infection. In particular, a number
of advanced techniques will be presented for the detection of infection-induced changes, such as
DNA modification and damage, as well as protein–chromatin interactions.

Keywords: parvoviruses; nucleus; imaging of viral interactions and dynamics; analysis of protein–
protein interactions; analysis of virus–chromatin interactions

1. Introduction

Parvoviruses are not only significant pathogens causing diseases in humans and
animals but also promising candidates in gene therapy, in oncolytic therapy, in vaccine
development, and as passive immunization vectors [1–7]. Compared to some other viruses
that only need a few viral particles for infection, parvoviruses are extremely inefficient.
In infection and disease development, this incapability is compensated by high replica-
tion. Finding new ways to treat parvoviral diseases and to facilitate the development
of parvovirus-based therapies requires deepening the understanding of infection and
propagation in their host cells.

Although parvoviruses and their infection have been extensively studied throughout
the past decades, there is still a lack of molecular level understanding of the virus–host
cell interactions. Due to their low particles to infectious unit ratio, the identification and
tracking of virus-induced events, which contribute to viral propagation, is a key challenge.
Furthermore, the small size of parvovirus (~20 nm in diameter) hinders the attachment of
fluorescent probes, which limits capsid detection by single-virus tracking.

Parvoviruses are divided into two classes: autonomous parvoviruses, such as ca-
nine parvovirus (CPV), minute virus of mice (MVM), and rat parvovirus (H-1PV), and
dependoparvoviruses, such as adeno-associated viruses (AAV), which require coinfec-
tion with either adenoviruses or herpes simplex virus in their late stages of infection [8].
Parvoviruses are composed of two to three capsid proteins (viral proteins, VPs; VP1, 2,
and 3). They enclose a c. 5 kb-long ssDNA genome, which consists of two overlapping
open reading frames. The expression is controlled by two promoters, the early P4 and late
P38. The former guides the expression of viral nonstructural proteins 1 and 2 (NS1 and
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NS2), while the latter controls the expression of capsid proteins [9–11]. In the infectious
virion, which has a diameter of 18–26 nm, the genome is covalently bound to the NS1
(Rep78 in AAV) protein [12–15]. This protein is cytotoxic and has central roles in viral
replication attributed to its helicase, endonuclease, ATPase, and site-specific DNA-binding
activities [16,17]. NS2 plays a role in viral replication [12,18], development of viral replica-
tion centres [19], viral mRNA translation [20], and the assembly [21] and nuclear egress
of capsids [22–26]. In gene therapy, which is mostly based on AAV, the single-stranded
genome is replaced by a double-stranded self-complementary genome, which does not
allow replication [15].

After the cellular entry and cytoplasmic release, parvoviral capsids enter the nucleus
through the nuclear pore complexes (NPCs) and/or via disruption of the nuclear envelope
(NE) [27–34]. The VP1 capsid protein bears nuclear localization signals (NLSs) within its
VP1-unique region in the N-terminal domain [35–41], which are thought to allow nuclear
import by interaction with nuclear transport factors of the importin family [30,42,43]. In
assembled capsids, this domain is hidden.

Once arriving in the nucleus, the genome replicates via a rolling circle mechanism,
during which the genome concatemer is cleaved to monomers by NS1 [44]. The gene
expression of parvoviruses is coupled to the S-phase of the cell cycle, and it leads to
the formation of distinct replication centre foci where viral gene transcription and pro-
ductive replication occur [19,45,46]. As the infection proceeds, the replication centres
expand [27,28,47], which is accompanied by changes in the cellular chromatin structure
and chromatin marginalization to the nuclear periphery at later stages of infection [45,47].
Besides the dramatic morphological changes, parvovirus infections are known to induce
substantial damage to the host DNA [48–50], and MVM replication centres have been
shown to associate with the sites of cellular DNA damage [51,52]. This allows the virus to
recruit cellular DNA replication and DNA damage response proteins, which promote viral
replication and gene expression [45,49,53]. NS1 of MVM is responsible for nicking the host
DNA, which subsequently results in S phase cell cycle arrest [54]. However, during human
parvovirus B19 (B19V) infection, a G2/M arrest is induced by the NS1 protein through
a p53-independent pathway, which does not depend on the DNA damage response [50].
In addition to evoking disturbances in the cell cycle, parvoviruses are known to cause
apoptosis of the infected cells, another hallmark of DNA damage [55,56].

These nuclear changes are followed by progeny capsid assembly in the nucleus, which
is combined with the encapsidation of viral genomes covalently bound to NS1. The progeny
virions leave the cell by lysis, probably after export from the nucleus [57–60]. This lytic
viral release, in conjunction with the S-phase-dependent replication, enables the use of
autonomous parvoviruses in oncotherapy for the destruction of rapidly dividing cancer
cells [61].

2. Imaging of Viral Interactions and Dynamics in the Cytoplasm and Nucleus

To date, a broad variety of microscopy-based imaging and spectroscopy applications
have enlightened the steps in the early infection of several parvoviruses (Figure 1). Upon
nuclear import, CPV can pass the NE [27,28,62,63], which was confirmed by single-particle
tracking analyses of fluorophore-labelled AAV capsids (Figure 1, boxes 1 and 2) [64]. Similar
analyses have also been used to study the receptor binding of canine parvovirus [65,66] as
well as the cytoplasmic trafficking [67] and nuclear import of AAV [27,28,64,68].

The schematic represents the fluorescent microscopy methodology for the imaging
of the parvoviral life cycle in the nuclear region. (1) Analysis of fluorescent virus particle
dynamics by single-particle tracking and high-speed super-resolution microscopy verified
the import of viral capsids through the nuclear pore complex. Image correlation analy-
sis using the pair correlation function (pCF) revealed the importin β-mediated nuclear
transport of capsids. Confocal microscopy combined with EM characterized an alter-
native nuclear entry pathway for parvoviruses through virus-induced nuclear envelope
ruptures. (2) Tracking of fluorescent capsids after their nuclear entry demonstrated that
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they moved by diffusion in the nucleoplasm. Furthermore, image correlation using the
autocorrelation function (ACF) indicated that the capsids were disintegrated after their
nuclear import. (3) Super-resolution microscopy analysis indicated that viral replication
centres were located close to sites of cellular DNA damage. Fluorescence recovery after
photobleaching (FRAP) studies showed that infection affected the diffusion of nuclear
proteins, such as transcription-associated proteins. (4) Fluorescent tagging of progeny
capsids (green) has allowed for analyses of capsid dynamics in living cells. Images were
created with BioRender.com.

Figure 1. Imaging of viruses in the nucleus of infected cells.

Imaging of autonomous parvovirus capsids has partially been hampered by the
limited possibilities to express recombinant viruses that contain fluorescent proteins, as
the enlarged genome size leads to poor viral genome packaging. Therefore, little is known
about virus–nucleus interactions following the assembly of viral capsid. However, AAV-2
studies have shown that large peptides can be inserted into the VP2 protein with a minimal
effect on viral assembly or infectivity [69]. This has allowed the creation of fluorescent
protein-tagged AAV particles for live cell analysis of intranuclear dynamics [70]. The
loop regions of AAV capsid proteins exposed to the capsid surface have been used for the
insertion of shorter peptides, which enables the labelling of viral particles with a fluorescent
dye [71,72].
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Tracking of individual viruses is a powerful tool to examine the mechanisms of their
intracellular transport, and it is straightforward, for example, to conclude whether the
motion is directed or random diffusion. For active processes, such as transport along micro-
tubules, the dynamics can be deduced from a low number of particles. However, insight
into the parvoviral life cycle has revealed the diffusive dynamics of events. For example,
following of the trajectories of Cy5-labelled AAV capsids in the cytoplasm and nucleus
showed that the majority of capsids move by regular diffusion, but a smaller fraction of the
capsids exhibits anomalous subdiffusion [64]. The analysis of a small number of randomly
moving diffusing particles is challenging, but when the motions of typically hundreds
or thousands of particles are averaged, their movement can be characterized. The mean
squared displacement (MSD) of the particles follows the law MSD = 2dDt, where D is
the diffusion coefficient of the particle, d is the dimensionality of the motion, and t is the
time. Measuring the MSD allows for the determination of the particle diffusion coefficient,
which can then be further connected to the particle radius r, temperature T, and viscosity η
of the medium by the Stokes–Einstein equation:

D =
kBT

6πηr
.

Recently, image correlation spectroscopy has been used to verify the nuclear capsid
import and intranuclear disassembly of capsids in living cells (Figure 1, boxes 1 and
2) [30]. Image correlation methods are based on the principles of fluorescence correlation
spectroscopy (FCS), which measures fluctuations of fluorescence intensity in a small volume
by using the focused excitation laser beam. The recorded fluctuations in photon counts,
collected as a time series, are used to calculate the time autocorrelation function (ACF) to
resolve the dynamics of fluorescently tagged proteins. The ACF represents the correlation
of the fluorescent signal between the starting time point (t = t0) and following time points
(t = t0 + Δt) of the experiment, thus yielding information on fluorescent molecule diffusion
time in the focal spot. In parvovirus studies, the ACF calculated for a time series of laser
scanning microscopy images containing temporal information of the intensity fluctuations
and spatial distribution maps of the fluorescent viral particles has enabled the analysis of
fast and slow diffusion, or even immobile viral particles [30].

To obtain more information about the possible directed movement of fluorescent
particles, pair correlation function (pCF) analysis can also be used. The pCF measures the
correlation over time and space and thus can distinguish directed movement or obstacles to
diffusion. In parvovirus studies, pCF revealed a positive correlation between pixels across
the NE within an image series, thereby demonstrating the nuclear import of capsid through
the NE [30,73–75]. In addition, pCF analysis detected a spatiotemporal correlation between
the fluorescent viral capsid and importin β, suggesting that importin β mediates capsid
translocation through the nuclear pore complex [30]. An alternative or parallel existing
nuclear entry pathway has been derived from studies using fluorescence and electron
microscopy. The experiments have demonstrated that the NE undergoes substantial
damage at early times during parvovirus H1, CPV, and AAV2 infection, indicating an
NPC-independent nuclear entry of capsids [31,33].

The theoretical nuclear diffusion coefficient of capsids obtained from the Stokes–
Einstein law, assuming that the viscosity of the nucleoplasm is approximately four times
higher than in water [76,77], is in the order of 10 μm2/s. This is in accordance with the
experimental finding of 5 μm2/s obtained for the mobile population of virus-like particles
of parvovirus [30,47]. In the cellular scale, this is a relatively fast diffusion rate, and it
means that on average, the virus particles are able to diffuse a 10 μm distance in a time
scale of a few seconds, when not restricted by physical barriers or by interactions.

Studies of nucleoplasmic capsid diffusion coefficients by ACF, which improved tem-
poral resolution from the millisecond to microsecond scale, have revealed distinct diffusion
dynamics for intact capsids and potential capsid fragments, suggesting that capsids are
disintegrated in the nucleoplasm after their import [30]. The detailed mechanisms by which
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the viral genome is released into the nucleoplasm remain to be determined. However,
fluorescence microscopy analyses have shown that capsids are already modified prior
to nuclear import and nuclear disassembly when VP1 N-terminus is exposed during the
endocytic entry [41,78–80]. According to immunoprecipitation analyses, B19V capsid un-
coating is enhanced by cytoplasmic divalent cations [81]. Previously published studies
have demonstrated that at least for MVM, the nuclear release of DNA occurs without a
complete disassembly of the capsids [78,82–85]. In summary, it can be concluded that
parvoviral capsids enter the nucleus either via NPC or by passing through transient holes
in the NE, which allow the entry of intact capsids. Intact capsids entering the nucleus may
undergo structural change which leads to viral genome release at some distance from the
NE [30,86].

As outlined before, progressing parvovirus infection leads to the development of
viral replication centres [46,87] and relocation of host chromatin to the nuclear periph-
ery [45,47–49,88]. Recently, super-resolution microscopy has demonstrated that viral repli-
cation centres originate close to DNA damage sites (Figure 1, box 3) [52]. The introduction
of photobleaching experiments in the analyses of intranuclear mobility and kinetics of viral
and cellular proteins has allowed a better monitoring of nuclear changes upon parvoviral
infection (Figure 1, box 3). In these studies, a high-intensity laser is used to photobleach the
fluorescence of a fluorescent molecule, typically a fluorescent fusion protein, from a defined
area of the cell. In fluorescence recovery, after photobleaching (FRAP), a region of interest
is bleached, and the recovery of fluorescence in the bleached region is measured. The rate
of fluorescence recovery is determined by the exchange of fluorescent molecules between
the bleached region and the surrounding unbleached area, thereby allowing the analysis of
protein dynamics and interactions. In fluorescence loss in photobleaching (FLIP), an area
of the cell is continuously photobleached with laser pulses, and images taken between the
pulses measure the response in the entire pool of fluorescent molecules. Similar to FRAP,
the rate of fluorescence loss is related to the mobility of the fluorescent molecules.

In CPV infection, FRAP experiments (Figure 1, box 3) have revealed that the dynamics
of transcription-associated protein change during infection [89] and further demonstrated
that infection leads to an increased protein mobility in the nucleoplasm, which potentially
alters protein–protein and protein–DNA binding reactions during viral replication [47].
Additionally, FRAP has been used to study the kinetics of NS1-EYFP in noninfected
cell nuclei. The results have shown that NS1-EYFP mobility is not consistent with free
diffusion and suggested transient binding to nuclear components [90]. Shown by FLIP, the
nucleocytoplasmic shuttling of NS1-EYFP has been discovered [90].

Further central questions in the late stages of the nuclear life cycle of parvoviruses,
such as capsid assembly and nuclear egress, have been addressed using fluorescent mi-
croscopy of immunostained cells. These studies, in combination with biochemical character-
izations, showed that MVM capsids assemble in the nucleus from VP1/VP2 trimers [60,91],
and these trimers expose a structured nuclear localization motif [58]. For AAV-2, the subcel-
lular localization of capsid assembly to nucleoli was identified with immunofluorescence
and in situ hybridization microscopy techniques. Viral genome sequence analysis and
mutational studies revealed that the capsid assembly is mediated by the viral assembly
associated protein (AAP) [92,93]. Moreover, X-ray crystallography and cryo-EM analyses
of MVM capsids demonstrated that viral DNA is packed through a fivefold packaging
channel [94,95]. Studies have also revealed that MVM capsids leave the nucleus prior
to cell lysis and NE breakdown [96], suggesting that capsids have to exit the nucleus
through the NPCs [22,23]. A similar combination of techniques was used to show that
MVM capsids egress the nucleus dependent upon chromosomal region maintenance 1
(CRM1, also known as exportin 1) protein [96], which is a nuclear export factor for various
proteins and different cellular RNAs (snRNA, rRNA, some mRNAs) [97]. Notably, the
nuclear exit was limited to genome-containing capsids phosphorylated in the unordered
domain of VP2, while empty capsids exhibited nuclear accumulation [96]. By combining
classical immunofluorescence microscopy with surface plasmon resonance spectroscopy,
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it has been shown that the CRM1-dependent nuclear export of MVM capsids is mediated
by the supraphysiological NES in NS2 [22].

3. Screening and Validation of Protein–Protein Interactions

The nuclear import of intact parvovirus capsids is not limited by the NPC diameter,
which is able to transport particles with a diameter of ~39 nm [98]. There is accumulating
evidence that the nuclear entry of the parvovirus capsid depends on the host machinery
for nuclear import, requiring coordinated interaction with different host proteins. Earlier
studies have shown that the capsid proteins of MVM and CPV, in addition to AAV capsids,
have basic regions containing NLSs or a structured nuclear localization motif in their capsid
proteins. [35–41,60,79] During endocytic entry, the acidification of capsid leads to NLS
exposure, and after reaching the cytoplasm, this would thus allow the attachment of nuclear
import factors. Studies including coimmunoprecipitation assays (Co-IP) have verified that
CPV and AAV2 capsids interact with Imp β [42,99]. However, these assays elucidate neither
the localization of the interaction in the cell environment nor the phase of the infection.
The proximity ligation assay (PLA) has allowed comprehensive imaging and quantitation
of interactions within the host cell. This antibody-based technique enables the detection of
two proteins that are in close proximity to each other (~40 nm) [100]. Therefore, PLA is
capable of visualizing protein–protein interactions beyond the diffraction limit (Figure 2A).
For CPV, in situ proximity ligation analysis, combined with confocal microscopy and image
analysis, has demonstrated that capsids are able to recruit cytoplasmic Imp β for nuclear
transport [42]. Coimmunoprecipitation analyses have indicated that entering H-1PV and
AAV2 capsids interact with nucleoporins, which are proteins of the NPC [31].

Figure 2. Analyses of protein–protein interactions in infection. Schematic overviews of proximity ligation assay (PLA) and
proximity-dependent biotin identification (BioID) methods to identify and localize interactions between viral and host
proteins. (A) The schematic representation of PLA assay. (1) Primary antibodies are used to target proteins of interest shown
in red and green. (2) Secondary antibodies with PLA oligonucleotide probes bind to the primary antibodies. (3) Closely
located PLA probes are ligated together, and (4) the formed circular DNA is amplified. (5) The amplified DNA (red) is
labelled by fluorescent probes (green). (6) Confocal microscopy image shows the intracellular distribution of the PLA
signals (green). Nuclei were stained with DAPI (grey). (B) Outlines of the BioID workflow. (1) Transfection of cells with
BirA*-viral protein-fusion constructs and the generation of a stable inducible cell line. (2) Addition of biotin to the culture
media and viruses if infection is required. (3) Cell culture period during which biotin ligase activity of BirA* fusion
protein induces proximity-dependent biotinylation of neighbouring endogenous and viral proteins. (4) Cell lysis and the
streptavidin-affinity purification of biotinylated proteins from cell lysates. (5) Mass spectroscopy and analyses of protein
associations. (6) Interaction network indicating interaction partners of viral protein and biological processes involved.
Images were created with BioRender.com.
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Knowledge of viral protein interactions with cellular proteins is essential for under-
standing the intranuclear processes such as viral replication, capsid assembly, and nuclear
egress. Affinity purification-mass spectrometry proteomics approaches have been tra-
ditionally used to analyse protein–protein interactions in infection [101–103]. Recently,
many new screening methods have been generated to recognize protein–protein asso-
ciations [104–106]. One of the methods is the proximity-dependent biotin identification
(BioID) assay combined with mass spectrometry [107–109] (Figure 2B). BioID is a proximity-
tagging method that utilizes a fusion of promiscuous biotin ligase, BirA, to a protein of
interest to identify protein–protein associations and proximate proteins. The working
radius for biotinylation via BirA is 10–40 nm, depending on the used application. Mass
spectrometry-based proteomics applications such as BioID are able to recognize highly
transient protein–protein interactions during the viral lifecycle. BioID studies of parvovirus
human bocavirus 1 (HBoV1) have revealed interaction between viral nuclear protein 1
(NP1) and factors mediating nuclear import and mRNA processing [110]. A BioID analysis
of AAV2 Rep proteins has revealed their association with cellular proteins, such as the
transcriptional corepressor KAP1, which assist the viral genome in resisting epigenetic
silencing, thereby allowing the lytic replication of AAV [111]. BioID has also been used to
recognize interactions between viral proteins and DNA damage-related proteins. BioID
has revealed an AAV Rep protein interaction with the Mre11 part of the MRN complex, an
important initiator of the AMT response [111]. Overall, BioID has allowed for identifying
associations of the viral protein of interest in a wide variety of nuclear processes, which,
for CPV NS2, include DNA damage response and chromatin modification [112].

4. Detection of DNA Damage, DNA Repair, and Virus–DNA Interactions

Progression of parvovirus infection depends upon the induction of a cell cycle ar-
rest and cell lysis. It leads to the activation of DNA damage response (DDR) [19,45],
which promotes the infection and viral reproduction [113,114]. Ataxia telangiectasia and
Rad3(ATR)-mediated DDR activation is linked to replication fork stalling, whereas the
activation of the Ataxia-telangiectasia mutated (ATM)-mediated route is the initial response
to a double-stranded DNA break (DSB) [115,116]. The activation of the ATR route has been
observed for MVM, B19, and HBoV1 [51,111,112], and the ATM route for MVM, HBoV1,
and AAV [45,117–119] (Figure 3A). Recognition of DNA damage induces the recruitment of
proteins responsible for DNA damage repair to the site of the damage. During parvovirus
infection, the emergence of DNA damage can be observed either indirectly by the accumu-
lation of DDR proteins to the damage site or by observing the formation of actual DNA
breakages. MVM infection has been shown to cause accumulation of proteins of the ATM
signalling route (e.g., phosphorylated H2AX (γ-H2AX), Nbs1, RPA32, Chk2, p53, MDC1,
MRN) to the replication start sites together with the viral replication protein NS1 [19,45].
During viral replication, at least newly synthesized viral DNA is bound to RPA, a known
activator of ATR [120]. However, in MVM infection, this does not lead to the full activation
of the ATR response since checkpoint kinase1 (Chk1) is not activated [49,51] (Figure 3A).

Recently, a high-throughput viral chromosome conformation capture sequencing
assay (V3C-seq) has been applied to study the association of MVM viral genomes with
host chromatin [121] (Figure 3C). V3C-seq is based on the chromosome conformation
capture sequencing technology (3C-seq) [122] used to study chromosome arrangement in
the nucleus by crosslinking the sites of genomic associations and identifying these regions
with sequencing. 3C-seq studies have revealed that MVM genomes become associated
with DNA damage sites during early stages of infection [121]. These sites of DNA damage
with associated viral genomes increase as the infection proceeds. Nuclear localization
of this association was further verified with fluorescent in situ hybridization (FISH) and
super-resolution stochastic optical reconstruction microscopy (STORM). The introduction
of externally induced DNA damage sites with laser irradiation or with CRISPR-Cas9 to
a specific genomic locus resulted in parvoviral genome association with these regions.
V3C-seq analyses have also revealed that the viral genome association sites and DNA
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damage sites overlap with self-interacting genetic regions, also known as topologically
associating domains (TADs) [52]. Recently, it has been shown that the localization of viral
genomes to the DNA damage sites is mediated by viral NS1 [121].

Figure 3. Approaches revealing virus-induced DNA damage. The schematic diagram of diverse methods for the analyses of
DNA damage response (DDR), viral and host DNA interactions, and DNA damage in infection. (A) Analyses of ATM and
ATR-mediated DNA damage signalling pathways by confocal and super-resolution microscopy, ATM-mediated cellular
response to DNA damage functions through phosphorylation of proteins related to DNA damage and DNA damage repair
such as γ-H2AX, MDC1, Rad50, Nbs1, and Mre11. In MVM infection these proteins are found in replication start sites
together with viral NS1. In parvovirus-infected cells, the ATR-mediated response depends on RPA and viral NS1 interaction.
(B) Elucidation of interactions between viral genome and host cell chromatin by using high-throughput viral chromosome
conformation capture sequencing assay (V3C-seq). Moreover, association of DNA damage site MVM genomes has been
shown by ChIP-seq. This analysis has been used to verify the association between NS1-mediated viral genome replication
and DDR. (C) Studies of host cell chromatin disintegration by comet assay. Images were created with BioRender.com.

Classical DNA damage analyses in viral infection are qPCR or agarose gel elec-
trophoresis, which do not allow investigations on the single-cell level. This obstacle
was solved by comet assay—also known as single-cell gel electrophoresis—which is a sensi-
tive, quantitative, and relatively simple imaging-based method to observe DNA breakages
(Figure 3C) [123–125]. Scraped or trypsinized cells are cast into low-density agarose gel and
lysed, after which the remaining nucleoids are placed in an electric field and stained. DNA
lesions, both single and double stranded, result in a relaxation of DNA supercoiling. The
relaxed DNA loops migrate towards the positively charged pole during electrophoresis,
forming the characteristic comet tail pattern. The relative DNA content in the comet tail
versus the head thus reflects the number of DNA lesions. Unlike the various DDR pathway
markers, which might be activated in response to viral genomes or proteins [126], this
method relies on the physical properties of damaged host DNA. Comet assay studies
and ChIP-seq analysis have demonstrated that MVM infection causes host DNA damage,
which increases as the infection proceeds [52]. In contrast, the comet assay has revealed no
significant DNA damage in cells infected by the bocavirus minute virus of canine [127],
nor in cells infected by human B19V [127]. The potential nucleolytic activity of parvoviral
NS1 protein against host DNA has been investigated in expression studies for HBoV1 [117]
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and human B19V [127], but these studies did not find significant host DNA damage in
NS1-expressing cells.

To benefit from host cell responses such as the DDR, viral proteins or viral genomes
are required to interact directly with DNA or DNA-modifying proteins. The interactions of
cellular DNA-binding proteins and viral proteins with host chromatin and viral genomes in
MVM and CPV infections have been studied by ChIP-seq methods [52,88,121]. These stud-
ies have shown the acetylation of histones bound to CPV genome and MVM genome
association with cellular γ-H2AX sites and the viral NS1 protein [52,88,121] (Figure 3B).
Furthermore, the studies of the genomic reactivation of latent AAV genome by ChIP and
ChIP coupled to qPCR have revealed the mechanism by which cellular proteins induce
viral genome repression [111].

5. Recent Methods for Future Studies of Parvovirus–Nucleus Interactions

Despite of decades of research, many detailed mechanisms of virus–host interactions
are not well understood, and many new observations raise further questions, requiring
the use of newly developed techniques. Next-generation sequencing (NGS) and fluores-
cence imaging technologies are currently advancing rapidly [128,129], offering excellent
opportunities for detailed analysis of infection-induced changes in the host chromatin
organization and high-resolution imaging of parvovirus infection. For example, these
methods combined with spatial transcriptomics allow analyses of the spatial heterogeneity
of the gene expression within the sample [130–133].

NGS is a modern sequencing methodology where massive parallel sequencing is used
to map the sequences of millions of small DNA fragments. Bioinformatics is then used to
combine the acquired sequencing data, which can be then compared to reference genome(s).
Various approaches allow for obtaining information about expressed genes [134], genome
accessibility [135], binding regions of different DNA interacting proteins [136–138], or
chromatin–chromatin interactions and organization [139]. As an example, the assay for
transposase-accessible chromatin with sequencing (ATAC-seq) is based on hyperactive
Tn5 transposase mutants [135]. In this assay, the hyperactive Tn5 is used to tagment the
accessible chromatin by conjugating short and specific DNA oligomers into the accessible
regions. These regions of the genome are then isolated and sequenced, yielding a high-
resolution map of the accessible regions of the genome. Thus, ATAC-seq has great potential
in studies on how parvoviral infection changes the host cell chromatin organization or in
studies of viral genome packaging or release. This is exemplified by recent results showing
that baculovirus infection induces significant changes in the organization of host genome,
such as an increase in chromatin accessibility, relocation close to the NE, and nucleosome
disassembly [140]. Moreover, ATAC-seq analysis of Epstein–Barr virus (EBV), a member of
the herpesvirus family, has demonstrated that B cell chromatin undergoes significant re-
modelling during infection, which leads to the regulation of cell cycle, apoptosis pathways,
and interferon regulatory factors [141]. Another example of a similar DNA-tagging method
is DNA adenine methyltransferase identification (DamID)-sequencing [142]. Here, DNA
adenine methyltransferase (Dam) is fused to a protein of interest, and this fusion protein is
expressed in cells. The Dam enzyme recognizes DNA sequence GATC and methylates the
adenine in the close vicinity of the fusion protein. These methylated regions of chromatin
can then be sequenced and mapped. Thus, these sequences correspond to the chromatin
that has been in close vicinity to the expressed fusion protein. This DamID-seq has been
used to map the chromatin interacting with the nuclear lamina and lamina-associated
domains [143]. In addition to sequencing, both ATAC-seq and DamID-seq can be combined
with high-resolution fluorescence imaging. In the case of ATAC-seq, fluorescent oligomers
are used together with hyperactive Tn5, and therefore, the tagmented and accessible chro-
matin can be visualized by fluorescence microscopy. This ATAC-see method [144] allows
imaging the accessible chromatin regions and would be directly applicable to parvovi-
ral studies regarding host cell chromatin or viral genome organization. DamID can be
used together with methylated DNA-recognizing fluorescent m6A-tracer fusion protein.
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m6A-tracer binds to the GATC sequence when adenine is methylated by Dam methylase. By
fusing m6A-tracer to a fluorescent protein, the fluorescent signal localizes to the methylated
DNA [145]. The great advantage of the DamID m6A-tracer system is the possibility to use
it in living cells. Thus, one can follow the chromatin dynamics by live cell microscopy. We
envision that the system could be used to follow parvovirus infection-induced dynamic
reorganization of the host genome.

Imaging and sequencing approaches are directly combined in spatial transcriptomics,
where transcriptomes are resolved by high resolution microscopy or by capturing, so that
spatial information about the location is also recorded. In microscopy-based spatially
resolved transcriptomics or genomics, the different RNA and DNA species are labelled
via sequential fluorescence in situ hybridization and barcoding. This approach offers the
highest resolution, and recently, the imaging of 3660 chromosomal loci together with 17
chromatin marks in single cells has been reported [146].

6. Concluding Remarks

Conventional confocal microscopy approaches, including the imaging of fluorescent
viral capsids and proteins and their interplay with cellular components within the host
cell, have been successfully used in parvovirus studies. The development of live cell
imaging and super-resolution microscopy, combined with image data analysis, together
with the development of new screening tools for analyses of protein–protein and DNA–
protein interactions, has further enhanced our understanding of virus–nucleus interactions
and the nuclear dynamics of infection. In the near future, combining fluorescence data
and ultrastructural information from electron micrographs will allow answering detailed
questions regarding the mechanisms of intranuclear events in viral infection. Moreover,
the advances in super-resolution microscopy applications will enable us to probe cell–virus
interactions and dynamics in previously unattainable detail.
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Abstract: The viral protein 1 unique region (VP1u) of human parvovirus B19 (B19V) is a multifunctional
capsid protein with essential roles in virus tropism, uptake, and subcellular trafficking. These functions
reside on hidden protein domains, which become accessible upon interaction with cell membrane
receptors. A receptor-binding domain (RBD) in VP1u is responsible for the specific targeting and uptake
of the virus exclusively into cells of the erythroid lineage in the bone marrow. A phospholipase A2

domain promotes the endosomal escape of the incoming virus. The VP1u is also the immunodominant
region of the capsid as it is the target of neutralizing antibodies. For all these reasons, the VP1u
has raised great interest in antiviral research and vaccinology. Besides the essential functions in
B19V infection, the remarkable erythroid specificity of the VP1u makes it a unique erythroid cell
surface biomarker. Moreover, the demonstrated capacity of the VP1u to deliver diverse cargo
specifically to cells around the proerythroblast differentiation stage, including erythroleukemic cells,
offers novel therapeutic opportunities for erythroid-specific drug delivery. In this review, we focus on
the multifunctional role of the VP1u in B19V infection and explore its potential in diagnostics and
erythroid-specific therapeutics.

Keywords: parvovirus B19; B19V; VP1u; receptor; PLA2; virus entry; erythroid cells; biomarker;
drug delivery; nanocarrier

1. Introduction

The Parvoviridae is a family of nonenveloped viruses that packages a linear, single-stranded
DNA genome (~5 kb) within a small (~25 nm) icosahedral capsid. As a direct consequence of
their limited coding potential, parvoviruses are particularly dependent on host cellular factors for
their replication [1,2]. Parvoviruses are widely spread in nature and their host range might span
the entire animal kingdom [3]. Depending on their host, members of the family Parvoviridae are
subdivided into the subfamilies Parvovirinae, infecting vertebrates and Densovirinae, infecting insects
and other arthropods. Viruses that infect vertebrates, including humans, are further divided into
the dependoparvoviruses and the autonomous parvoviruses [4]. The dependoparvoviruses replicate
only in the presence of a helper virus, such as adenovirus or herpesvirus. The adeno-associated
viruses (AAVs) are not linked with any known pathology, have a wide tissue specificity, and replicate
in dividing and nondividing cells. These properties make AAVs useful gene transfer vehicles for
therapeutic applications [5]. Although autonomous parvoviruses use similar strategies for cell entry
and replication, they differ substantially in their pathogenic potential, which ranges from subclinical to
severe or even lethal infections [2]. As autonomous parvoviruses can only replicate in dividing cells,
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when the host cell DNA replication machinery becomes available, they tend to cause more severe
infections in young than in adult hosts.

While most ssDNA viruses show a circular genome structure, parvoviruses have a linear genome,
that is typically organized in two open reading frames (ORFs). The ORFs are flanked by palindromic
sequences of variable length, which fold into hairpin structures and are essential for replication [6,7].
The 5′ ORF (ns or rep gene) encodes for the regulatory nonstructural protein(s) required for viral
DNA replication and packaging. The 3′ ORF (cap gene) encodes two to four variants of a single
capsid protein (VP). Following a principle of genetic economy, the different VPs are generated by
alternative splicing or alternative codon usage, but also by post-translational proteolytic processing
during entry, resulting in a common C-terminal sequence but different N-terminal extensions of
variable length [8–10]. The T = 1 icosahedral parvovirus capsid is assembled from 60 VPs, however,
the number of N-terminal VP variants used to assemble the infectious particles varies from two (VP1
and VP2) to four (VP1–VP4) depending on the genus. The VP variants are numbered in order of
length, with VP1 being the largest variant. The common C-terminal region of the VPs forms the capsid
shell, which consists of a conserved alpha-helix and a jelly roll motif containing eight antiparallel
β-strands. The different configurations of the loops connecting the conserved β-strands delineate the
surface topology, which is characteristic to each parvovirus genus and define the virus tropism and
antigenicity [11]. Despite low sequence identity, the parvovirus capsids display structural features
that are conserved across different genera, i.e., a narrow depression at the twofold axis of symmetry,
protrusions of variable size and shape at the threefold axis and a canyon-like structure encircling a
cylindrical pore at the fivefold axis connecting with the interior of the capsid.

The minor protein VP1 has an N-terminal extension of variable length, the so-called VP1-unique
region (VP1u), and is present at 3 to 10 copies per virion depending on the parvovirus genus. VP1u is
not required for virus assembly but contains several essential motifs required for the infection. Nuclear
localization signals (NLSs) consisting of a stretch of basic amino acids have been identified in the VP1u
from several parvoviruses. These motifs were shown to confer nuclear import potential to the incoming
particles [12–19]. Another motif found in VP1u, except for amdoparvoviruses, is a phospholipase A2

(PLA2) enzyme domain, which enables viruses to escape from endosomal vesicles into the cytosol
during cell entry [20–26]. Other motifs in VP1u were found to be essential for the infection. In AAV
these motifs include signals that are known to be involved in protein interaction, endosomal sorting,
and signal transduction in eukaryotic cells [27]. In B19V, a receptor-binding domain (RBD) required
for virus uptake was identified at the N-terminal of the VP1u [28].

To infect the cell, parvoviruses follow an intricate path from the cell surface to the nucleus where
they deliver the viral DNA for replication. During the process of entry, the incoming parvovirus
capsids undergo a program of conformational rearrangements triggered by specific cellular factors that
facilitate their intracellular transport [29,30]. A major capsid rearrangement that is largely conserved
among parvoviruses involves the externalization of the VP1u region. Initially sequestered in mature
virions, VP1u and its essential motifs become accessible at the particle surface during entry triggered
by the acidic endosomal environment [10,16,31]. Besides low pH, AAVs may require additional cellular
factors [31]. An exception is B19V, whose VP1u becomes accessible during the initial interactions with
cellular receptors [32]. VP1u exposure occurs through the five-fold channel that connects with the
interior of the capsid [33–36]. Structural and in vitro studies suggest that these channels serve not only
as portals for the externalization of N-terminal capsid protein sequences but also for the packaging
and release of the viral genome [16,31,37–41]. Mutations that perturb the functional structure of the
channel result in defective genome encapsidation, uncoating and VP1u externalization [38,42,43].
B19V represents again an exception as the VP1u seems to be already exposed on the capsid surface,
although in a conformation that is not accessible to antibodies [44].

This review focuses on the VP1u of B19V, which shares common aspects with other parvoviruses
but has unique features, like its structural conformation relative to the virion, immunodominance,
extraordinary length or the presence of a receptor-binding domain responsible for the restricted tropism
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of the virus. We present the current knowledge on the different VP1u motifs, their functions in the
virus infection and the potential biotechnological applications of the B19V VP1u in human therapy
and diagnostics.

2. Human Erythroparvovirus B19 (B19V)

B19V is the most prominent and well-characterized human pathogen within the Parvoviridae
causing a mild childhood rash disease named erythema infectiosum or fifth disease [45]. The infection
is often asymptomatic; however, in adults, B19V infection may induce a wide range of more severe
pathological conditions, such as arthralgias and arthritis [46]. B19V infection may lead to aplastic
crisis in patients with pre-existing bone marrow disorders and shortened red cell survival [47] and
persistent infection in immunocompromised persons. Infection during pregnancy may result in
hydrops fetalis and fetal death [48]. B19V was the first parvovirus known to cause disease in humans [49].
Since 2005, other human parvoviruses have been identified and include human bocavirus (HBoV1-4),
parvovirus 4, bufavirus, tusavirus and cutavirus. Except for HBoV, which has been implicated in acute
respiratory tract infections [50], the rest are emergent human parvoviruses with uncertain clinical
significance [45,51].

B19V is transmitted via aerosol droplets that come into contact with the upper respiratory tract
mucosa [47]. The virus crosses the mucosal epithelium through a yet unknown mechanism and
disseminates with the bloodstream to the bone marrow, where it infects erythroid precursors at a
particular erythropoietin (EPO)-dependent stage of differentiation [52–54]. The extraordinary narrow
tropism of B19V is mediated at different levels of the viral life cycle. Crucial steps of the viral
infection, such as uptake, genome replication, transcription, splicing and packaging, are restricted
to the EPO-dependent erythroid differentiation around the proerythroblast stage [54–60]. The lytic
replication cycle results in the destruction of the erythroid precursor cells [61,62], which accounts for
the hematological syndromes observed during the infection [47]. Acute infection frequently results in
high-titer viremia, which precedes the onset of clinical manifestations and has been associated with
B19V transmission through transfusion and plasma-derived medicinal products [63].

3. B19V Capsid

The ssDNA genome of B19V is packaged into a small, nonenveloped, T = 1 icosahedral capsid.
Similar to the genome of dependoparvoviruses, the B19V genome has two identical inverted terminal
repeats (ITRs; ~383 nt), which serve as the origin of replication [64]. The capsid consists of 60 structural
subunits of two N-terminal VP variants, VP1 and VP2. Approximately 95% are VP2 (major VP;
60 kDa) and 5% are VP1 (minor VP; 86 kDa) [65]. VP1 and VP2 are generated through alternative
splicing, resulting in the same C-terminal sequence but VP1 contains 227 additional residues at the
VP1 N-terminal region, the so-called VP1 “unique region” (VP1u). The 60 protomers form 20 trimeric
capsomers in the cytoplasm of the infected cell, which are assembled to an icosahedral capsid structure
in the host nucleus. Due to the T = 1 symmetry, all protein subunits can be assembled in the same
orientation to each other. This perfect symmetry enables an optimal thermodynamic sink for each
protomer interaction, forming a very stable capsid around the ssDNA genome.

Large-scale propagation of native B19V is not possible due to the lack of a fully permissive cell
culture system. Accordingly, structural studies have been performed with recombinant B19V-like
particles, which are similar, although not identical, to infectious native capsids. The structure of the
VP2 recombinant particle has been determined to ~3.5 Å resolution [36]. Similar to other parvoviruses
and many icosahedral viruses, the major capsid protein VP2 is structured as a “jelly roll” with a
β-barrel motif. The loops connecting the strands of the β-barrel define the capsid surface topology that
differentiates B19V from other parvoviruses. B19V lacks the prominent protrusions at the icosahedral
threefold axes characteristic in other parvoviruses. The channel at the fivefold icosahedral axis is
surrounded by a large canyon-like depression. Different from other parvoviruses, the channel in B19
VP2 capsids is constricted at its outside end. However, a cluster of glycine residues at this position
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may confer sufficient flexibility to open the channel upon specific cellular triggers during the infection.
A striking difference between B19V and other parvoviruses is the external position of the N-VP2 and
probably also VP1u [36,66]. Accordingly, the role of the fivefold channel in B19V would be limited to
the externalization and packaging of the viral genome.

4. VP1u Is the Immunodominant Region of the Capsid but It Is Not Accessible in Native Virions

Although VP1u may occupy a surface position in the B19V capsid, different regions of the protein
were shown to be inaccessible to antibodies. However, exposure of native capsids to heat or low pH
rendered these regions accessible without capsid disassembly. In contrast to native virions, VP1u is
always accessible in recombinant B19V-like particles [44]. The inaccessibility of VP1u in native virions
is not well understood and may be explained by a compact structural conformation, or by the presence
of a masking structure hiding the essential protein domains to the immune system. Despite the
non-accessible conformation of VP1u in native particles, this protein is the immunodominant part of
the capsid and contains clusters of critical neutralizing epitopes [67,68] (Figure 1).

Figure 1. Schematic depiction of the neutralization profile and functional domains in the VP1u of
B19V. The neutralizing profile revealed a cluster of important epitopes in the N-terminal region of
the VP1 corresponding to functional domains. RBD; receptor-binding domain. PLA2; phospholipase
A2 domain.

Typically, neutralizing antibodies prevent the viral infection by interfering with early steps of the
viral life cycle, i.e., attachment to cellular receptors, uptake, fusion, or conformational changes required
for entry [69,70]. Importantly, the inhibition by neutralizing antibodies should be distinguished from
the opsonization of viruses by antibodies, which can hamper the viral infection by immobilization of
the virus and subsequent degradation of the immune complex by the complement system, immune
cells or also by the cytoplasmic TRIM21/proteasome mechanism [71]. However, the specific targeting
of essential capsid protein domains by neutralizing antibodies is required to efficiently interfere with
the viral infection. Upon B19 viremia, the humoral immune response first generates IgM antibodies,
which predominantly target the major capsid protein VP2. With the class-switch and long-term
immunity, an increasing percentage of B lymphocytes secrete neutralizing antibodies against the
VP1u region [72]. In this regard, a deficient immune response to VP1u has been associated with
persistent infections, emphasizing the important role of the immune response against VP1u in clearing
the virus [73,74].

Immunization experiments with vaccine candidates based on virus-like particles (VLPs)
demonstrated that VP1u is essential to raise a strong neutralizing response against B19V [75,76].
However, the neutralization mechanism of antibodies targeting VP1u has remained largely elusive.
Being the immunodominant region of the capsid, the originally inaccessible VP1u should become
exposed in the extracellular milieu, and not inside endosomes, as shown for other parvoviruses. In line
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with this assumption, it has been shown that a neutralizing antibody against the N-terminal part of
the VP1u was unable to bind native cell-free virions but was able to block virus entry into susceptible
cells. Moreover, capsids without VP1u were unable to internalize into susceptible cells, demonstrating
the involvement of the VP1u in B19V uptake [32,54]. These findings explain the high neutralization
potential of VP1u antibodies, which target exclusively capsids during the initial interaction with cell
receptors and block virus uptake, and further emphasize the importance of VP1u as an essential
component of prospective B19V vaccines.

5. Role of VP1u in the Restricted Tropism of B19V

B19V has a remarkable narrow tropism. The virus shows productive infection exclusively
in erythroid precursor cells at EPO-dependent intermediate erythroid differentiation stages,
with increasing permissiveness from BFU-E to erythroblasts [53]. Viral tropism can be determined
already at the cell surface by the expression of specific cell receptors required for virus entry and/or
intracellularly by receptor-independent post-entry replication steps. The marked erythroid tropism
of B19V is determined at multiple steps, i.e., the receptor-mediated uptake, genome replication,
transcription, splicing and packaging [56,57,77]. A virus requiring such strict intracellular conditions
for replication would also require a selective mechanism of cell entry to target exclusively the few cells
where the virus can replicate. This strategy would allow the virus to avoid internalizing non-permissive
cells, which would lead to abortive infections and inefficient viral propagation. Accordingly, it would
be expected that B19V uses an erythroid-specific surface molecule as an entry receptor.

5.1. VP1u Contains a Receptor-Binding Domain That Is Essential for Virus Entry into Permissive Cells

The neutral glycosphingolipid globoside (Gb4), also known as P antigen, has long been considered
the primary receptor of B19V [78]. A large body of evidence suggests that B19V recognizes Gb4 and
that the interaction is required for the infection [79–82]. However, the wide-range Gb4 expression does
not correlate well with B19V binding and uptake and cannot either explain the pathogenesis or the
remarkable narrow tissue tropism of the virus [83]. By using a knockout cell line, we demonstrated that
Gb4 does not have the expected function as the primary cell surface receptor required for B19V entry.
Instead, Gb4 has an essential role at a post-entry step after virus uptake and before the delivery of the
viral genome into the nucleus for replication [84]. Other receptor molecules, such as α5β1 integrin [85]
and Ku80 autoantigen [86] have been proposed as potential coreceptors for B19V infection. However,
the restricted uptake of B19V does not correspond with their wide expression profiles.

In an earlier study, we showed that the VP1u harbors a receptor-binding domain (RBD),
which enables the uptake of the virus. Purified recombinant VP1u (recVP1u) was able to bind
and to internalize exclusively into B19V permissive cells. Moreover, incorporation of VP1u subunits
on bacteriophage VLPs by chemical coupling enabled their internalization into B19V permissive
cells (Figure 2) [59]. The VP1u cognate receptor has not yet been identified, but its expression
profile corresponds with the restricted tropism of B19V, being expressed exclusively in cells at
erythropoietin-dependent erythroid differentiation stages [54,59].

5.2. Mapping and Structural Characterization of the Receptor-Binding Domain in the VP1u

The receptor-binding domain (RBD) in the VP1u was identified by using recVP1u variants with
increasing N- and C-terminal truncations. The VP1u variants internalized normally when they were
truncated less than 5 AA at the N-terminus or less than 147 AA at the C-terminus. Longer truncations at
both ends decreased or blocked VP1u uptake [28]. According to these results, the RBD spans the region
between AA 5–80 of VP1u, which explains the detectable exposure of this domain on the surface of
susceptible cells before uptake [32,87], as well as the presence of a cluster of neutralizing epitopes [67,68].
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Figure 2. Binding and internalization of recombinant MS2-VP1u labeled with Atto-488. (A) Schematic
depiction of MS2-VP1u particles. (B) Confocal fluorescence microscopy of MS2-VP1u bound to UT7/Epo
cells at 4 ◦C and internalized at 37 ◦C. MS2-Atto488-Δ126 (100 N-terminal AA of VP1u); MS2-Atto488

(without VP1u).

The secondary structure analysis of the N-terminal of VP1u (AA 1–80) from natural B19V isolates,
predicted a cluster of three α-helices with high confidence: helix 1 (AA 14–31), helix 2 (35–45),
and helix 3 (59–68) (Figure 3A). However, only helix 1 was conserved among other erythroparvoviruses
(Figure 3B) and displayed a prominent amphiphilic character. The marked segregation of polar and
hydrophobic amino acids between the two opposite flanks of the α-helix is well suited for receptor
binding. Compared with the residues of the hydrophilic side, the amino acids of the hydrophobic side
were highly conserved (Figure 3C). Point mutations on the hydrophobic side blocked VP1u binding
and internalization, suggesting a critical role of these residues in the interaction of VP1u with its
cognate cellular receptor [28].

The sequence analysis of the first 80 amino acids of VP1u predicted two additional helices
(Figure 3A). Disruption of the tertiary conformation of these domains by the introduction of
flexible sequences strongly impaired VP1u internalization. This observation suggests that the
spatial configuration of the three helices is crucial for VP1u binding to its cognate receptor and
subsequent uptake. An ab initio modeling of the RBD by the QUARK algorithm [88] predicted a
helix-like spatial configuration of the three helices (Figure 4A,B), where a cluster of conserved and
internalization-relevant amino acids was modeled in close proximity (Figure 4C,D) [28]. The spatial
proximity of function-relevant residues may correspond to a critical receptor-interacting site.

5.3. VP1u Cognate Receptor Facilitates B19V Targeting and Uptake Exclusively into Permissive Cells

B19V requires a strict intracellular environment for replication that can only be found in the
erythroid progenitor cells (EPCs) in the bone marrow. The essential intracellular factors appear to
be simultaneously upregulated in EPCs during the EPO-dependent differentiation stages. A study
has shown that the internalization and the replication of B19V are considerably enhanced when
CD34+ hematopoietic stem cells were stimulated with EPO [57]. Not surprisingly, the two cell
lines that are most frequently used to study B19V infection, the megakaryocyte-erythroid UT7/Epo
cells [89] and the erythroleukemic KU812Ep6 cells [90], are both derived from an EPO-dependent
subclone. EPO signaling maintains the survival of cells that entered the intermediate erythroid
differentiation stages [91–93]. Besides EPO signaling, B19V infection requires hypoxic conditions,
which characterize the bone marrow microenvironment where the virus replicates. Hypoxia upregulates

56



Viruses 2020, 12, 1463

the signal transducer and activator of transcription 5 (STAT5) pathway, which facilitates viral DNA
replication [61,94,95]. During the EPO-dependent differentiation stages, a cluster of erythroid-specific
genes is upregulated [96], including the VP1u cognate receptor [59], which jointly are essential for
B19V replication. In this regard, the main role of the VP1u receptor would be to facilitate the targeting
and the uptake of B19V exclusively into cells providing a permissive intracellular environment for the
infection. This strategy prevents the internalization into non-permissive cells, which would result in
abortive infection.

 

Figure 3. Structural motifs within the VP1u RBD. (A) Amino acid sequence of the N-terminal of VP1u
(AA 1–80) and the three predicted alpha helices (underlined red). (B) Conservation of alpha helix 1
among erythroparvoviruses. (C) Modeled helical wheel of the conserved helix 1 (AA 14–31) shows
the spatial arrangement of hydrophobic and polar amino acids within helix 1. Amino acid differences
found in B19V isolates are shown in a wider radius. Hydrophobic = orange; polar = green; basic = blue;
acid = red. The helical wheel of the simian parvovirus helix 1 is shown.

Figure 4. Ab initio modeling of the RBD in the VP1u. (A) Front and side views. Helix 1 appears in
blue (AA 14–31), helix 2 in yellow (AA 35–45), helix 3 in red (AA 57–68). (B) Helix distribution and
sequence of the modeled AA 14–68. The amino acids required for VP1u internalization are colored in
orange (hydrophobic) and green (polar). (C) The spatial distribution of essential amino acids is shown
as spheres in the helical structure (D) and in the surface model of the RBD.

5.4. Evolutionary Aspects of B19V Restricted Tropism and the Origin of the RBD in the VP1u

The origin of the marked tropism of B19V for erythroid precursors in the bone marrow is
not known. The erythroparvovirus and dependoparvovirus genomes show striking similarities,
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both having identical hairpin telomeres at both sides, and related replication mechanism [97]. It is
conceivable that the erythroparvovirus ancestor was dependent on helper virus co-infections. In line
with this hypothesis, several studies observed the enhancement of B19V replication and gene expression
in non-permissive cells in the presence of helper virus genes [98,99]. Besides the enhanced genome
replication, adenovirus genes transactivated the B19V promoters, including the p44 promoter in the
middle of the genome (nt 2247), which is normally silenced during B19V infection [100,101]. The p44
promoter is homologous to the promoters that initiate the expression of the structural capsid proteins in
other parvoviruses. Interestingly, the expression of the structural proteins represents a limiting factor in
B19V infection in non-erythroid cells. The transcription of the structural genes from the p44 promoter
might have played an important role in the helper-dependent ancestors of erythroparvoviruses
but could have been replaced during evolution by an alternative helper-independent replication in
erythroid cells. In contrast to most other parvoviruses, B19V shows alternative splicing in the transcript
from the p6 promoter that also enables the expression of the distal genes [102]. This exceptional splicing
mechanism of B19V, which strikingly occurs only in EPCs, makes the internal and helper-dependent
p44 promoter dispensable. Interestingly, there is another putative internal promoter (p55) at nt 2308
that might have similar properties.

According to this evolutionary model (Figure 5), the erythroparvovirus ancestor would have
generally exhibited a helper virus-dependent replication in different tissues, and sporadically,
a helper-independent replication in EPCs. However, without a specific targeting and internalization
into the erythroid progenitor cells, the overall infection still depended on the helper virus co-infection.
The erythroid-specific transcription of the structural genes from the p6 promoter generates a transcript
with a longer 5′-UTR that possibly allows the displacement of the start codon of the capsid proteins
and consequently, a longer VP1u region (Figure 6). The additional N-terminal amino acid sequence,
expressed only during the helper-independent infection in erythroid cells, might have evolved to
the RBD in the VP1u. The erythroid-specific targeting boosted the infection in the EPCs and thus
represented a positive feedback loop that promoted the autonomous replication in the erythroid
tissue. Vice versa, the helper-independent replication was the driving force for the positive feedback
mechanism. The positive feedback enhanced the reliance on additional erythroid-specific factors and
thus finally led to the extreme tropism of erythroparvoviruses.

 

Figure 5. Proposed origin of the marked erythroid tropism of B19V (see text for details).
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Figure 6. Infection-relevant functional domains in the structural proteins of three representative
parvoviruses. B19V exhibits a longer VP1u region compared to other parvoviruses. The additional
N-terminal stretch of 80–90 amino acids contain the functional RBD [28] and a cluster of neutralizing
epitopes [67,68]. NLS, nuclear localization signal.

The helper-dependent replication and expression of B19V genes in non-erythroid cells might still
represent a significant aspect of the pathogenesis of B19V infection. The unspecific entry of the virus
into non-erythroid tissues would not necessarily end in an abortive infection. The internalization of
B19V during the late viremic phase by the antibody-dependent enhancement (ADE) provides a basis
for latent infections in diverse tissues. These latent viruses might be sporadically reactivated by helper
virus infections, which would explain many of the B19V-associated diseases as well as the recurrent
detection of B19V DNA in the serum and different tissues [99,103].

6. Role of VP1u in the Subcellular Trafficking of Incoming B19V

To infect the cell, parvoviruses follow a complex route from the plasma membrane to the nucleus
where they replicate. Various domains in the VP1u of parvoviruses have been shown to play a
critical role in the process by assisting the transport of the incoming capsids throughout the different
membrane-enclosed organelles and the highly crowded cytosol and by promoting their translocation
through the nuclear pore complex (NPC) into the nucleus (Figure 6).

6.1. The Phospholipase A2 (PLA2) Domain

Following the interaction of the VP1u RBD with its cognate receptor, B19V is internalized by
clathrin-mediated endocytosis and enters the endosomal pathway [104]. Endosomes provide cues that
trigger capsid conformational rearrangements required for subsequent trafficking steps and contribute
to the transport of incoming viruses to the nuclear vicinity. However, the mechanism followed by
parvoviruses to escape from endosomal vesicles into the cytosol remains unclear. Phospholipase A2

enzymes (PLA2s) catalyze the hydrolysis of phospholipids and the release of lipid mediator precursors.
Accordingly, PLA2s are key enzymes in many cellular processes such as lipid membrane metabolism,
inflammation, membrane remodeling, host defense, and signal transduction [105]. PLA2s are found
in mammalian tissues as well as in arachnids, insects, mollusks, reptiles, plants, and bacteria.
A PLA2 domain containing the typical catalytic motif HDXXY and the calcium-binding site GXG is
conserved in the VP1u of parvoviruses, including B19V (except for amdoparvoviruses) [21–23,25,106].
Mutations in either of these motifs disturbed both, the enzymatic activity and viral infectivity [20,21,23].
The pharmacological disruption of endosomal membranes or co-infection with endosomolytically
active adenovirus, but not with inactive variants, partially rescued the infectivity of the PLA2 mutants,
suggesting a role of the VP1u PLA2 in altering the endosomal membrane integrity to enable endosomal
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escape of viruses into the cytosol [24,26]. In B19V, VP1u mutations not related to the critical PLA2

motifs were also shown to reduce the enzymatic activity, probably by disrupting the three-dimensional
rearrangement surrounding the PLA2 domain [107]. Although the PLA2 may facilitate the endosomal
escape of incoming B19V, the mechanism involved is poorly understood. Interestingly, B19V endosomal
escape was shown to occur without detectable endosomal membrane permeabilization or damage [104]
and the enzymatic requirements for the PLA2 activity, i.e., pH and calcium concentration are not
optimal in the endocytic compartment [106]. Accordingly, it remains unclear how the PLA2 activity of
VP1u supports the escape of the endosomal capsids.

B19V PLA2 has been shown to up-regulate Ca2+ entry [108], to inhibit Na+/K+ ATPase activity
and K+ channels [109,110], and to up-regulate ENaC [111]. These activities may contribute to the
pathophysiology of B19V infections. Moreover, due to the inflammatory-like effects exerted by
recombinant VP1u in cultured fibroblast [112] and in UT7/Epo cells [107], it has been hypothesized
that the PLA2 domain of VP1u may contribute to B19V-associated syndromes, such as arthropathy
and autoimmunity.

6.2. Nuclear Localization Signals (NLSs)

Following endosomal escape, parvovirus capsids are imported into the nucleus. Nuclear import
of most proteins involves classical nuclear localization signals (NLSs) consisting of a stretch of basic
amino acids, which interact with importin-α/importin-β to mediate transport through the nuclear
pore [113]. The size of the parvovirus capsid is below the diameter limit of the nuclear pore complex
(NPC). Therefore, capsids can theoretically be translocated through the NPC intact or without major
disassembly [114]. NLSs have been identified in the VP1u from several parvoviruses [12–19] and confer
nuclear import potential to the incoming particles via interaction with importin-β [115]. The VP1u of
B19V does not display a motif resembling a classical NLS, however, when expressed in eukaryotic cells,
VP1u accumulates in the cytoplasm and in the nucleus [107]. The stretch of basic amino acids found in
VP2 occupies an internal position in the capsid and has been implicated in the nuclear translocation
of assembly intermediates [116]. Accordingly, the mechanism of nuclear import of B19V remains
uncertain and might differ fundamentally from that of other parvoviruses.

7. Biotechnological Applications of the VP1u of B19V

Nanocarriers are designed to efficiently deliver therapeutic molecules to specific tissues minimizing
adverse effects [117]. Despite important progress, the drug delivery technology based on synthetic
nanocarriers remains highly inefficient. One meta-analysis revealed that over 99% of the drugs do
not reach the diseased cells and accumulate instead in non-target tissues or are cleared from the
body [118]. Ideally, nanocarriers must specifically internalize into the target cells, escape from the
endocytic compartment, and release their payload into the cytosol. These processes resemble the early
infection steps of viruses, which operate as powerful natural nanocarriers to efficiently deliver genetic
material into target cells by complex mechanisms shaped by evolution. The targeting machinery that
is engaged in the early viral infection steps can be utilized to generate virus-inspired nanocarriers as
efficient drug or gene delivery vehicles [119,120]. In this regard, the VP1u of B19V includes many
interesting features that can potentially be exploited for drug delivery and diagnostics, i.e., specific cell
targeting, efficient cell entry, and endosomal escape.

7.1. Specific Biomarker for EPO-Dependent Erythroid Differentiation Stages

Diverse hematological conditions (e.g., leukemia, thalassemic and myelodysplastic syndromes,
bone marrow metastases of solid tumors, septicemia, or severe health conditions after surgery)
are typically associated with the presence of erythroblasts outside the bone marrow [121–126].
Accordingly, the screening of peripheral blood for nucleated red blood cells (NRBCs) is used to
recognize hematological disorders or severe health conditions. Assays to detect NRBCs must be
very sensitive because the presence of only a few NRBCs can indicate serious underlying disorders.
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Unfortunately, automated hematology analyzers may not detect low levels of NRBCs. Besides,
they generate suspect flags, which should be examined manually [127]. The currently used automated
detection of NRBCs in peripheral blood has a detection limit of 1-2 erythroblasts per 100 white
blood cells [123,128]. In comparison, VP1u decorated MS2 capsids were able to detect as few as
one erythroleukemic UT7/Epo cell in 100,000 isolated white blood cells (unpublished observations).
The sensitive identification of erythroblasts in the peripheral blood by fluorescent VP1u bioconjugates
has the potential to improve the detection of diverse hematological disorders or severe health conditions
and to facilitate an early diagnosis without the systematic need of an invasive technique such as bone
marrow biopsy.

The precise identification and isolation of erythroid progenitor cells is important in hematological
research and in diagnostics to characterize and treat bone marrow disorders. However, the technique
remains rather complex and laborious, since the currently used markers are not lineage-specific (CD36,
CD38, CD44, CD45, CD71, CD105, EPOR) or are broadly expressed during the erythroid development
(glycophorin A). Therefore, the combination of several antibodies is necessary to achieve the correct
identification [124,129–134]. In contrast, the fluorescent VP1u bioconjugate appeared as a unique and
highly sensitive marker for the EPO-dependent erythroid differentiation stages and readily detected
these cells in heterogeneous cell populations from different tissues [54]. The findings show the potential
of the VP1u as a biomarker to identify and sort erythroid differentiation stages in a simpler procedure
than it has been practiced so far.

It is expected that the future biotechnological applications of the VP1u will be spurred by the
identification of its cognate receptor. However, the identity of the VP1u receptor will not necessarily
be determinant for the applicability of the VP1u as a specific cellular marker. Historically, it is not
uncommon to use cell surface markers to identify cell populations based on empirical evidence without
knowing the identity and/or the function of the targeted receptors.

7.2. Specific Drug Delivery and Chemotherapy

7.2.1. β-Hemoglobin Disorders

β-hemoglobin disorders are a group of highly prevalent hereditary diseases caused by mutations
in the gene encoding for the β-chain of hemoglobin, resulting in qualitative and quantitative defects in
β-globin production. β-thalassemias are a heterogeneous group of genetic disorders characterized by
the partial or complete absence of β-globin chain production, leading to anemia and iron overload.
The disease is highly prevalent with 80–90 million carriers worldwide. Without diagnosis and
appropriate treatment, the severe forms of β-thalassemia lead to death before age 20 [135]. Sickle cell
disease (SCD) is the most common and severe hemoglobinopathy. In SCD, a single mutation in the
β-globin gene results in the production of an aberrant hemoglobin molecule, which causes the rigid
sickle-like shape of erythrocytes. Without treatment, SCD is lethal before age five [136].

Patients with severe β-hemoglobin disorders require regular blood transfusions, which lead to iron
overload and related complications. Accordingly, iron chelation therapies are also required [137,138].
The most severe forms of the disease have been successfully treated by allogeneic hematopoietic stem
cell transplantation from a matched related donor. However, major drawbacks are the difficulty to
find a histocompatible donor and the need for extensive immunosuppressive regimens, with the
risk of immunological complication. Besides, this approach is not accessible for many affected
individuals [139,140]. Gene therapy and gene editing strategies to restore the globin genes have
generated promising results. However, these approaches lack cell-specific vectors, resulting in poor
efficiency and the risk of insertional oncogenesis [141–143].

Due to the numerous drawbacks associated with the current therapeutic strategies, there is a great
interest in developing novel therapeutic options. The therapeutic targeting of RNA by double-stranded
RNA-mediated interference (RNAi) or by antisense oligonucleotides (ASOs) allows specific inhibition
of the target of interest and a very rapid transferability to the clinics [144]. However, the delivery of
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nucleic acid molecules to the bone marrow remains highly inefficient. The MS2 capsid is a well-studied
vector for drug delivery and can be easily loaded with therapeutic ASOs or small interfering RNAs
(siRNA) [145,146]. This strategy provides protection of the therapeutic nucleic acid molecules in
the extracellular milieu, avoids solubility problems, and thus allows more the options to improve
the modifications of the oligonucleotides. In a previous study, we showed that anchoring of VP1u
subunits to the surface of MS2 capsids retargets the particles to erythroid cells. This finding offers
the opportunity to deliver encapsidated genetic material specifically to this cell population [59].
Potential targets of therapeutic ASOs or siRNA might be different factors involved in the regulation of
erythropoiesis, such as transferrin receptor 2, or regulatory elements of fetal hemoglobin, such as B-cell
lymphoma/leukemia 11A and erythroid Kruppel-like factor. Specific downregulation of such factors in
erythroid progenitor cells would significantly alleviate symptoms of β-hemoglobin disorders [147–150].

7.2.2. Erythroleukemia

Acute erythroleukemia is a rare disorder associated with a poor prognosis. A study reported
a median overall survival of 8 months [151]. The treatment of erythroleukemia is compromised
due to the systemic distribution and resistance of the malignant cells to chemotherapeutics [152,153].
Therefore, the successful elimination of erythroleukemic cells by a cytotoxin requires a “magic bullet”
strategy—an efficient and specific targeting of the toxin to cancer cells—minimizing adverse effects
to the surrounding healthy cells [154]. Erythroleukemias exhibit proliferating cancer cells in the
early and intermediate erythroid differentiation stages [155], which are the target cells of the VP1u.
Accordingly, the VP1u-mediated toxin delivery represents a possible strategy to overcome the resistance
of erythroleukemia to chemotherapeutics. In previous studies, VP1u successfully targeted a toxin
specifically to malignant erythroid precursors and thus selectively eliminated these cells from a mixed
cell culture [156].

The immunity of many individuals against B19V would represent a serious obstacle for the
application of the VP1u-targeted delivery. About half of the human population is seropositive for
anti-B19V antibodies. Similar problems are faced in the application of AAV vectors for gene therapy,
where many individuals have antibodies against serotypes 2 and 3 [157]. Following the natural
mechanism of viruses to evade the immune system, the AAV researchers are searching for AAV isolates
and isotypes, which are not neutralized by the common pool of antibodies, but still offer the beneficial
properties of the original virus [158–160]. In the case of a short protein with a single function as with
the RBD of the VP1u, an immune escape by antigenic drift is easier to achieve without disturbing the
receptor binding and internalization capacity. The natural mutations observed in various B19V isolates
(Figure 3C) together with the mutational studies already performed [28], provide an excellent basis to
mimic an antigenic drift of the VP1u RBD without decreasing the targeting function of the protein.
Furthermore, there exist different options to reduce the antigenicity of a therapeutic protein, such as
a fusion with an abundant endogenous protein as serum albumin or the immunoglobulin constant
fragments [161–163]. The coupling to these endogenous proteins does not only circumvent the immune
response, but also considerably increases the solubility, stability, and serum half-life of the therapeutic
proteins. In line with this concept, bovine serum albumin (BSA) was used as an adaptor molecule for
the attachment of the toxins to a VP1u-NeutrAvidin complex. The results showed that the modified
BSA remained soluble after the attachment of 20–30 fluorescein or toxin molecules to the protein and
was targeted exclusively to VP1u-expressing cells. The stability of the drug attachment might be
increased by packing the effector molecule into a capsid, as shown with the MS2 bacteriophage in
previous studies [145,146,164]. The specific delivery of an encapsidated effector allows a higher dose
per delivered particle without increasing toxicity. Besides, the capsid can be engineered to incorporate
multiple residues to improve the targeting efficiency.
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8. Concluding Remarks

The VP1u is a key component of the capsid of human parvovirus B19 with essential functions
in multiple steps of the infection, such as tissue tropism, uptake, intracellular trafficking, and entry.
The VP1u is also the immunodominant region of the capsid and a crucial component for prospective
vaccines. In the future, efforts will be focused to better understand the essential functions of VP1u in
B19V infection and to identify the VP1u interactome, notably its cognate cell receptor.

Recent innovations in protein engineering and nanomaterials science have the potential to
revolutionize the conventional methods of diagnosis and treatment, bringing new hopes to patients.
However, to date, a major barrier in their clinical application remains their poor selective targeting.
Only a few clinically approved nanoscale delivery vehicles integrate molecules to selectively target
the cargo to the tissue of interest. In this regard, the remarkable erythroid specificity of the VP1u
offers novel opportunities to generate virus-inspired biomarkers and nanocarriers to specifically target
erythroid cells. This approach may contribute to a better understanding of the mechanisms governing
erythroid development and to treat disorders of the erythroid lineage. Efforts to circumvent the
VP1u immune response and to optimize the stability and density of cargo delivery will facilitate its
transferability to human diagnostics and therapies.
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Abstract: H-1 protoparvovirus (H-1PV) is a self-propagating virus that is non-pathogenic in humans
and has oncolytic and oncosuppressive activities. H-1PV is the first member of the Parvoviridae
family to undergo clinical testing as an anticancer agent. Results from clinical trials in patients with
glioblastoma or pancreatic carcinoma show that virus treatment is safe, well-tolerated and associated
with first signs of efficacy. Characterisation of the H-1PV life cycle may help to improve its efficacy and
clinical outcome. In this study, we investigated the entry route of H-1PV in cervical carcinoma HeLa
and glioma NCH125 cell lines. Using electron and confocal microscopy, we detected H-1PV particles
within clathrin-coated pits and vesicles, providing evidence that the virus uses clathrin-mediated
endocytosis for cell entry. In agreement with these results, we found that blocking clathrin-mediated
endocytosis using specific inhibitors or small interfering RNA-mediated knockdown of its key
regulator, AP2M1, markedly reduced H-1PV entry. By contrast, we found no evidence of viral entry
through caveolae-mediated endocytosis. We also show that H-1PV entry is dependent on dynamin,
while viral trafficking occurs from early to late endosomes, with acidic pH necessary for a productive
infection. This is the first study that characterises the cell entry pathways of oncolytic H-1PV.

Keywords: oncolytic viruses; rodent protoparvovirus H-1PV; virus entry; clathrin-mediated endocytosis

1. Introduction

The rodent H-1 protoparvovirus (H-1PV) belongs to the Parvoviridae family, genus
Protoparvovirus [1]. This genus also includes Rodent protoparvovirus 1 (H-1PV, Kilham rat virus,
LuIII virus, minute virus of mice (MVM), mouse parvovirus, tumour virus X, rat minute virus),
Rodent protoparvovirus 2 (rat parvovirus 1), Carnivore protoparvovirus 1 (canine parvovirus (CPV) and
feline panleukopenia parvovirus (FPV)), Primate protoparvovirus 1 (bufavirus) and Ungulate parvovirus 1
(porcine parvovirus (PPV)) [2,3]. Protoparvoviruses (PtPVs) are single-stranded DNA viruses with
an icosahedral capsid of about 25 nm diameter. Their genomes encompass the non-structural (NS)
and the viral particle (VP) transcriptional units, whose expressions are regulated by the P4 and P38
promoters, respectively. The NS transcriptional unit encodes the NS1 and NS2 proteins, whereas the
VP transcriptional unit encodes the VP1 and VP2 capsid proteins and the small alternatively translated
protein [4].
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Owing to their ability to specifically infect, replicate and kill human cancer cells, rodent PtPVs are
under investigation as potential anticancer therapies. Pre-clinical studies have revealed that H-1PV
in particular has remarkable oncolytic and oncosuppressive activity in a number of cell culture and
animal models of cancers from different origins [5]. Notably, H-1PV-induced cancer cell death and
lysis are immunogenic and stimulate the immune system to participate in the elimination of cancer
cells [6]. NS1 is the major effector of H-1PV oncotoxicity [7].

Although viral oncolytic activity is shared between rodent PtPVs, H-1PV is the only member
of the genus to have reached the clinic as an anticancer therapy. In a phase I/IIa clinical trial in
patients with recurrent glioblastoma (ParvOryx01), H-1PV treatment was safe, well-tolerated and
associated with first evidence of anticancer efficacy. This evidence included the ability of H-1PV to
cross the blood–brain barrier after intravenous administration, its wide distribution in the tumour
bed, the induction of tumour necrosis and immuno-conversion of the tumour microenvironment.
As a result, virus treatment led to an improved progression-free survival and median overall survival
of patients in comparison with historical controls [8]. A dose-escalation phase I/IIa pilot study in
patients with metastatic pancreatic cancer recently confirmed the excellent safety and tolerability
of H-1PV treatment. In accordance with the results of ParvOryx01, patients who responded to the
treatment showed evident changes in the tumour microenvironment and induction of specific immune
responses [9].

The PtPV life cycle is strictly dependent on host cellular factors for a productive infection, from cell
surface attachment and entry to virus DNA replication, gene expression, multiplication and egress.
Some of these factors are frequently overexpressed or dysregulated in cancer cells. The list includes
cell cycle regulators, transcription factors, modulators of the DNA damage response, kinases and
cytoskeleton components (reviewed in Reference [10]). However, unlike for other PtPVs, the early
steps of H-1PV infection remain to be characterised.

The first interaction between PtPVs and the target cell occurs through binding to a specific
surface receptor exposed on the host plasma membrane. Cellular receptors for some PtPVs have been
described, such as the transferrin receptor for CPV and FPV. H-1PV, like MVM and PPV, uses sialic
acid (SA) for cell surface attachment and entry. However, it is unclear whether SA itself acts as a
functional viral receptor for the virus or is a component of an as yet unidentified receptor(s) or receptor
complex [3,11,12].

After docking to the cellular membrane, viruses are internalised through different pathways [13].
Clathrin- and caveolae-mediated endocytosis are two dynamin-dependent pathways, whereas
macropinocytosis, lipid-raft-mediated endocytosis and caveolae/clathrin-independent endocytosis are
dynamin-independent pathways [14,15]. Clathrin-mediated endocytosis is the pathway commonly
used by small viruses, including PtPVs [16–20]. The mechanism begins with the recruitment of adaptor
protein 2 (AP-2) complexes on the plasma membrane, followed by the assembly of a three-dimensional
clathrin coat that leads to a progressive invagination of the membrane. Dynamin self-assembles around
the vesicle neck and mediates its scission, and the vesicle is subsequently released into the interior of
the cell [21].

PtPVs also use alternative endocytic pathways. For instance, MVM prototype strain takes at
least three different endocytic routes: clathrin-, caveolae- and clathrin-independent carrier-mediated
endocytosis [22]. Even though endocytosis seems to be the default entry pathway for PtPVs, differences
between members of the family may contribute to the tropism of these viruses.

As the PtPV is trafficked within the cellular endosome, its capsid undergoes slow structural
changes. In particular, the acidic environment exposes the catalytic phospholipase 2 domain of VP1.
This conformational change promotes the digestion of the endosomal membrane, resulting in the
release of viral particles from the late endosome to the cytosol [3]. Thereafter, incoming PtPV particles
are transported to the nucleus in a process that is dependent on the cytoskeleton and associated motor
proteins [23].
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In this study, we used electron microscopy (EM) and immunofluorescence (IF), together with a
number of chemical inhibitors and siRNA-mediated knockdown, to identify which of these pathways
H-1PV uses to enter cancer cells. We found that H-1PV cell uptake occurs preferentially through
clathrin-mediated, but not caveolae-mediated, endocytosis in cervical carcinoma HeLa and glioma
NCH125 cell lines. Entry was also dependent on dynamin activity. We show that after its internalisation,
H-1PV, like other PtPVs, passes through early endosomes to late endosomes/lysosomes during its
cytosolic trafficking. Productive infection relies heavily on the acidic pH in the endosomes.

2. Materials and Methods

2.1. Cells and Viruses

The cervical carcinoma-derived HeLa [7] and the glioblastoma-derived NCH125 cell lines [24] were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS, 100 units/mL
penicillin, 100 μg/mL streptomycin and 2 mM L-glutamine (all from Gibco, Thermo Fischer Scientific,
Darmstadt, Germany) in a humidified incubator at 37 ◦C. Both cell lines were tested for mycoplasma
contamination by PCR in a regular base.

Both wild-type H-1PV and recombinant H-1PV harbouring the green fluorescent protein-encoding
gene (recH-1PV-EGFP) were produced, purified and titrated as previously described [25,26].

2.2. Electron Microscopy

HeLa cells were seeded on punched sheets of ACLAR-Fluoropolymer films (Electron Microscopy
Sciences) at a density of 8 × 104 cells/well in 24-well plates. On the following day, cells were infected
with H-1PV at a multiplicity of infection (MOI) of 2000 plaque forming units (pfu) per cell in DMEM 5%
FBS at 4 ◦C for 1 h to allow virus attachment to the cell surface and promote a synchronised infection.
In order to catch the internalisation event, cells were shifted to 37 ◦C for 0, 5, 10, 20 and 30 min.
After incubation, ACLAR-Fluoropolymer films were embedded in epoxy resin for ultrathin sectioning
according to standard procedures. Briefly, chemical fixation was carried out in buffered aldehyde
(4% formaldehyde, 2% glutaraldehyde, 1 mM CaCl2, 1 mM MgCl2 in 100 mM Ca-cacodylate, pH 7.2),
followed by post-fixation in buffered 1% osmium tetroxide and en bloc staining in 1% uranylacetate.
Following dehydration in graded steps of ethanol, the adherent cells were flat-embedded in epoxy resin
(mixture of glycid ether, methylnadic anhydride and dodecenyl-succinic-anhydride; Serva). Ultrathin
sections of nominal thickness 60 nm and contrast-stained with lead-citrate and uranylacetate were
analysed using a Zeiss EM 910 (Carl Zeiss, Oberkochen, Germany) at 120 kV and micrographs taken
using a slow scan charge-coupled device camera (TRS, Olympus, Moorenweis, Germany).

2.3. Co-Localisation of H-1PV and Cellular Proteins by Confocal Microscopy

HeLa cells were seeded at a density of 3.5 × 103 cells/spot on spot slides and grown in 50 μL of
complete cellular medium. On the following day, cells were placed on ice for 15 min and then infected
with wild-type H-1PV at a MOI of 500 (pfu/cell) in a total of 70 μL of 5% FCS-containing medium. At 1 h
post-infection, cells were shifted to 37 ◦C for varied times depending on the experiment, before being
fixed with 3.7% paraformaldehyde on ice for 15 min and permeabilised with 1% Triton X-100 for 10 min.
Immunostaining was carried out with the following antibodies, all used at dilution 1:500 for 1 h: mouse
monoclonal anti-H-1PV capsid (a conformational antibody kindly provided by Barbara Leuchs; DKFZ
Virus Production and Development Unit, Heidelberg, Germany) [27], rabbit monoclonal anti-clathrin
heavy chain (D3C6; Cell Signalling Technology, Leiden, Netherlands), rabbit monoclonal anti-EEA1
(3288; Cell Signalling Technology), rabbit monoclonal anti-Rab7 (9367T; Cell Signalling Technology)
and rabbit polyclonal anti-LAMP-1 (CD107a) (AB2971; Merck, Darmstadt, Germany). Anti-mouse
Alexa Fluor 594 IgG (A11005; Thermo Fisher Scientific, Bleiswijk, Netherlands) or anti-rabbit Alexa
Fluor 488 IgG (A11008; Thermo Fisher Scientific) were used as secondary antibodies. Nuclei were
stained by 4′,6-diamidin-2-phenylindol (DAPI). Images in the green channel (H-1PV), red channel
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(varied cellular proteins) or blue channel (DAPI) were acquired with a confocal microscope (Leica TCS
SP5 II, Wetzlar, Germany). Picture analysis was carried out using the Leica LAS X Software.

2.4. Treatment with Inhibitors of Endocytosis Pathways

Hypertonic sucrose (Carl Roth), 0.40 M, chlorpromazine (Sigma-Aldrich Chemie GmbH, Steinheim,
Germany), 2.5 μg/mL for HeLa or 5 μg/mL for NCH125, and pitstop 2 (Sigma-Aldrich Chemie GmbH),
30 μM, were used to inhibit clathrin-mediated endocytosis. Dynole™ Series Kit containing Dynole
31–2 (active drug) and 34–2 (negative control) (ab120474; Abcam, Cambridge, UK), 5 μM, were used to
inhibit dynamin activity. Bafilomycin A1 (BafA1; Cell Signalling Technology), 10 nM, and ammonium
chloride (NH4CL; 1145, Merck), 25 mM, were used to prevent pH acidification. The concentrations of
the aforementioned inhibitors were used at the highest doses before affecting the cellular proliferation.
Nystatin (Sigma-Aldrich), 10 μg/mL, and methyl-β-cyclodextrin (MβCD; Sigma-Aldrich Chemie
GmbH), 10 mM, were used to inhibit caveolae-mediated endocytosis. These concentrations were
selected according to the literature [28,29] and also did not affect the proliferation of the cell lines used
for the experiments.

Briefly, HeLa cells were seeded at a density of 8 × 104 cells/well in 24-well plates and, on the
following day, pre-treated for 45 min with the various inhibitors. Cells were then infected with
recH-1PV-EGFP at a MOI of 0.2–0.3 transduction units (TU)/cell for 4 h, washed twice with PBS and
grown in culture medium for an additional 20 h. At 24 h post-infection, cells were washed once with
PBS, fixed with 3.7% paraformaldehyde on ice for 15 min, permeabilised with 1% Triton X-100 for
10 min and stained with DAPI. Fluorescence images of EGFP-positive cells were acquired with a
BZ-9000 fluorescence microscope (Keyence Corporation, Osaka, Japan) with 4X or 10X objective. DAPI
staining was used to visualise the nuclei (cells). At least two independent experiments, each performed
in duplicate, were performed for every condition tested.

2.5. Cell Proliferation Assay

Cell proliferation was monitored in real time through the xCELLigence system (ACEA Biosciences
Inc., San Diego, CA, USA) according to the manufacturer’s instructions. Briefly, 8 × 104 HeLa or
NCH125 cells per well were seeded in a 96-well E-plate (Roche) in a total volume of 100 μL of complete
DMEM medium. On the following day, cells were treated with different inhibitors for 45 min, and
subsequently washed with PBS. Cell proliferation was monitored every 30 min in real time over a
period of 72 h. Data is expressed as “Normalised cell index”, where all curves were normalised to an
arbitrary value of 1.0 at the timepoint before treatment. Average values of each experimental condition
assessed in triplicate are presented with the respective standard deviation (SD).

2.6. siRNA-Mediated Knockdown

Cells were seeded at a density of 4 × 104 cells/well in a 24-well plate and grown in 500 μL of normal
growth medium. After 24 h, cells were transfected with 10 nM siRNA using Lipofectamine RNAimax
(Thermo Fisher Scientific, Carlsbad, CA, USA) according to the manufacturer’s instructions. For AP2M1,
we used the AP2M1 ON-TARGET plus Human siRNA SMARTpool (L-008170–00-0005) and, as a
negative control, the plus Non-targeting pool (D-001810–10-05) (Dharmacon, Thermo Fisher Scientific).
For CAV-1, we used two Silencer Select Validated siRNAs (s2446 and s2448; Life Technologies, Paisley,
Scotland) and Silencer Select Negative Control #2 siRNA (4390846, Life Technologies) as a control.
After 24 h, the medium was replaced, and cells were grown for an additional 24 h to allow efficient gene
silencing. The cells were then infected for 24 h with recH-1PV-EGFP at 0.2–0.3 TU/cell. Cells were then
washed once with PBS and processed as described above for fluorescence microscopy. At least two
independent experiments, each performed in duplicate, were performed for every condition tested.
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2.7. Western Blotting

Cells were harvested, washed in PBS, and then lysed on ice for 30 min in RIPA buffer (10 mM
Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA pH 8, 1% NP-40, 0.5% Na-deoxylcholate and 0.5% SDS
supplemented with complete EDTA-free protease inhibitor (11697498001; Roche, Mannheim, Germany).
Cellular debris was removed by centrifugation, and protein concentration in cell lysates was measured
by bicinchoninic acid (BCA) assay (Thermo Fisher Scientific), according to manufacturer’s instructions.
SDS-PAGE analysis was performed on 50 μg of total protein extract. After separation, proteins
were transferred to Hybond-P membrane (GE Healthcare, Freiburg, Germany). Immunoblotting
was carried out with the following antibodies: mouse monoclonal anti-vinculin (sc-25336; Santa
Cruz Biotechnology, Heidelberg, Germany) and rabbit monoclonal CAV-1 (D46G3; Cell Signalling
Technology) at 1:1000 dilution. After incubation with horseradish peroxidase conjugated secondary
antibodies (Santa Cruz Biotechnology) at 1:1000 dilution, proteins were revealed with Western Blot
Chemiluminescence Reagent Plus (Perkin Elmer Life Sciences) and exposed to Hyperfilm™ ECL
radiographic films (GE Healthcare).

3. Results

3.1. Electron Microscopy Analysis Reveals H-1PV within Clathrin-Coated Pits

In order to investigate the H-1PV internalisation pathway, we performed EM analysis of HeLa
cells infected with H-1PV. Infection was carried out at 4 ◦C for 1 h to allow virus cell surface binding.
Cells were then shifted back to 37 ◦C for various intervals to allow virus internalisation. EM analysis
of infected cells at 4 ◦C showed the virus at the cell surface bound to thickened regions resembling
clathrin-associated plasma membrane (Figure 1A) [30]. In the first 5 min after cells were shifted
back to 37 ◦C, the invagination of clathrin-rich regions started with H-1PV particles remaining
associated with these regions (Figure 1B). From 10 to 30 min, viral particles were detected both in
clathrin-coated pits (Figure 1C) or in the cytosol inside completely invaginated vesicles (we found
up to nine particles in a single vesicle) (Figure 1D). Furthermore, in the course of the experiment,
no virus internalisation was found in vesicles with the small flask-shaped invaginations that are
characteristic of caveolae-mediated endocytosis [31], which suggests that H-1PV is internalised mainly
(if not exclusively) via clathrin-mediated endocytosis.

Figure 1. Endocytosis of H-1PV is clathrin-dependent. HeLa cells were infected with H-1PV for 1 h at
4 ◦C to allow H-1PV cell surface attachment but not entry. Cells were then shifted to 37 ◦C to allow
H-1PV cell internalisation. Cells were collected every 5 min for a total of 30 min and processed for
EM analysis. (A) At 4 ◦C, H-1PV particles are found attached to electro-dense (clathrin-rich) regions
on the plasma membrane. (B) In the first 5 min after release at 37 ◦C, H-1PV particles are detected in
early-forming clathrin-coated pits. (C) From 10 to 30 min, H-1PV particles moved into the cells within
deeply invaginated clathrin-coated pits that were still connected to the plasma membrane, forming an
hourglass-like membrane neck. (D) Later in the infection (10–30 min at 37 ◦C), H-1PV particles are seen
being trafficked within the cell inside clathrin-coated vesicles.
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3.2. H-1PV Co-Localises with Clathrin Upon Entry

The EM analysis provided first evidence that H-1PV uses clathrin-mediated endocytosis to enter
cells. To confirm these results independently, we checked for possible co-localisation of H-1PV and
clathrin-heavy chain (CHC). To this end, HeLa cells were infected with H-1PV for 1 h at 4 ◦C and then
shifted back to 37 ◦C. After 30 min, a fraction of internalised H-1PV was clearly detected in association
with CHC by confocal microscopy (Figure 2), providing further evidence that H-1PV is internalised
through a clathrin-dependent pathway.

 
Figure 2. H-1PV co-localises with clathrin upon entry. HeLa cells were infected with H-1PV for
1 h at 4 ◦C and then shifted to 37 ◦C for 30 min before being processed for immunostaining using
anti-H-1PV full capsid and anti-clathrin-heavy chain (CHC) antibodies. Cell nuclei were visualised
by DAPI staining. Confocal microscopy analysis showed that H-1PV particles (Alexa Fluor 594, red)
co-localised with CHC (Alexa Fluor 488, green) early upon infection. Three examples of regions where
co-localisation is observed are framed by white boxes and shown zoomed in.

3.3. H-1PV Enters Cells Preferentially via Clathrin-Mediated Endocytosis

Next, we investigated whether targeting regulators of clathrin-mediated endocytosis would affect
H-1PV infection. A recombinant H-1PV expressing the EGFP reporter gene (recH-1PV-EGFP) was
used for the experiments. This non-replicative parvovirus shares the same capsid of the wild type but
harbours the EGFP gene under the control of the natural P38 late promoter, whose activity is regulated
by NS1 viral protein [25]. Therefore, the EGFP signal directly correlates to the ability of the virus to
reach the nucleus and initiate its own gene transcription.

The effects of various inhibitors on H-1PV entry were assessed in HeLa and in glioma-derived
NCH125 cell lines. The latter, like HeLa, is highly permissive to H-1PV infection. Pharmacological
inhibitors included hypertonic sucrose, chlorpromazine (CPZ) and pitstop 2. Hypertonic sucrose is
a classical inhibitor that traps clathrin in microcages [32]. CPZ is a cationic, amphiphilic drug that
induces the misassembly of clathrin lattices at the cell surface and on endosomes [33]. Pitstop 2
interferes with the binding of proteins to the N-terminal domain of clathrin [34]. The internalisation of
TexasRed-labelled transferrin, a protein known to be exclusively internalised through clathrin-mediated
endocytosis, was monitored to check the effectiveness of each treatment [35]. At the concentrations
used, the three inhibitors blocked transferrin uptake efficiently but did not affect cell proliferation
(Supplementary Figure S1).

Pre-treatment with hypertonic sucrose decreased H-1PV transduction by more than 90% in HeLa
and 80% in NCH125 cells compared to untreated cells (Figure 3A,B). When the compound was applied
3 h post-infection (by which time the virus is already internalised), no significant changes in H-1PV
transduction were observed, indicating that the drug interferes with H-1PV transduction at the level of
virus entry (Supplementary Figure S2). Strong inhibition of H-1PV transduction was also achieved by
pre-treating cells with CPZ (approximately 90% reduction in both cell lines) or with pitstop 2 (60%
reduction in Hela and over 70% in NCH125 cells) compared to untreated cells.
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Figure 3. Blocking clathrin-mediated endocytosis results in a significant reduction of H-1PV
transduction. (A) HeLa and (B) NCH125 cells were pre-treated with different clathrin-mediated
endocytosis inhibitors (hypertonic sucrose, chlorpromazine (CPZ) or pitstop 2) or left untreated.
Cells were then infected with recH-1PV-EGFP for 4 h in the presence of the inhibitor. At 20 h
post-infection, cells were processed as described in the Materials and Methods (M&M) section.
(C) HeLa and (D) NCH125 cells were transfected with a pool of siRNAs targeting either AP2M1 or
negative control. At 48 h post-transfection, cells were infected with recH-1PV-EGFP for 4 h and grown
for an additional 20 h. Cells were then processed as described in the M&M section. Numbers represent
the average percentage of EGFP-positive cells relative to the number of EGFP-positive cells observed in
untreated or scrambled siRNA-transfected cells, which was arbitrarily set as 100%.

The AP-2 complex is a heterotetramer that plays an essential role in clathrin-mediated
endocytosis [21]. To confirm the involvement of clathrin-mediated endocytosis in H-1PV cell entry,
we silenced the expression of AP2M1, the gene encoding subunit μ1 of AP-2 [36]. To this end, HeLa
and NCH125 cells were transfected with either a siRNA pool targeting AP2M1 or scrambled siRNA
(negative control), and subsequently infected with recH-1PV-EGFP. Under conditions in which the
silencing of AP2M1 successfully reduced transferrin uptake, we observed a strong decrease in H-1PV
transduction (over 60% compared to the scrambled siRNA-treated cells) in both cell lines (Figure 3C,D).
Taken together, these results show that H-1PV uses clathrin-mediated endocytosis to enter HeLa and
NCH125 cells.

3.4. H-1PV Does Not Enter Cells via Caveolae-Dependent Endocytosis

To investigate whether H-1PV uses pathways other than clathrin-mediated endocytosis to enter
HeLa and NCH125 cancer cells, we inhibited clathrin-independent endocytosis using nystatin and
methyl-β-cyclodextrin (MβCD). Both drugs selectively disrupt lipid rafts (e.g., cholesterol), including
those required for caveolae-dependent entry [28,29,37]. Yet, neither nystatin nor MβCD decreased
H-1PV transduction, providing evidence that the virus does not use this endocytic route to enter
these cells (Figure 4A,B). Similar results were also obtained using the two drugs at lower or higher
concentrations (0.1–100μg/mL for nystatin, 0.1–100μM for MβCD). We also carried out siRNA-mediated
knockdown of CAV1 (which encodes for caveolin-1) by using two different siRNAs. Knock-down
of CAV1 gene expression did not decrease H-1PV transduction activity compared with scrambled
siRNA-transfected cells, but instead increased it (Figure 4C,D). Together, these results indicate that
caveolae-dependent endocytosis is not involved in H-1PV entry of HeLa and NCH125 cells.
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. 

Figure 4. Disruption of clathrin-independent endocytosis does not decrease H-1PV transduction.
(A) HeLa and (B) NCH125 cells were either pre-treated with cholesterol-sequestering drugs (nystatin
or methyl-β cyclodextrin (MβCD)) for 45 min or left untreated. Cells were then infected with
recH-1PV-EGFP for 4 h in the presence (or absence) of the inhibitor. At 20 h post-infection, cells were
processed as described in the M&M section for immunofluorescence analysis. (C) HeLa and (D) NCH125
cells were transfected with siRNAs targeting CAV1 or a negative control siRNA. At 48 h post-transfection,
cells were infected with recH-1PV-EGFP for 4 h and grown for an additional 20 h. Cells were then
processed as described in panel A. Numbers represent the average percentage of EGFP-positive cells
relative to the number of EGFP-positive cells observed in untreated cells, which was arbitrarily set
as 100%. The steady protein levels of caveolin-1 on lysates derived from (E) HeLa or (F) NCH125
siRNA-transfected cells were analysed by Western blotting. Vinculin was used as a loading control.

3.5. H-1PV Internalisation Is Dependent on Dynamin

Dynamin is a large GTPase with an essential role in cellular membrane fission for newly
formed vesicles. It is therefore required for clathrin- and caveolae-mediated endocytosis but not for
macropinocytosis [38]. We used the highly selective Dynole 34–2 to inhibit dynamin activity [39,40],
and Dynole 31–2, its inactive form, as a negative control. At a concentration that blocked transferrin
uptake, Dynole 34–2 drastically reduced virus transduction to just 8% in HeLa and 13% in NCH125
cells (Figure 5) compared to untreated cells. As expected, Dynole 31–2 did not have any significant
effect on H-1PV transduction. These results demonstrate that dynamin plays an essential role in
H-1PV infection.
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Figure 5. H-1PV requires dynamin activity for entry. (A) HeLa and (B) NCH125 cells were pre-treated
with either Dynole 34–2 or its inactive form, Dynole 31–2. Cells were subsequently infected with
recH-1PV-EGFP for 4 h in the presence of the inhibitor. At 20 h post-infection, cells were processed as
described in Figure 4A. Numbers represent the average percentage of EGFP-positive cells relative to
the number of EGFP-positive cells observed in untreated cells that was arbitrarily set as 100%.

3.6. H-1PV Hijacks Endosomes for Trafficking into the Cytosol and Acidic pH Is Required for Productive
H-1PV Infection

The Rab family of proteins and their effectors play a key role in the formation, maintenance and
trafficking of endosomes [41]. Early endosome antigen 1 (EEA1) is a Rab5 effector protein that is
involved in sorting endocytic vesicles at the early endosome level [42]. Rab7 is considered to be the
key regulator of late endosome trafficking. Lysosomal-associated membrane protein 1 (LAMP-1) is
enriched in late endosomes and lysosomes, where, among other functions, it maintains lysosomal
integrity and pH [43,44].

To provide direct evidence that H-1PV hijacks endocytosis for its intracellular trafficking,
we infected HeLa cells with H-1PV for 1 h, fixed the cells, and then stained viral capsids as well as
EEA1, Rab7 and LAMP-1 proteins with antibodies. Confocal microscopy analysis showed that H-1PV
co-localised with EEA1, Rab7 and LAMP-1 markers during infection (Figure 6A).

Next, we hypothesised that the acidic pH in the endocytic compartments would provide the
environmental conditions required for a productive H-1PV infection [3] (as it does for other PtPV
infections), possibly triggering the conformational changes necessary for uncoating and nuclear
translocation. To test whether low endosomal pH is required for H-1PV infection, we pre-treated HeLa
and NCH125 cells with ammonium chloride (NH4Cl), a lysosomotropic weak base [45], or bafilomycin
A1 (BafA1), a blocker of vacuolar H+-ATPases [46]. Treatment with NH4Cl resulted in a strong decrease
of virus transduction in both HeLa and NCH125 cells (39% and 30%, respectively) (Figure 6B,C),
while treatment with BafA1 completely abolished H-1PV transduction (Figure 6D,E), in comparison to
untreated cells. Together, these results provide evidence that H-1PV, like other PtPVs, requires acidic
endosomal pH for a productive infection.
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Figure 6. H-1PV trafficking occurs via the endosomal system with acidic pH being crucial for a
productive infection. (A) HeLa cells were infected with H-1PV at MOI of 500 pfu/cell for 1 h at
4 ◦C and shifted to 37 ◦C for 30 min. Cells were then fixed, permeabilised and stained with DAPI
and H-1PV capsid antibody, together with one of the endosomal markers (EEA1, Rab-7 or LAMP-1).
Confocal microscopy analysis indicates that H-1PV particles (Alexa Fluor 594) co-localise with all
three markers, EEA1, Rab-7 and LAMP-1 (Alexa Fluor 488), upon infection. Two examples of regions
where co-localisation is observed are framed in white boxes and shown enlarged. (B,D) HeLa and
(C,E) NCH125 cells were incubated with ammonium chloride (NH4CL) or bafilomycin A1 (BafA1)
respectively, for 45 min, or left untreated. Cells were subsequently infected with recH-1PV-EGFP for 4 h
in the presence of the inhibitor. At 20 h post-infection, cells were processed as described in the M&M
section. Numbers represent the average percentage of EGFP-positive cells relative to the number of
EGFP-positive cells observed in untreated cells, which was arbitrarily set as 100%.

4. Discussion

H-1PV is a promising oncolytic virus. Early-phase clinical studies show that virus treatment is
safe, well-tolerated and associated with first signs of anticancer efficacy. The present study aimed to fill
a gap in knowledge of H-1PV biology regarding the pathways used by this virus to enter cancer cells.
We chose two cancer cell lines as models to investigate the early steps of H-1PV infection: the cervical
carcinoma-derived HeLa cell line and the glioma-derived NCH125 cell line. Previous laboratory
studies have shown that these two cell lines are highly permissive to H-1PV infection and susceptible
to its oncolytic activity [7,24,47].
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In our study, for the first time, we show that H-1PV exploits clathrin-mediated endocytosis to
enter cancer cells. EM analysis of H-1PV-infected HeLa cells revealed virus particles associated with
clathrin-coated pits and then internalised inside clathrin-coated vesicles (Figure 1). In agreement with
this finding, confocal microscopy analysis showed co-localisation of H-1PV and clathrin (Figure 2).
Furthermore, pharmacological inhibition of clathrin-mediated endocytosis using hypertonic sucrose,
CPZ and pitstop 2, as well as siRNA-mediated silencing of AP2M1, a key regulator of clathrin-mediated
endocytosis, confirmed the heavy dependence of H-1PV on this pathway for successful entry into both
HeLa and NCH125 cancer cells (Figure 3).

Previous research has reported that other PtPVs use clathrin-mediated endocytosis to gain access
to cells and progress the infection (reviewed in Reference [3]). Our results are therefore in agreement
with the idea that clathrin-mediated endocytosis is the default entry pathway for PtPVs. However,
a number of PtPVs have also been shown to hijack alternative endocytic pathways. For instance, MVMp
uses at least three different endocytic routes, such as clathrin-, caveolae- and clathrin-independent
carrier-mediated endocytosis [22]. Moreover, PPV uses both clathrin-dependent endocytosis and
macropinocytosis [16]. FPV and CPV are taken up by cells via binding to the transferrin receptor,
which is typically endocytosed by clathrin-mediated endocytosis. However, FPV may also enter
cells through alternative internalisation mechanisms, as deletions or mutations in the internalisation
motif of the transferrin receptor, while decreasing FPV cellular uptake, did not completely arrest
viral infection [48]. Although we cannot completely rule out the possibility that H-1PV, like other
PtPVs, can also use different pathways to enter HeLa and NCH125 cancer cells, our results seem
to exclude caveolae-mediated endocytosis as a major entry pathway. Indeed, pre-treatment of cells
with nystatin and MβCD, two inhibitors of caveolae-mediated endocytosis, did not decrease H-1PV
transduction levels, suggesting that these drugs did not modify H-1PV entry. These results are in
agreement with previous studies showing that bovine parvovirus (BPV) [17] and PPV [16] do not
use caveolae-mediated endocytosis for their cell internalisation. Surprisingly, CAV1 siRNA-mediated
knockdown increased H-1PV transduction (Figure 4), suggesting that caveolin-1 (the protein encoded
by CAV1) interferes with H-1PV infection. Human immunodeficiency virus (HIV) infection is restricted
by caveolin-1 in various ways, e.g., at the transcriptional level by suppressing NF-kB p65 acetylation in
macrophages, or by interacting with HIV viral proteins to impair viral infectivity [49,50]. Similarly,
abundant caveolin-1 levels prevent Influenza A virus from infecting mouse embryo fibroblasts, which is
reversed by depleting caveolin-1 [51]. Further experiments are required to find out whether and at
what level caveolin-1 represents a negative modulator of H-1PV infection. Along these lines, caveolin-1
antagonists or inhibitors could offer an interesting strategy to improve H-1PV efficacy in cancer with
elevated levels of caveolin-1.

Our study also provides important evidence that dynamin is involved in H-1PV entry (Figure 5).
Dynamin is also required for MVMp entry in murine A9 fibroblasts, a process that occurs through both
clathrin- and caveolae-mediated endocytosis [22]. However, the same study showed that dynamin is
not involved in MVMp entry into mouse mammary cells transformed with polyomavirus middle T
antigen, which instead occurs via clathrin-independent carrier-mediated endocytosis [22].

Another cell entry route used by viruses is macropinocytosis, generally described as a
dynamin-independent process [52,53]. Among PtPVs, PPV has been reported to use this route
of entry [16]. However, we showed that inhibition of dynamin almost completely abolished H-1PV
infection, which makes it unlikely that H-1PV uses macropinocytosis as an alternative pathway to
enter HeLa and NCH125 cancer cells.

Numerous viruses are known to hijack Rab-dependent pathways to enter cells. Of these, Rab5
and Rab7 GTPases are the key regulators of transport to early and late endosomes, while LAMP-1
is present mainly in late endosomes/lysosomes [41,54]. In the present study, we show that H-1PV
particles co-localise with EEA1, an early endosome marker, and with Rab7 and LAMP-1, two late
endosome markers (Figure 6A), indicating that H-1PV, like other PtPVs [3], uses endosomes for its
cytosolic trafficking into the cells. However, a fraction of H-1PV particles is most likely trapped
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in LAMP1-positive lysosomes. This has been observed for other PtPVs such as MVM, for which
sequestration in LAMP1-positive lysosomes limits the efficiency of its nuclear translocation [55],
and CPV, which accumulates in perinuclear LAMP2-positive lysosomes [56].

Previous studies have shown that the acidic environment inside the endosomes changes in redox
conditions, and acid proteases and phosphatases drive the conformational rearrangements in the
catalytic phospholipase 2 domain of the VP1 protein [55,57,58]. These changes are required first for the
release of PtPV particles from the late endosome to the cytosol, and then for translocation into the
nucleus [23,57,59,60]. For instance, the endosomal acidic environment is required for a productive
infection of B19V [20], CPV [18,61,62] and MVM [55,63], among other parvoviruses. In agreement
with these observations, we also found that NH4Cl and BafA1 strongly hampered H-1PV transduction
(Figure 6).

In summary, our study shows, for the first time, that H-1PV internalisation occurs via
clathrin-mediated and dynamin-dependent endocytosis, while requiring endosomal acidification,
with EEA1 and Rab7 involved in the infection process. However, we cannot rule out the possibility of
H-1PV taking other pathways in other cell types. Important questions remain, namely which receptor
H-1PV uses to initiate uptake and whether other co-receptors are involved. In addition, the exact
mechanisms of endosomal escape and subsequent nuclear entry, and finally the site where the H-1PV
genome becomes accessible for replication, need to be investigated [3]. A better understanding of
the early steps of H-1PV (and, more generally, PtPV) infection is crucial not only to decipher viral
tropism and inherent oncolytic properties, but also to improve the clinical potential of H-1PV in
cancer virotherapy.
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Abstract: Specific chromatin immunoprecipitation of salt-fractionated infected cell extracts has
demonstrated that the CCCTC-binding factor (CTCF), a highly conserved, 11-zinc-finger DNA-binding
protein with known roles in cellular and viral genome organization and gene expression, specifically
binds the genome of Minute Virus of Mice (MVM). Mutations that diminish binding of CTCF to MVM
affect processing of the P4-generated pre-mRNAs. These RNAs are spliced less efficiently to generate
the R1 mRNA, and definition of the NS2-specific exon upstream of the small intron is reduced,
leading to relatively less R2 and the generation of a novel exon-skipped product. These results suggest
a model in which CTCF is required for proper engagement of the spliceosome at the MVM small
intron and for the first steps of processing of the P4-generated pre-mRNA.

Keywords: parvovirus; minute virus of mice; RNA processing; gene expression

1. Introduction

Parvoviruses are small (20 nm) non-enveloped icosahedral viruses that infect and cause disease in
many vertebrate hosts. They are unique among all known animal viruses in that they contain ~5 kb
single-stranded linear DNA genomes, with inverted terminal repeats at both ends, which form hairpin
structures and serve as origins of replication [1].

The viral genome is organized into two overlapping transcription units, producing three major
transcript classes, R1, R2, and R3 [2]. Transcripts R1 (4.8 kb) and R2 (3.3 kb), generated from a promoter
(P4) near the left-hand end of the genome, encode the two non-structural proteins NS1 (83 kDa) and
NS2 (24 kDa), respectively [3]. Transcripts R3 (3.0 kb), generated from P38 promoter, encode the two
viral capsid proteins, VP1 (83 kDa) and VP2 (64 kDa), utilizing the open reading frame (ORF) in the
right half of the genome [4,5]. A small, overlapping intron, common to both P4- and P38-generated
transcripts, utilizes two donors, D1 (nt 2280) and D2 (nt 2317) and two acceptors, A1 (nt 2377) and
A2 (nt 2399), which are alternatively used to produce nine different spliced mRNA species [2,6–8].
A large upstream intron, present in the pre-mRNAs generated from the P4 promoter, is either retained
(R1 transcript class) or excised (R2 transcript class) in mature mRNAs [9].

Upon initiation of parvovirus replication, MVM forms distinct foci in the nucleus termed
autonomous parvovirus-associated replication (APAR) bodies where active transcription of viral genes
and viral replication takes place [10]. The viral replicator protein NS1 co-localizes with the replicating
viral genome in APAR bodies, where DDR sensor and response proteins, host replication factors,
and cell cycle regulators also reside [10–12].
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Using a novel adaptation of high-throughput chromosome conformation capture assay,
V3C (Viral Chromosome Conformation), sites on the cellular genome where MVM localizes for
replication have been mapped. These cellular regions preferentially accrue DNA damage in uninfected
as well as MVM infected cells, and are also constituent parts of chromosomal substructures called
Topologically Associating Domains (TADs) [13,14]. These are large, megabase-sized genomic regions,
which are defined by preferential interactions within them and thus are relatively insulated from
neighboring regions [15,16]. The boundaries of TADs are enriched for binding sites of CCCTC-binding
factor (CTCF), a highly conserved, 11-zinc-finger DNA-binding protein, which along with cohesin,
play a key role in the formation and maintenance of topological domains [15,17,18]. In addition
to its role in genome organization, CTCF regulates key aspects of gene expression, including
transcriptional activation/repression, and enhancer/promoter insulation, by facilitating long-range
chromatin interactions via looping [19,20]. Apart from its DNA-binding activity, it was reported that
CTCF can bind RNA and that CTCF-RNA interactions can participate in CTCF-mediated chromatin
loop formation and subsequent regulation of gene expression [21,22]. Emerging evidence suggests
that CTCF also regulates gene expression at the level of mRNA splicing. More specifically, CTCF has
been shown to promote inclusion of weak upstream exons in the mRNA of CD45 gene by mediating
local RNA polymerase II pausing [23]. Moreover, a more recent study showed that CTCF-mediated
intragenic chromatin looping facilitates inclusion of exons in spliced mRNA by bringing exons
in physical proximity, providing a functional link between chromatin organization and regulation
of splicing [24].

It has become clear that a number of viruses, including Kaposi’s sarcoma-associated
herpesvirus (KHSV), Epstein-Barr virus (EBV), and human cytomegalovirus (HCMV), utilize CTCF
to control viral gene expression [25–27]. It was demonstrated that CTCF associates with several
regions within the KHSV genome, and that the CTCF-cohesin protein complex regulates the cell cycle
control of viral gene expression during latency [25]. In a later study, it was also shown that CTCF and
cohesin play important roles in regulating KHSV reactivation from latency by modulating viral gene
transcription [28]. CTCF binding on EBV genome was shown to negatively affect transcription [26]
and in the case of HCMV, binding of CTCF to the first intron of the Major Immediate Early (MIE) gene
repressed MIE gene expression [27]. In addition, CTCF recruitment to the small DNA genome of human
papillomavirus (HPV) was shown to regulate viral gene expression and transcript processing [29].

In this report, we show that CTCF can play an important role in parvovirus gene expression.
Mutations that diminish binding of CTCF to the MVM genome affect processing of P4-generated
pre-mRNAs; R1 is spliced less efficiently, and definition of the NS2-specific exon upstream of the small
intron is reduced, leading to relatively less R2 and the generation of a novel exon-skipped product.
These results implicate a requirement for CTCF in engagement of the spliceosome at the MVM small
intron and the first steps of processing of the P4-generated pre-mRNA.

2. Materials and Methods

2.1. Cell Lines and Viruses

Murine A9 and human NB324K cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 5% fetal bovine serum (FBS) and incubated at 37 ◦C with 5% CO2.
Wild-type MVMp for infections was produced in A9 cells as previously described [11].

2.2. Transfections and Viral Infections

For transfections, cells were grown on 60-mm tissue culture dishes until they reached ~80%
confluency. Cells were transfected with plasmids using LipoD293 transfection reagent (SignaGen
Laboratories, Baltimore, MD, USA) according to the manufacturer’s instructions. For RNA
isolation, cells were co-transfected with wild-type or mutant plasmids (2 μg) and 3xFLAG-eGFP
(p3xFeGFP) expression vector (0.5 μg), and harvested at 48 h post transfection (hpt). For Chromatin
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Immunoprecipitation (ChIP) assays, cells were transfected with 2 μg of wilt-type or mutant plasmids
and harvested at 20 hpt. Viral infections were carried out at a Multiplicity of Infection (MOI) of 10
unless otherwise stated and infected cells were harvested at the indicated timepoints.

2.3. Cell Synchronization

For infection experiments, A9 cells were parasynchronized in G0 phase by isoleucine deprivation
for 36–42 h prior to infection as previously described [11]. Following synchronization, cells were
released into complete media containing 5% FBS and infected with MVMp.

2.4. Plasmids

The infectious plasmid clone of MVM (pWT), which expresses the full length viral genome,
was previously described [30]. gBlocks Gene Fragments of MVM, gbNSc and gbVPc, containing the
mutated CTCF binding sites at the NS and VP region, respectively, were synthesized by Integrated DNA
Technologies (IDT, Coralville, IA, USA). pNSc plasmid was constructed by replacing the XcmI-BsrGI
fragment of pWT (nt 644–1253) with the gbNSc gene block, so that MVMp with a mutated CTCF
binding site at the NS region was expressed. Similarly, the pVPc plasmid was constructed by replacing
the PmlI-XbaI fragment of pWT (3636–4347) with the gbVPc gene block, so that MVMp with a mutated
CTCF binding site at the VP region was expressed. In order to make the double CTCF-binding site
mutant plasmid, pDc, in which both CTCF binding sites were mutated, the PmlI-XbaI fragment in
pNSc was replaced with the gene block gbVPc. To generate the marker rescue of the pNSc plasmid,
pNScMR, the XcmI-BsrGI fragment in pNSc was replaced with the XcmI-BsrGI fragment from pWt.
The marker rescue of the pDc plasmid, pDcMR, was constructed by replacing both the XcmI-BsrGI
and PmlI-XbaI fragments in pDc with the corresponding fragments from pWT. The p4Tppt plasmid,
with improved polypyrimidine tract at the large intron 3′ splice site, was previously described [31].
To generate the double CTCF-binding site mutant construct with improved polypyrimidine tract
(pDc4Tppt), the BsrGI-XhoI fragment (nt 1248–2075) from p4Tppt was cloned into the pDc plasmid
between the BsrGI and XhoI sites. The pD3 plasmid was constructed by replacing both the XcmI-BsrGI
and PmlI-XbaI fragments in pWT with the gene blocks gbNS3 and gbVP3, respectively.

2.5. Extraction of MVMp Nucleoprotein Complexes

MVMp nucleoprotein complexes were isolated from infected cells as previously described with
modifications [32]. At the indicated timepoints, cells were washed with phosphate-buffered saline (PBS),
harvested into HBE buffer (10 mM HEPES, 5 mM KCl, 1 mM EDTA), and collected by centrifugation at
1000× g for 3 min. Cell pellets were resuspended in 500 μL HBE buffer and lysed on ice for 10 min by
addition of 1% NP-40 (to a final concentration of 0.1%). To pellet the nuclei, the lysate was centrifuged
for 5 min at 1000× g. The supernatant (cytoplasmic extract) was transferred to a clean tube and the
nuclei was resuspended in 500 μL buffer HBE. Sodium chloride (NaCl) was added to the suspension to
a final concentration of 100, 200, or 400 mM and incubated on ice for 2 h. The remaining chromatin
(chromatin pellet) was pelleted at 10,000× g for 10 min while the supernatant contained the MVMp
nucleoprotein complexes (salt-wash extract).

2.6. Total RNA Isolation

Total RNA was extracted from transfected or infected cells as previously described with minor
modifications [33]. Briefly, for total RNA isolation, cells were lysed in TRIzol reagent (Invitrogen,
Carlsbad CA, USA) and RNA was prepared according to the manufacturer’s protocol.

2.7. RNase Protection (RPA) Assay

Total RNA was extracted from transfected or infected cells using TRIzol reagent (Invitrogen)
according to the manufacturer’s protocol and RNase protection assays were performed on 25 μg RNA
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as previously described [34]. The probes used for the RPAs were α-32P-UTP-labeled Sp6-generated
antisense RNAs. The MVM HaeIII probe, extended from before the acceptor site of the large intron
(nt 1852) to within the small intron (nt 2378), was used to analyze all MVM pre-mRNAs generated
during wild-type MVMp infection. The HaeIII fragment (nt 1852–2378), cloned into a pGEM-3Z cloning
vector between the XbaI and SphI restriction sites, was used as a template for the preparation of the
HaeIII probe. Appropriate homologous probe (HaeIII 4Tppt) was used to analyze the RNA species
generated from the Dc4Tppt mutant. The MVM P4 probe (spanning nt 201 to 652) was produced to
analyze the P4-generated RNA products. The MVM 201–652 fragment was cloned into the pGEM-3Z
vector between the BamHI and HindIII restriction sites and it was used as a template for the synthesis
of the P4 probe.

To make the 3xFeGFP antisense RNA probe, the 3xFeGFP fragment with a SP6 promoter sequence
at the 3′ end was amplified from the 3xFeGFP expression vector (p3xFeGFP) by PCR with primers 5′
ATC ATG CGG CCG CCG TCA GAA TTA ACC ATG GAC TAC AAA GAC 3′ and 5′ CTA TAT TTA
GGT GAC ACT ATA GTT AAT TTT ATT AGG ACA AGG CTG GTG 3′.

2.8. Northern Blotting

For Northern blot analysis, 10 μg of total RNA, prepared as described above, was resolved on a
formaldehyde—1.4% agarose gel at 35 mA for 24 h. After staining with ethidium bromide for 30 min,
the gel was washed in DEPC-treated water for 4 h and transferred to a nitrocellulose membrane
overnight. Blots were baked for 2 h at 80 ◦C and hybridized with randomly primed radiolabeled
MVM probes. A HaeIII probe (nt 1852–2378) was used to detect all full-length viral mRNAs and a
whole genome probe (Bam) was used to specifically detect the exon-skipped product generated from
the double CTCF-binding site mutant construct.

2.9. Chromatin Immunoprecipitation (ChIP) Assay in Whole Cell Lysates

ChIP assays were conducted on parasynchronized murine A9 cells infected with MVMp at an
MOI of 10 or human NB324K cells transfected with the wild-type or the CTCF-binding site mutant
constructs as described previously [13]. Briefly, cells were cross-linked by addition of 1% formaldehyde
directly to the culture media and incubated with shaking at room temperature for 10 min. The reaction
was quenched with 0.125 M glycine for 5 min and cells were collected and lysed for 20 min on ice in
ChIP lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl pH 8.0, protease inhibitors). Cell lysates were
sonicated with a Diagenode Bioruptor for 75 cycles (30 s on and 30 s off) and debris was pelleted by
centrifugation (8000× g, 15 min, 4 ◦C). The supernatant was then added to the indicated antibody-bound
Protein A Dynabeads (Invitrogen) and samples were incubated overnight with rotation at 4 ◦C in ChIP
dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl pH 8.0, 167 mM NaCl).
The next day, the following washes were performed (3 min each at 4 ◦C with rotation): once in low
salt wash (0.01% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.0, 150 mM NaCl), once in
high salt wash (0.01% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.0, 500 mM NaCl),
once in lithium chloride (LiCl) wash (0.25 M LiCl, 1% NP40, 1% DOC, 1 mM EDTA, 10 mM Tris-HCl
pH 8.0) and twice in TE buffer, followed by elution in SDS elution buffer (1% SDS, 0.1 M Sodium
bicarbonate). The DNA-antibody complexes and input DNA were reverse cross-linked overnight at
65 ◦C in the presence of NaCl and proteinase K. The DNA was purified using a PCR purification kit
(Qiagen, Baltimore, MD, USA) and analyzed by quantitative PCR (qPCR) with iTaq universal SYBR green
master mix (Bio-Rad) and primers 5′ CGC CTT CGG ACG TCA CAC GTC 3′ (MVM nt 60–80) and
5′ CCA GCC ATG GTT AGT TGG TTA C 3′ (MVM nt 268–247). Data are presented as percent input,
calculated as described previously, ref. [35] or relative to IgG.

2.10. Chromatin Immunoprecipitation (ChIP) Assay on Viral Nucleoprotein Complexes

Following the extraction of MVMp nucleoprotein complexes as described above, the salt-wash
extract was cross-linked with 0.1% formaldehyde for 5 min at room temperature and the reaction was
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quenched with 0.125 M glycine. The sample was then loaded onto an Amicon Ultra-0.5 Centrifugal
Filter Device placed in filtrate collection tube and centrifuged for 30 s at 10,000× g to remove salt.
PBS was added to the remaining sample and centrifuged for 30 s at 10,000× g to exchange buffer and
concentrate. The purified sample was recovered from the Amicon filter by reverse spin (1000× g, 2 min).
The viral genome-protein complexes were incubated with the indicated antibodies bound to Dynabeads
Protein A (Invitrogen) and the ChIP assay performed as described above.

2.11. Immunoblot Analysis

Infected cells were harvested at the indicated timepoints, lysed in 1× dye (25 mM Tris pH 7.5,
2% SDS, 2 mM EDTA, 6% glycerol, 20 mM DTT, bromophenol blue) and sheared using a 25 G × 5/8-inch,
1-mL needle-syringe (BD Biosciences San Jose, CA, USA). The whole-cell lysates were boiled for 10 min
at a 100 ◦C-heat block and equal volumes of samples were loaded per well for Western blot analysis.
For Western blot analysis of the salt-wash extracts, 1× dye was added directly to the samples and
processed as described above. Chromatin pellet, prepared during the salt-wash extraction procedure,
was resuspended in 1× dye, sheared, and processed as described above.

2.12. Southern Blot Analysis

Infected cells were harvested at the indicated timepoints, pelleted and resuspended in Southern
lysis buffer (2% SDS, 150 mM NaCl, 10 mM Tris pH 8.0, 1 mM EDTA). Cells were proteinase K treated
for 2 h at 37 ◦C, and sheared using 25 G × 5/8-inch, 1-mL needle-syringe (BD Biosciences). Total DNA
content in the samples was quantified using Nanodrop, equal amount of DNA loaded per well and
electrophoresed on a 1% agarose gel for 16 h at 35 V. Samples were transferred to a nitrocellulose
membrane and hybridized with randomly primed radiolabeled MVM probe (Bam) or genomic DNA
probe (SINE). For Southern blot analysis of the chromatin pellet and salt-wash extracts, samples were
resuspended in Southern lysis buffer and processed as described above.

2.13. Reverse Transcription-Polymerase Chain Reaction (RT-PCR) and TA Cloning

Total RNA was extracted using TRIzol reagent (Invitrogen) from cells transfected with the
wild-type (pWT) and the double CTCF mutant (pDc) vectors, respectively, and subjected to DNase I
(Thermo Fisher Scientific, Waltham MA, USA) treatment for 1 h at 37 ◦C to remove genomic
DNA contamination. First-strand cDNA synthesis was performed on 1 μg DNase I-treated RNA
using SMART®MMLV Reverse Transcriptase (Clontech, Mountain View, CA, USA) according to the
manufacturer’s instructions with primer 5′ GTT TTT TTT TAG CTC TGG CTT GG 3′ (MVM 2758–2736).
The cDNA product was used for downstream PCR amplification using Platinum™Taq DNA Polymerase
High Fidelity (Invitrogen) with primers 5′ GTA TTG ATC ATA GGC CTC GTC G 3′ (MVM 2514–2493)
and 5′ GTA ACC AGG AAG TGT TCT CAT TTG 3′ (MVM 322–345). The PCR products were analyzed
by agarose gel electrophoresis and individual bands were extracted from the gel for downstream
analysis using the QIAquick Gel Extraction kit (Qiagen). The small product, generated from the double
CTCF-binding site mutant construct, was cloned into a PCR®2.1 vector using the TA Cloning® Kit
(Invitrogen) according to the manufacturer’s protocol. The construct was transformed into competent
Escherichia coli DH5α cells and a number of individual clones were analyzed by Sanger Sequencing.
The large product, generated from both the wild-type and the mutant construct, was submitted directly
for sequencing analysis.

2.14. Immunofluorescence Assay

Immunofluorescence assays were performed in human NB324K cells infected with MVMp at an
MOI of 10. At 24 h post infection (hpi), cells were harvested and processed as previously described [13].
Samples were incubated with the indicated antibodies for 1 h followed by the Alexa Fluor® conjugated
secondary antibodies 488 and 568 for 1 h. Samples were mounted on slides with ProLong Diamond
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Artifade Mountant with DAPI (Invitrogen) and images were acquired using a Leica TCP SP8 confocal
microscope and a 10 × 1.4 NA objective lens.

3. Results

3.1. CTCF Specifically Binds the Viral Genome and Localizes to MVM Replication Compartments

We previously showed that MVM replicates in close association with sites on the cellular genome,
taking advantage of the fact that these sites are replete with factors involved in gene expression and
DNA damage signaling [13]. Therefore, in order to identify and characterize factors that specifically
bound the MVM genome during replication, we developed a nuclear salt-wash extraction protocol,
which could effectively separate the replicating viral genome from cellular DNA prior to cross-linking.
This protocol, based on previous strategies designed to purify soluble nuclear protein complexes
of MVM [32], was here further optimized across both time and salt gradients. Two-hour incubations
proved best, and as can be seen in Figure 1A, MVM replicative forms were efficiently extracted
beginning at approximately 200 mM NaCl. Both histone H3 and γ-H2AX, typically associated with
cellular DNA [36], were used to monitor the purity of fractionation following extraction. As can be
seen in Figure 1B, γ-H2AX appeared in the 400 mM salt-wash (the γ-H2AX band in the 100 mM
salt-wash was not reproducible, and likely was an overflow from the adjacent lane), and so subsequent
experiments were performed using extraction conditions of 200 mM NaCl for 2 h.

In silico inspection of the MVM genome suggested a potential interaction with the multifunctional
cellular DNA-binding zinc finger protein CTCF, and thus this potential interaction was investigated
by ChIP assays of salt-wash extracts of MVM infected cells [37]. First, the purity of the salt-wash
extraction as assayed by ChIP was confirmed. While γ-H2Ax was found to associate strongly with
MVM by ChIP following cross-linking within total cell extracts (Figure 1C, left panel), γ-H2Ax did
not bind the MVM genome significantly over background when cross-linking and ChIP assays were
performed in optimized salt-wash extracts (Figure 1C, center panel). These results were consistent
with the results of the Western blot analysis shown above in Figure 1B, and further highlighted the
importance of separating viral genomes from cellular DNA prior to attempts to identify specific viral
binding factors. Following separation, ChIP assays demonstrated strong and specific CTCF binding to
the MVM viral genome (Figure 1C; Rad 21, another cellular chromosome binding factor [38] was used as
a negative control). Consistent with the ChIP results, we found that, while CTCF displayed a punctate
pattern and was found throughout the nucleus of cells at both time points shown, NS1 co-localized with
CTCF in both early- and late-stage APAR bodies (Figure 1D, middle and bottom panel respectively).
MVM has two potential CTCF binding sites in its genome, one within the NS1 gene and one in
the capsid gene (Figure 1E). Inspection of the autonomous parvoviruses H1 and Minute Virus of
Canine (MVC), revealed potential CTCF binding sites in the same relative position as MVM, and the
dependovirus AAV has a CTCF binding site within its Rep gene (Figure 1E).
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Figure 1. CTCF is associated with the viral genome and localizes to MVM replication compartments.
(A) Murine A9 cells were parasynchronized by isoleucine deprivation and infected with MVMp at an
MOI of 10 at the time of release into complete medium. At 24 hpi, viral nucleoprotein complexes were
extracted from infected cells with various NaCl concentrations, and both the chromatin pellet (P) and the
salt-wash extracts (W) were subsequently analyzed by Southern blotting as described in Materials and
Methods. DNA extracted directly from infected cells served as a positive control (lane 7). The blot was
hybridized with a radiolabeled MVM whole genome probe (top panel) and replicative intermediates of
single-stranded DNA, ssDNA; monomer, mRF; and dimer, dRF; are indicated to the right. The blot was
also hybridized with a genomic DNA probe against the SINE element (bottom panel). (B) Salt wash
extracts and chromatin pellet described in (A) were assayed by Western blotting using antibodies
directed against the indicated proteins. Whole-cell lysates of MVM-infected parasynchronized murine
A9 cells were also analyzed by Western blotting with the indicated antibodies and served as a positive
control (lane 7). (C) Murine A9 cells were parasynchronized by isoleucine deprivation and infected with
MVMp at an MOI of 10 at the time of release into complete medium. At 16 hpi, cells were processed,
as described in Materials and Methods for whole-cell lysate ChIP (left panel) or ChIP on salt wash
extracts (middle and right panel) with the indicated antibodies. Samples were analyzed by qPCR as
described in Materials and Methods. Data are presented as mean± standard error of the means (SEM) of
two individual experiments. Background binding levels were determined using mouse IgG pulldowns.
(D) Representative confocal images of Mock versus MVM infected, non-synchronized human NB324K
cells at 24 hpi, probing MVM-NS1 (red) and the host cellular factor CTCF (green). CTCF co-localized
with NS1 in both early and late stage APAR bodies designated as previously described [12] (middle
and bottom panel respectively). Blue corresponds to DAPI staining. Nuclear border is indicated by
dashed white line. (E) Schematic representation of the protoparvoviruses MVM, MVC, H1, and the
dependovirus AAV2 genome showing the positions of transcriptional promoters (solid black arrows),
the major open reading frames that encode the viral non-structural and capsid proteins (arrowed boxes),
and the relative positions of CTCF binding sites (blue oval shapes).

The sequences of the consensus CTCF binding sites in the MVM genome (RefSeq: NC_001510.1)
are shown (Figure 2A). Interestingly, the consensus signals lie on opposite strands of the double
stranded transcription template: the consensus NS motif lies in 5′-3′ polarity on the virus minus strand,
while the VP motif lies 5′-3′ on the plus strand. To confirm that CTCF bound to the genome at these
sites on the double strand replicative form, a series of mutations were made, and these were used as
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targets for CTCF ChIP experiments. As we could not reproducibly shear the replicating MVM genome
during the ChIP procedure, this step was omitted, and so ChIP pull-downs revealed binding to the
complete MVM genome. Originally, we attempted to mutate the CTCF binding sites by third nucleotide
substitutions, which left the amino acid sequences unchanged; however, these mutations only partially
prevented CTCF binding, and so more complete mutations were introduced. These severe mutations of
both sites together led to significant loss of CTCF binding over background (Dc; Figure 2A,B). Mutation
of the NS site alone reduced CTCF to nearly Dc levels (NSc; Figure 2A,B), while mutation of the VP
site retained intermediate binding (VPc; Figure 2A,B). Binding in the single mutants was likely due
to binding at the remaining unaltered site, which suggested that CTCF could bind independently to
either site, and that binding to the NS site appeared stronger. Unfortunately, mutations needed to
prevent CTCF binding destroyed the NS1 open reading frame precluding assessment of their replication.
Prior to the further analyses described below, all mutants were marker rescued with wild-type MVM
sequences as described in the Materials and Methods to ensure no additional mutations were present.

Figure 2. CTCF binding to the single DNA-binding site mutants is reduced, while it is almost completely
abolished on the double mutant (A) schematic representation of MVM genome showing the positions
of transcriptional promoters (solid black arrows), the major open reading frames (arrowed boxes),
the relative positions of CTCF binding sites (blue oval shapes) and the nucleotide sequences of the
WT and the mutant CTCF binding sites in the NS and VP region. The nucleotides that were mutated
within the CTCF binding motifs are shown in red. The yellow arrows show the orientation of the
CTCF motifs on the viral genome. (B) Human NB324K cells were transfected with the WT or the
indicated CTCF-binding site mutants, and harvested at 20 hpt as described in Materials and Methods
for whole-cell lysate ChIP using antibodies directed against the cellular factor CTCF or the mouse
IgG protein. Samples were analyzed by qPCR as described in Materials and Methods and presented
relative to IgG isotype control. Data are presented as mean ± SEM of two individual experiments.
Ct values (average of the two experiments) for each plasmid transfection are shown and indicate similar
levels of target DNA in the samples.

3.2. CTCF-Binding Site Mutants Exhibited a Decrease in Levels of Spliced to Unspliced R1, as Well as Reduced
Levels of R2 Relative to R1

Following transfection of human NB324K cells, both the Dc double mutant, and the NSc
single mutant, were found to generate significantly reduced levels of spliced R1 relative to unspliced
R1 RNAs, and reduced levels of R2 relative to R1, as assayed by RNase protection assays [Figure 3B,
lanes 4 and 6, respectively (ratios represent an average of two independent experiments)], using the
HaeIII probe, which spans the small intron (Figure 3A). As the mutations in the NS region changed the
amino acid sequence of NS1, R3 was not generated by either of these mutants. Control transfections of
an eGFP expressing plasmid confirmed similar levels of transfection efficiency in these experiments
(Figure 3B, bottom panel). Mutants reducing binding within the VP region site alone (VPc), in which
CTCF binding to the NS region remained, showed a decrease in splicing to R1, but essentially
wild-type patterns of R2 expression (Figure 3B compare lanes 5 with lane 3 and 2). A similar
phenotype for the three mutants was also observed following transfection of murine A9 cells. Together,
these results indicated that the phenotype of the Dc mutant was primarily due to the mutation in
the NS region, and even though CTCF bound at both the NS and VP sites (Figure 2), the individual
mutations exhibited different effects. While both mutants exhibited decreased splicing of R1 from the
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P4-generated pre-mRNA, only the NSc mutation affected subsequent appearance or R2. It is important
to note that the NSc mutations fell outside of the affected R2 RNA itself, and did not lie close to
any known RNA regulatory element. Additionally, mutation of multiple nucleotides within the NS
and VP motifs that did not efficiently disrupt CTCF binding (D3, diagrammed in Figure 2A) had no
deleterious effect on RNA processing (Figure 3B, lanes 7, 8). RNase protection assays with a P4 probe,
which specifically detects the P4 promoter-generated R1 and R2 transcripts individually, also showed
an increased ratio of R2 relative to R1, while the total P4 products were similar for the two. Splicing of
R1 pre-mRNA depends upon engagement of the spliceosome at the small intron [30], which was also
necessary for exon definition of the upstream NS2-specific exon required for splicing of the large intron
and generation of R2 [39]. Thus, our results suggested that CTCF engagement of its MVM binding
sites may play a role in processes functioning at the small intron.

Figure 3. CTCF-binding site mutants exhibit a decrease in levels of spliced to un-spliced R1, and levels
of R2 relative to R1. (A) Genetic map of MVM showing the three major transcript classes (R1, R2,
and R3), the open reading frames that encode the two non-structural (ORF2 and ORF3) and the capsid
(ORF1) proteins, and the relative positions of the small and large introns. Approximate locations of
the RNase protection viral probes (Bam, P4 and HaeIII) are also indicated. (B) Human NB324K cells
were infected with MVMp at an MOI of 10 or co-transfected with the indicated plasmids and eGFP.
Infected cells were harvested at 24 hpi while transfected cells were harvested at 48 hpt and total RNA
was isolated using TRIzol reagent. Samples were processed for RNase protection assay (RPA) using
a HaeIII (that detects all viral transcripts) or an eGFP probe, as described in Materials and Methods.
The protected bands representing all nine viral mRNA species are indicated to the left. The ratios of
total R2 to total R1, and spliced to unspliced R1 are indicated at the bottom of the panel. Ratios represent
an average of two independent experiments. (C) RPA of total RNA extracted from NB324K cells 24 h
post infection or 48 h post transfection with the indicated plasmids using the P4 viral probe, detecting
specifically the P4-generated transcripts, or the eGFP probe. The identities of the protected bands are
shown on the left. The ratio of R2 to R1 is indicated at the bottom of the panel. Ratios represent an
average of two independent experiments.

3.3. CTCF-Binding Site Mutants Resulted in Skipping of the NS2-Specific Exon and Joining of the Large Intron
Donor to the Small Intron Acceptors

Northern blot analysis of RNA generated in NB324K cells by the double CTCF-binding site mutant
Dc revealed a transcript, approximately the size of R3, that hybridized with a whole-genome probe
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(Figure 4A, lane 2). This was surprising since this mutant, which does not produce wild-type NS1, did not
generate the R3 mRNA, as was demonstrated in Figure 3B. A mutant containing a translation termination
signal immediately downstream of the NS1 AUG is shown for comparison (Figure 4A, lane 3).
Interestingly, the R3-size RNA generated by Dc was not detected in Northern blots using the
HaeIII probe, which covers the NS2-specific exon (Figure 4A, lane 5). These results confirmed that this
band was not R3, and suggested that the approximate 3 kb size RNA generated by Dc might have been
an RNA product spliced at the large intron donor (nt 514) that was joined to a small intron acceptor
(Although the large amount of transfected plasmid DNA in these samples makes R1 poorly visible on
these gels, it was clearly apparent on the RNase protection gels of these RNAs shown in Figure 3).
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Figure 4. CTCF-binding site mutants resulted in skipping of the NS2-specific exon and joining of the
large intron donor to the small intron acceptors, which can be overcome by mutations that improve
the polypyrimidine tract of the upstream large intron. (A) Human NB324K cells, transfected with
the indicated plasmids, were harvested at 48 hpt and total RNA was isolated using TRIzol reagent.
Samples were processed for Northern blot analysis using the probes indicated at the bottom of the panel.
The identity of the viral RNA species is shown on the left. (B) Total RNA extracted from NB324K cells,
transfected with the WT or the double CTCF-binding site mutant, was subjected to DNase I treatment
for 1 h at 37 ◦C. First-strand cDNA synthesis was performed on the DNase I-treated RNA samples and
the cDNA product was used as a template for downstream PCR analysis as described in Materials
and Methods. The identities of the amplified bands were determined by sequencing analysis and are
shown to the right. (C) Schematic representation of R2 (top) and the exon-kipped product (bottom),
generated from the double CTCF-binding site mutant construct. The exon-skipped product skips
the NS2-specific exon (ORF2) and joins the large intron donor at nt 514 to the small intron acceptor
A1 (nt 2377) or A2 (nt 2399). The PCR primers used to detect the exon-skipped product are indicated at
the top of the panel (black arrows). The numbers on top of the arrows represent the location on the
viral genome where the primers anneal. Approximate locations of the RNase protection viral probes
(Bam and HaeIII) are also indicated. Total RNA extracted from NB324K cells, transfected with the
indicated plasmids as well as eGFP, was subjected to Northern blot analysis (D) or RNase protection
assay (E) as described in Materials and Methods using the probes shown at the bottom (D) or to the
right (E) of the panel. The identity of the RNA species are also depicted.
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To reveal whether such an RNA was in fact made by Dc, we performed non-quantitative RT-PCR
analysis of Dc-generated RNA using primers shown in Figure 4C. As shown in Figure 4B, the Dc mutant
did generate such a novel spliced product, which is diagrammed in Figure 4C. These cDNAs were
cloned and sequence analysis revealed that these spliced products joined the large intron donor at
nt 514 to either the small intron acceptor, A1, at nt 2377, or the small intron acceptor, A2, at nt 2399.
Inspection of the more quantitative Northern results in Figure 4A suggests that this NS2-specific
exon-skipped product was present at approximately half the concentration of R2.

3.4. Improvement of the Large Intron Splice Acceptor in the Dc Mutant Led to Increased NS2-Specific Exon
Definition and Increased Levels of R2 RNA

If lack of CTCF binding to the MVM genome led to weakening of the large intron acceptor due to
loss of definition, for splicing purposes, of the NS2 specific exon, we would expect that improving
the large intron acceptor would overcome this deficiency. As can be seen in a Northern blot analysis
using the whole genomic probe, strengthening the large intron acceptor polypyrimidine tract with the
addition of 4 additional thymidine residues, previously shown to overcome mutations that reduced
NS2-specific exon definition [39], led to both a decrease in the exon skipped product and an increase
in authentic R2 generated by Dc (Figure 4D, compare lanes 2 and 3). Northern analysis of this RNA
using the HaeIII probe confirmed the authenticity of the exon skipped product lost in the left panel of
Figure 4 (Figure 4D, compare lane 2 to 5), and revealed enhanced levels of R2. An increase in R2 RNA
generated by pDc4Tppt was confirmed by quantitative RNase protection analysis in which expression
of an eGFP gene was included as a transfection control (Figure 4E, compare lane 2 to 3).

4. Discussion

In surveying the MVM genome for the binding sites of known cellular factors, we noticed
consensus CTCF binding sites in the NS and the VP regions of MVM that were conserved in a
number of other parvoviruses. Because we previously showed that the replicating MVM genome
associates with particular sites of DNA damage on the cellular genome [13], determining whether
CTCF specifically bound to MVM required that we separate the viral genome from the cellular genome
prior to the cross-linking step during chromatin immunoprecipitation assays. Upon doing so, we could
demonstrate specific binding of CTCF to these sites on MVM.

Full disruption of CTCF binding to MVM required destruction of both sites together; destruction
of the NS site individually (which retained the VP binding site) reduced binding similarly to the
double mutant, while destruction of the VP site (leaving the NS site) retained an intermediate binding
phenotype. Because the mutations required to disrupt CTCF binding could not be made without
disrupting the NS1 ORF, the mutants could not be assessed directly for replication. However, both the
double CTCF binding site mutant Dc, and the NS-alone mutation NSc, showed a dramatic defect in
gene expression. These mutants were both deficient in the splicing of the R1 RNA, and they generated
relatively less R2 at the expense of a new product, an RNA that joined the large intron donor at nt 514
to one or the other of the small intron acceptors. As previously mentioned, the NSc mutations falls
outside of the affected R2 RNA itself, and does not lie close to any known RNA regulatory element.
Additionally, mutation of multiple nucleotides within the NS motif that did not efficiently disrupt
CTCF binding had no deleterious effect on RNA processing (Figure 3), further implying that this region
did not contain a previously unrecognized cis-acting RNA processing element. It is interesting that the
VPc single mutant, although apparently not deficient in NS2-specific exon definition, still generated
less relative spliced R1 RNA. This perhaps suggests that the role of CTCF binding at the individual sites,
and their potential interaction, is complex, and may be related to their different orientations on the
viral chromosome. Our preliminary results have shown that the exon-skipped RNA product does
transit to the cytoplasm, but we could detect no protein product that it generates.

Interestingly, we observed the newly spliced exon-skipped RNA product before [39,40]. In previous
studies that characterized splicing of the P4-generated pre-mRNA, we found that when the NS2-specific
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exon was poorly defined—either by virtue of its weak large intron acceptor [30], by certain mutations
within the NS2-specific exon itself [40], or importantly, by mutation of the downstream small intron [30],
an RNA was generated in which the NS2-specific exon was skipped. Because definition of the
NS2-specific exon functions to strengthen the adjacent upstream large intron acceptor at nt 1989 [39],
improvement, in those mutants, of the large intron acceptor by the addition of four thymidine residues
in its polypyrimidine tract overcame the defect in NS2-specific exon definition [39]. These observations,
as well as the absence in infected cells, of P4-generated RNAs lacking only the large intron but not
the small intron [31], led us to propose a model (diagrammed in Figure 5) in which the spliceosome
first engages the R1 pre-mRNA at the small intron, allowing its splicing as well as facilitating its
interaction with the upstream large intron acceptor to define the NS2-specific exon allowing splicing of
the large intron [39].

In the light of these previous results, the results presented here—that the Dc and NSc mutants
exhibited reduced splicing of R1 and generated an exon-skipped product at the expense of R2,
which could be suppressed by improvement of the large intron polypyrimidine track—suggested a
model in which CTCF binding likely plays a role in proper engagement of the spliceosome at the
small intron. In its absence, R1 would be poorly spliced, and the NS2-specific exon poorly defined,
leading to the generation of the new exon-skipped product we observe. How interruption of interaction
of the spliceosome at the small intron may affect our general model of P4-generated pre-mRNA
processing is shown in Figure 5. Binding of CTCF to the site in the NS1 gene appears to play a more
significant role in this effect than binding to the site in the capsid gene.

Figure 5. Model depicting a potential mechanism by which CTCF regulates splicing of MVM
P4-generated transcripts. Top: A general model of processing of P4-generated pre-mRNAs; CTCF binding
to the viral genome likely plays a role in proper engagement of the spliceosome at the small intron,
allowing its splicing as well as facilitating its interaction with the upstream large intron acceptor,
to define the NS2-specific exon allowing splicing of the large intron. Bottom: In the absence of
CTCF binding, R1 would be poorly spliced, and the NS2-specific exon poorly defined, leading to the
generation of a novel exon-skipped product.
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How CTCF binding to MVM functions to play its role in MVM RNA processing is not yet known.
CTCF has been shown to have a role in chromosomal architecture, specifically looping of DNA,
as well as transcriptional activation, and has been shown to have RNA binding activity [19–22].
RNA immunoprecipitation experiments, done as we have previously described [41] did not demonstrate
CTCF binding to MVM RNA. It was first reported that DNA-bound CTCF regulates alternative
pre-mRNA splicing by mediating RNA Polymerase II pausing, allowing the inclusion of upstream
weak exons [23]. A more recent report, however, suggested that CTCF regulation of alternative splicing
of human papillomavirus early genes was more complicated. Specifically, it was found, similar to
the results reported here, that loss of CTCF binding to the viral genome resulted in both increased
levels of unspliced transcripts and an alteration of splice site usage upstream of the CTCF binding site,
with a significant reduction of a specific alternatively spliced product [29]. Thus, it is possible that
CTCF binding affects RNA processing through modulation of the elongating transcription complex.
ChIP assays of RNA pol II on the MVM P4 promoter showed no reproducible difference between
the Dc mutant and wildtype MVM. However, it is well known that RNA processing factors bind
to the extending RNA polymerase at its CTD [42], and our assays would not have distinguished if
the composition of the complexes engaging the Dc P4 promoter and wild-type P4 differed. Perhaps
relevantly, we have previously shown that when the AAV2 P40 promoter and the AAV5 P5 promoter
were replaced with either the HIV LTR or the CMV promoter, the RNA generated by these constructs
was processed differently [43,44].

Importantly, it has been shown that the ratio of R2:R1 is exquisitely critical for successful MVM
infection. Even small changes in this ratio can have large effects on replication [45]. Thus, the role of
CTCF in controlling the ratio of R2 to R1 would be predicted to have significant effects on replication.
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Abstract: Parvovirus B19 (B19V), an ssDNA virus in the family Parvoviridae, is a human pathogenic
virus, responsible for a wide range of clinical manifestations, still in need of effective and
specific antivirals. DNA structures, including G-quadruplex (G4), have been recognised as relevant
functional features in viral genomes, and small-molecule ligands binding to these structures are
promising antiviral compounds. Bioinformatic tools predict the presence of potential G4 forming
sequences (PQSs) in the genome of B19V, raising interest as targets for antiviral strategies. Predictions
locate PQSs in the genomic terminal regions, in proximity to replicative origins. The actual
propensity of these PQSs to form G4 structures was investigated by circular dichroism spectroscopic
analysis on synthetic oligonucleotides of corresponding sequences. No signature of G4 structures
was detected, and the interaction with the G4 ligand BRACO-19 (N,N′-(9-{[4-(dimethylamino)
phenyl]amino}acridine-3,6-diyl)bis(3-pyrrolidin-1-ylpropanamide) did not appear consistent with the
stabilisation of G4 structures. Any potential role of PQSs in the viral lifecycle was then assessed in an
in vitro infection model system, by evaluating any variation in replication or expression of B19V in
the presence of the G4 ligands BRACO-19 and pyridostatin. Neither showed a significant inhibitory
activity on B19V replication or expression. Experimental challenge did not support bioinformatic
predictions. The terminal regions of B19V are characterised by relevant sequence and symmetry
constraints, which are functional to viral replication. Our experiments suggest that these impose a
stringent requirement prevailing over the propensity of forming actual G4 structures.

Keywords: parvovirus B19; G-quadruplex; bioinformatics; antivirals; BRACO-19; pyridostatin

1. Introduction

Parvovirus B19 (B19V), an ssDNA virus in the family Parvoviridae [1], is a human pathogenic virus,
widely circulating in the population, responsible for an ample spectrum of clinical manifestations [2].
The genome is a 5.6 kb ssDNA molecule of either polarity, with a coding repertoire comprising a
non-structural (NS) protein, functional to virus replication, and two structural proteins, VP1 and VP2,
constituting a T = 1, 22 nm icosahedral capsid [3,4]. The virus is characterised by a selective but not
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exclusive tropism for erythroid progenitor cells (EPCs) in the bone marrow and by a strict dependence
on the cellular machinery and environment for its replication [5,6].

The selective tropism of B19V for EPCs in the bone marrow and the ability to induce cell cycle
arrest and apoptosis in productively infected cells can cause a partial block in erythropoiesis. This may
manifest as a transient or persistent erythroid aplasia, clinically acute and severe in patients with
underlying haematological disorders, or chronic in patients with immune system deficits [7]. The virus
is capable of infecting and maintaining long-term persistence in disparate tissues, mostly within
endothelial or stromal cells, and can establish a complex relationship with the immune system,
whose efficacy in innate and adaptive responses is crucial to the course of infection and the development
of pathological processes [8,9]. In addition to haematological consequences, B19V infection can
commonly manifest as erythema infectiosum and cause post-infection arthropathies. Further, a wide
range of other different pathologies have been reported, among them mainly myocarditis [10] and
autoimmune processes [11]. Infection in pregnancy may be transmitted to the foetus, posing a risk of
foetal death and/or foetal hydrops [12–14].

B19V infection requires diagnostic awareness to lead and support clinical care in severe cases [15].
The development of antiviral strategies directed against B19V as compared to other viruses is still
lagging, although recent work has identified a few compounds that show a selective inhibition of
B19V replication in vitro [16]. Such compounds include hydroxyurea (HU), a ribonucleotide reductase
inhibitor, also used for the treatment of sickle-cell disease and known to have “virostatic” properties [17];
the nucleotide analogues cidofovir (CDV) and its lipid derivative brincidofovir (BCV), broad-spectrum
anti-viral agents mostly active against dsDNA viruses [18–20]; and a few coumarin derivatives [21].
Some flavonoid compounds can inhibit the endonuclease activity of viral NS protein, a function critical
to the replicative process of B19V [22].

The genome of B19V has a limited coding potential, and its replication depends largely on the
cellular environment. Consequently, a deeper understanding of the viral lifecycle and virus–cell
interactions are required to identify further targets and agents for an effective antiviral strategy.
Unconventional DNA structures have been recognised as relevant features for the regulation of several
biological processes, including replication, recombination, and transcription [23]. Particular emphasis
has been given to the potential of G-rich sequences to adopt G-quadruplex (G4) planar structures
disrupting the regular double-helix structure of DNA [24]. These structures are characterised by stacks
of guanine tetrads, which are bound via Hoogsteen-type hydrogen bonds, and can typically form
when runs of 2–4 guanine bases are regularly spaced on the DNA sequence. Small-molecule ligands
recognising and binding to these structures, either with interfering or with stabilising effects, may act
as modulators in the biological process involved, raising interest as compounds of pharmacological
interest [25].

Methodological developments have allowed the in silico prediction of specific G4 structures
directly from primary sequences, and the number of studies reporting genome-wide G4 exploration
across species has rapidly increased [26], including viruses [27]. A recent survey of viral genomes
by a regular expression patterns search has led to assembly of a comprehensive database (G4-virus)
reporting the presence, distribution, and statistical significance of potential quadruplex sequences
(PQSs) in reference genomes and genome sets for all viral families [28]. In some cases, the presence
and a biological role of PQS structures in viral genomes have been validated in experimental models,
and the role as antiviral agents of specific G4-ligands such as pyridostatin (PDS) and BRACO-19
(N,N′-(9-{[4-(dimethylamino)phenyl]amino}acridine-3,6-diyl)bis(3-pyrrolidin-1-ylpropanamide)
demonstrated in relevant instances [29]. Within the G4-virus database, indication for the presence
of PQSs in the B19V genome was reported, raising the need for an experimental challenge of the
bioinformatic prediction and, as a consequence, for the investigation of any possible relevance of these
structures as targets for antivirals against B19V.

On these grounds, we carried out a closer bioinformatic inspection of the B19V genome for the
presence of PQSs, comparing the results reported in the G4-virus database to targeted predictions
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obtained by a different computational method for G-quadruplex prediction, the QGRS (Quadruplex
forming G-Rich Sequences) mapper [30], a method based on a scoring algorithm. By this analysis,
we identified two sequence stretches located in the genomic terminal regions, close to the origins
of replication of viral DNA, as a potentially relevant PQSs. Experiments were carried out to test
the prediction. Synthetic oligonucleotides corresponding to the PQSs were investigated by circular
dichroism (CD) spectroscopy, which can provide information on the propensity to form G4 structures.
Then, any potential role of PQSs in the viral lifecycle was assessed by using G4 ligands in a model
virus–cell system and evaluating the occurrence of a dose-dependent variation in replication or
expression levels of B19V.

2. Materials and Methods

2.1. Bioinformatic Analysis

The B19V sequence used in bioinformatic analysis is a derived consensus sequence, referred to
as B19V EC [GenBank KY940273] [31]. The G4-virus PQS database [28] was accessed at http://www.
medcomp.medicina.unipd.it/main_site/doku.php?id=g4virus. The QGRS Mapper web server [30] was
accessed at http://bioinformatics.ramapo.edu/QGRS/index.php.

2.2. Chemicals

Oligonucleotides used in CD analysis (Table 1) were obtained from Eurofins Genomics (Ebersberg,
Germany) (https://www.eurofinsgenomics.eu/). BRACO-19 and pyridostatin were obtained from
Merck-Sigma (Milan, Italy). Stock solutions were prepared in H2O at 1 mM and further diluted for
subsequent experiments.

Table 1. Oligonucleotides used for the CD analysis on PQSs in the DNA of B19V.

Oligo Nts Sequence
Molecular

Weight (Da)
G-Score

HIV LTR-II 33 GGGGACTTTCCAGGGAGGCGTGGCCTGGGCGGG 10,349 68
PQS 140 44 GGGCCAGCTTGCTTGGGGTTGCCTTGACACTAAGACAAGCGGCG 13,630 14
PQS 113 45 GGGACTTCCGGAATTAGGGTTGGCTCTGGGCCAGCTTGCTTGGGG 14,012 67
PQS 068 45 TCATTTCCTGTGACGTCATTTCCTGTGACGTCACTTCCGGTGGGC 13,752 -

2.3. CD Analysis

Circular dichroism (CD) studies on oligonucleotides were carried out on a Jasco (Tokyo, Japan) J-810
spectropolarimeter equipped with a PTC-423S Peltier-type temperature control system. Measurements
were performed using a micro-volume QS quartz cell with black walls (1 cm path length, 500 μL
volume; Hellma Italia, Milan, Italy). Oligonucleotides and BRACO-19 were diluted from stock solution
into an analysis buffer (KCl 70 mM, potassium acetate 20 mM, pH 6.8) at 2 and 10 μM, respectively.
PDS was not used in CD studies because its addition to oligonucleotides caused precipitation in the
samples, making it unsuitable for spectroscopic analysis. CD spectra (330–230 nm) were recorded
at 17 different temperatures (every 5 ◦C between 15 and 95 ◦C) applying a 0.25 ◦C/min gradient for
both heating and cooling ramps. A 4 nm spectral bandwidth, a 0.2 nm data interval, a 100 nm/min
scanning speed and a 2 s data integration time were employed for measurements; solvent-corrected
spectra were then converted to molar units per residue (Δεres, in M−1 cm−1). CD melting curves were
determined by plotting the Δεres values as a function of temperature (T) for each oligonucleotide,
using the wavelength at which the difference between their CD signals at 15 and 95 ◦C was maximum
(λΔmax). Mid-transition temperatures (Tm) for both heating and cooling ramps were then derived by
non-linear regression on the CD melting curves using a 6-parameter logistic function [32,33].
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2.4. Cells

Erythroid progenitor cells (EPCs) were generated in vitro from peripheral blood mononuclear cells
(PBMC), as described [5]. Blood donations were made available for institutional research purposes from
the Immunohaematology and Transfusion Service, S. Orsola-Malpighi University Hospital, Bologna
(authorisation 0070755/1980/2014). Availability was granted under conditions complying with Italian
privacy law. Neither specific ethics committee approval nor written consent from donors was required
for this research project.

2.5. Cytotoxicity

The effects of tested compounds on cell viability were monitored by the Cell Counting Kit 8
(WST-8/CCK8) assay (Dojindo Molecular Technologies, Microtech, Italy), as described [20]. DMSO at
10% was used as a cytotoxicity positive control. The assay is based on a production of a formazan
dye in response to cellular metabolic activity, measured as absorbance (OD) values. Replicate net OD
values were normalised with respect to the control samples and expressed as mean percentage values
for cell viability.

2.6. Infection

B19V was obtained from a cloned synthetic genome, first transfected into UT7/EpoS1 cells,
then propagated by serial passage in EPCs, as described [31]. For infection, EPCs were incubated at a
density of 107 cell/mL, in the presence of B19V to a multiplicity of infection (moi, expressed as geq/cell)
of 103 geq/cell, for 2 h at 37 ◦C. After removal of inoculum virus, EPCs were incubated at 37 ◦C in 5%
CO2 in complete growth medium, at the different concentrations of tested compounds, at an initial
density of 106 cells/mL.

2.7. Molecular Analysis

Equal amounts of cell cultures, corresponding to 1.5 × 105 cells, were collected as appropriate
at 2 or 48 h post-infection (hpi) and processed by using the Maxwell Viral Total Nucleic Acid kit
on a Maxwell MDx platform (Promega), to obtain a total nucleic acid fraction in elution volumes of
150 μL. The quantitative evaluation of target nucleic acids was carried out by qPCR assays in a Rotor-Q
system (Qiagen, Hilden, Germany). For the analysis of B19V DNA, aliquots of the eluted nucleic
acids (corresponding to ~500 cells) were directly amplified in a qPCR assay (Maxima SYBR Green
qPCR Master Mix, Thermo Scientific, Life Technologies, Monza, Italy). For the analysis of B19V RNA,
parallel aliquots were first treated with the Turbo DNAfree reagent (Ambion, Life Technologies) before
amplification in a qRT-PCR assay (Express One-step SYBR GreenER Kit, Invitrogen, Life Technologies).
Standard cycling programs were used, followed by a melting curve analysis to define the Tm of
amplified products. The primer pair R2210–R2355, located in the central exon of B19V genome,
was used to amplify both viral DNA and total RNA, and a target sequence in the region of genomic
DNA coding for 5.8S rRNA (rDNA) was amplified in parallel reactions for normalisation [5,31].

3. Results

3.1. Sequence, Symmetry, and Higher-Order Structures in B19V Genome

The B19V reference sequence used for bioinformatic analysis is a derived consensus sequence,
resulting from the alignment of a selected, non-redundant set of complete genomic sequences, referred
to as B19V EC [GenBank KY940273]. Such a sequence provides the basis to a synthetic genetic system
for B19V, able to yield virus with full replicative competence used for subsequent experiments [31].
The whole genome is 5596 nts long, and its arrangement presents two levels of symmetry. On a
genomic scale, a unique internal region, 4830 nts, containing all the coding sequences, is flanked by
inverted terminal regions, each 383 nts, serving as replicative origins. Within the terminal regions,
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the distal 365 nts are disposed as a palindromic sequence around a central site of dyad symmetry.
The palindrome is imperfect, presenting a few base mismatches leading to two different sequences,
one the inverse complement of the other and usually referred to as “flip-flop”, which can combine
independently at each end, thus producing four different sequence isomers.

Superimposed on these symmetries, the B19V genome presents signatures of higher-order
structures such as PQSs (Figure 1). The prediction on the presence and distribution of PQSs in B19V
genome reported in the G4-virus database was compared to predictions obtained by the QGRS mapper
program. Predictions were only partially concordant. The G4-virus database reports a list of all PQSs
identified in the genome, their position on positive and negative strands, their degree of conservation
among isolates included in the dataset expressed as frequency, and the statistical significance of their
abundance [28]. For B19V, on a dataset of 13 sequences, only the presence of dinucleotide PQS, and not
of tri- or tetra-nucleotide PQS, was considered statistically significant over a random distribution.
A disperse dinucleotide (GG) PQS distribution was reported, including 22 GG-PQSs in the plus
strand and 18 GG-PQSs in the in minus strand, at frequencies in the range 0.08–1.00. On the other
hand, the QGRS mapper [30] uniquely identified, at a relevant score (G-score > 60), two sequence
stretches with features of a PQS (G3N13G3N8G3N11G3) located within the terminal regions, which are
characteristically GC-rich. In particular, these PQSs are located on either plus or minus strand, in close
5′ proximity to the axis of dyad symmetry, partially overlapping with the sequence asymmetries and,
thus, in different relative positions with respect to “flip” and “flop” isomers (Figure 2).

Figure 1. Parvovirus B19 (B19V) genome symmetry and potential quadruplex sequences (PQSs).
On a genomic scale, the overall symmetry arrangement includes the two terminal regions flanking the
internal unique region. The map of B19V genome shows 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, D2, splice
donor sites; A1.1, A1.2, A2.1, A2.2, splice acceptor sites). Superimposed on this arrangement, the B19V
genome presents signatures of higher-order structures such as PQSs. Dots (PG4S): GG-PQS in + and
− strands, genomic distribution and frequency as reported in the G4-virus database (GG-frequency
plotted on right y-axis) [28]. Bars (QGRS (Quadruplex forming G-Rich Sequences)): PQSs in + and −
strands, genomic distribution and relevance score for PQSs uniquely identified by the QGRS mapper
(G-score score plotted on left y-axis) [30].

The palindromic sequences in the terminal regions allow intra-strand base pairing, leading to a
hairpin configuration, as well as inter-strand base pairing leading to an extended configuration.
Hairpins can provide priming for second-strand synthesis, whereas strands in the extended
configuration need to separate and fold back into hairpin structures for reinitiating replication.
Predictions locate PQSs within a functional replicative origin, so that the strand unwinding and
folding mechanisms occurring during genome replication can offer the opportunity for DNA strands
to assume a G4 structure. This, in turn, may play a role in the regulation of viral genome replication or
expression. The following experiments analysed the actual propensity of predicted PQSs to assume a
G4 configuration, and any potential relevant role of these in the viral lifecycle.
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Figure 2. B19V genome symmetry and PQSs. ITRs are shown in the hairpin configuration for the
positive and negative strands in the different “flip-flop” isomers. The potential G4 structures predicted
by QGRS Mapper are located within the terminal sequences (shown as boxes), 5′ to the dyad symmetry,
either on the plus strand (blue) or minus strand (red). PQSs partially overlap with the asymmetries
leading to the flip/flop isomers (bubbles). Oligonucleotides used in circular dichroism (CD) experiments
(PQSs, Table 1) are shown in context (blue/red stripes). See also Supplementary Figure S1.

3.2. PQSs in B19V DNA: CD Analysis

The propensity of the PQSs identified by the bioinformatic analysis to form G4 structures,
which can occur in one of 26 folding arrangements [34], was first investigated by CD spectroscopic
analysis on synthetic oligonucleotides of the corresponding sequence (Table 1). CD spectroscopy is
routinely employed to investigate the secondary structure of nucleic acids, thanks to its sensitivity
to chirality [35], and in this framework it can be used to evaluate the presence and geometry of G4
structures. Each geometry is characterised by different angles for the glycosidic bonds of guanosines
and a different topology for the loops linking the stacked tetrads of the G4 stem, defining the coupling
among the guanine chromophores of the bases and giving rise to peculiar CD signatures that can be
used as an indicator for the presence of G4 structures [36]. Further, CD melting curve analysis [32,33]
can yield information on thermal stability and binding of small molecules, in this case G4 ligands
such as BRACO-19, a 3,6,9-trisubstitued acridine derivative designed to bind and stabilise quadruplex
DNA structures.

The oligonucleotide HIV LTR-II (Table 1) was chosen as a positive control for the formation of
G4 structures [37]. The CD spectrum of this oligonucleotide at low temperature (Figure 3A) can be
interpreted as the overlap between the contribution of a parallel G4 structure, which gives a strong
positive band centred at around 265 nm [36], and the profile of a GC-rich (76%) ssDNA in B-form,
which gives a positive band at around 280 nm and a negative band at around 245 nm [35]. The CD
melting curves of the oligonucleotide at 265 nm (Figure 4A), both in the absence and in the presence of
BRACO-19, show a clear decrease in intensity for the positive band at 265 nm during the heating ramp,
indicative of the disruption of the G4 structure upon thermal denaturation, and a fully reversible profile
upon renaturation due to the reorganisation of the G4 structure during the cooling ramp. As expected
for a G4 ligand, BRACO-19 stabilises the G4 structure of HIV LTR-II, as the Tm of the melting curves is
shifted towards higher values (~+7 ◦C; Table 2), although the degree of stabilisation was found to be
smaller than previously reported in the literature [37]. All these observations confirm the presence of a
G4 structure in HIV LTR-II.
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Figure 3. CD spectra of the oligonucleotides under investigation (2 μM) during the heating ramps of
the melting assays. (A) HIV LTR-II; (B) PQS 113; (C) PQS 140; (D) PQS 068. The arrows indicate the
evolution along the heating ramp from 15 to 95 ◦C.

Table 2. Mid-transition temperatures (Tm, in ◦C) for the oligonucleotides under investigation, both in
the absence or in the presence of BRACO-19 (10 μM), as determined by CD melting assays.

λΔmax (nm)
Isolated Oligonucleotide (2 μM)

Oligonucleotide (2 μM) +
BRACO-19 (10 μM)

15 ◦C→ 95 ◦C 95 ◦C→ 15 ◦C 15 ◦C→ 95 ◦C 95 ◦C→ 15 ◦C
HIV LTR-II 265 55.0 ± 1.4 55.9 ± 0.4 61.8 ± 1.5 62.4 ± 1.6

PQS 113 290 37.4 ± 2.4 0.3 ± 81.5 37.3 ± 2.5 45.3 ± 16.7
PQS 140 285 54.6 ± 2.3 56.2 ± 1.8 64.7 ± 1.7 57.8 ± 2.8
PQS 068 285 67.3 ± 2.8 65.0 ± 6.6 73.3 ± 3.3 58.1 ± 1.4

BRACO-19—(N,N′-(9-{[4-(dimethylamino)phenyl]amino}acridine-3,6-diyl)bis(3-pyrrolidin-1-ylpropanamide).

For B19V, three different oligonucleotides were investigated. Oligo PQS 113 has a sequence
matching the most probable PQS in the B19 genome, showing the highest G-score. Oligo PQS 140 has a
sequence of corresponding length located in 5′ proximity to the dyad symmetry, upstream and partially
overlapping with PQS 113, showing a low G-score. Oligo PQS 068 is also a sequence of corresponding
length, located downstream to PQS 113 and showing a null G-score. The oligonucleotides PQS 113,
PQS 140, and PQS 068 all display the CD profiles of ssDNA in B-form with no clear contribution from
G4 structures (Figure 3B–D); CD signatures peculiar to G4 structures were not observed, while the
differences in the CD profiles are most probably due to different primary structures [35].
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Figure 4. CD melting curves for the oligonucleotides under investigation (2 μM), both in the absence
or in the presence of BRACO-19 (10 μM). (A) HIV LTR-II; (B) PQS 113; (C) PQS 140; (D) PQS 068. Filled
squares: heating ramps (15 to 95 ◦C) in the absence of BRACO-19. Empty squares: cooling ramps (95
to 15 ◦C) in the absence of BRACO-19. Filled circles: heating ramps (15 to 95 ◦C) in the presence of
BRACO-19. Empty circles: cooling ramps (95 to 15 ◦C) in the presence of BRACO-19. BRACO-19—(N,
N′-(9-{[4-(dimethylamino)phenyl]amino}acridine-3,6-diyl)bis(3-pyrrolidin-1-ylpropanamide).

The CD melting profiles of PQS 113 at 290 nm in the absence of BRACO-19 (Figure 4B) show a
broad conformational transition at low temperature after both denaturation and renaturation, revealing
a high degree of instability in solution; the large uncertainty of the Tm value determined on the cooling
ramp (Table 2) is a result of such instability. The CD melting profiles of PQS 140 and PQS 068 in the
absence of BRACO-19 (Figure 4C,D) both display narrower, reversible thermal transitions; in both
cases, the temperature-dependent variation in CD response at 285 nm has a smaller magnitude than
that of HIV LTR-II. The CD melting curves of the oligonucleotides in the presence of BRACO-19
provide an indication of binding, although the underlying mechanisms of these binding interactions
appear to be quite different from those observed with HIV LTR-II. Once again, the behaviour of PQS
113 (Figure 4B) is more complex: the trend of the melting curves suggests the possibility of a two-state
conformational transition, which is not accurately described by the non-linear regression model used
to analyse the melting profiles of G4 structures. On the other hand, the melting curves of PQS 140 and
PSQ 068 (Figure 4C,D) are not reversible, since the Tm value of the heating ramp is higher than that
of the cooling ramp (Table 2). This phenomenon of hysteresis may be explained by a slower kinetics
of denaturation and renaturation due to the presence of BRACO-19. Overall, BRACO-19 appears to
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interact with all the oligonucleotides under investigation, although the mechanism of binding is not
consistent with the stabilisation of eventual G4 structures.

3.3. PQSs in B19V DNA: Biological Analysis

To extend the results of CD studies and investigate a possible role of putative G4 structures in B19V
DNA, we tested the biological effects on the virus–cell system of two reported G4 ligands, BRACO-19
and pyridostatin (PDS) [29]. BRACO-19 has been shown to inhibit telomerase activity, to possess
antitumour activity and antiviral activity on different viruses in vitro, including HIV-1. PDS is a very
selective G4 DNA-binding small molecule designed to form a complex with and stabilise G4 structures.
It has been shown to strongly stabilise telomeric G4, triggering a DNA-damage response at telomeres.
As an antiviral agent, PDS has been used to study the role of G4 in Epstein Barr Virus (EBV). As a model
cell system, we used primary EPCs, which constitute a heterogeneous cellular population mimicking
the natural target cells in in vivo infection and that present full permissiveness to viral replication at
the appropriate differentiation stage [5,31]. Effects on cell viability and any possible activity on B19V
were assessed in a time course of infection, by evaluating any dose-dependent effects of BRACO-19
and PDS.

Effects on cell viability. EPCs were cultured for 48 h at 37 ◦C in medium containing different
concentrations of each compound (0.1–100 μM range), then cell viability was assessed by a WST-8-based
colorimetric assay. Results are reported in Figure 5 and are expressed as percentage viability with
respect to control cells incubated without compounds. A reduction in cell viability below 50% of
control was observed starting from 10 and 5 μM for BRACO-19 and PDS, respectively. At higher
concentrations, 50 and 100 μM, the metabolic activity of cells was totally inhibited.

Figure 5. Percentage of viability of erythroid progenitor cells (EPCs) cultured for 48 h in presence of
different concentrations of BRACO-19 (A) and pyridostatin (PDS) (B). DMSO at 10% was used as a
cytotoxicity positive control. Values are expressed as mean percentage compared to the control with
medium only. Data were collected from triplicate wells in two different experiments. Statistical analysis
was performed by one-way ANOVA (analysis of variance) followed by Dunnett’s multiple comparison
test. *** p value < 0.001.

By expressing a dose-dependent relationship between compound concentration and percentage
cell viability, non-linear regression curves allowed determining 50% cytotoxic concentration (CC50)
values: 9.99 μM for BRACO-19 (95% confidence interval: 8.9–11.53 μM; R2 = 0.95); 4.01 μM for PDS
(95% confidence interval: 0.47–15.52 μM; R2 = 0.84).

Antiviral activity against B19V: The effects of BRACO-19 and PDS on B19V were evaluated by
quantitative determination of viral replication and expression in a time course of infection. EPCs were
infected with B19V at the multiplicity of infection of 103 geq/cell and cultured either in the absence or
in the presence of each compound, at 0.5, 5, and 50 μM. Cells were collected at 2 and 48 h post-infection
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(hpi). The extent of viral replication and expression was assessed by qPCR and RT-qPCR evaluation
of the number of viral genomes and total transcripts respectively, at 48 hpi compared to that at the
baseline at 2 hpi (Figure 6).

Figure 6. Amount of B19V DNA (A) and RNA (B) at 2 hpi, before addition of tested compounds, and at
48 hpi in infected cells cultured in the presence of BRACO-19 and PDS at the indicated concentrations
(Log copies/105 cells). Data were collected from triplicate qPCR and RT-qPCR reactions in duplicate
experiments. Statistical analysis was performed by one-way ANOVA (analysis of variance) followed
by Dunnett’s multiple comparison test among 48 hpi samples. *** p value < 0.001.

Viral DNA increased from 2 to 48 hpi on average 2.5 Log in the control samples, indicating
productive viral replication. Inhibition of viral replication, displayed as a significant net reduction in
viral DNA from 2 to 48 hpi, was not observed in cells treated with BRACO-19 and PDS. Compared to
control samples, a partial inhibition of viral replication was evident only at the highest concentrations,
with percentage values of 65% and 85% for BRACO-19 and PDS, respectively. Transcription of the viral
genome, as determined by the increase of total viral mRNAs from 2 to 48 hpi, was also unaffected
unless at the highest concentrations of BRACO-19 and PDS, with percentage values of 88% and 98%,
respectively. The absence of dose-dependent effects on virus and the concomitant and prevalent
effects on cell viability suggest that any marginal antiviral activity of BRACO-19 and PDS is likely due
to the inhibition of the cellular metabolism rather than to a specific inhibitory activity on the virus,
whose replication and expression appears unaffected by these G4 ligands.

4. Discussion

B19V is a virus with distinctive features that induces interest, not least in the characterisation of
its lifecycle and of virus–host interaction [6]. B19V is a widely circulating human pathogenic virus,
although its clinical impact is often underestimated, and the development of specific antiviral tools
still suffers from a striking gap. In addition to the propensity to enhanced diagnostic awareness [15],
the development of effective antiviral strategies against B19V should be considered a relevant goal
in the field [16]. A better understanding of the viral lifecycle and virus–cell interactions are required
to identify relevant targets for more efficient and specific antiviral strategies. Unconventional DNA
structures, in particular G-quadruplex planar structures disrupting the regular double helix structure
of DNA, are increasingly recognised as relevant features for the regulation of critical biological
processes. Viruses can include G4-forming sequences in their genomes as part of their interaction
network within the cellular environment, and in many instances, these structures can provide targets
for small-molecule ligands that can provide an antiviral effect by interfering with the normal viral
regulation pathways [27–29].

The comprehensive survey in the G4-virus database provides a framework overview of PQS
elements in viral genomes, aiming, in its statement, at expediting research on G-quadruplex in viruses,
and at finding novel therapeutic opportunities. Out these PQSs, the presence and relevance of G4s as
functional elements have been validated in some cases [29], or only predicted otherwise, requiring
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experimental evidence as in the present case for B19V. For B19V genome, the G4-virus database reports
a disperse presence of dinucleotide “GG” PQSs that can be considered statistically significant over a
random distribution. An independent prediction on the presence of G4 structures can also be obtained
by the QGRS mapper, which identifies at a high score two PQSs within the genomic terminal regions.
In our work, we sought to validate these predictions on the presence of PQSs, but neither chemical nor
biological evidence could lend experimental support to bioinformatics.

In B19V, predicted PQSs are mainly located within the terminal regions (ITRs), which are critically
involved in the viral lifecycle under several aspects [6]. First, ITRs serve as origins of replication of the
viral genome. A palindromic sequence is required to allow strand fold-back to form hairpin structures,
in turn necessary for priming second-strand synthesis. The sequence asymmetries in the palindrome
(flip/flop heterogeneity) are also strictly required [31], as they can possibly induce distortions in the
hairpin secondary structure or determine the exact placement of sequence motifs recognised by binding
moieties. Moreover, the ITRs are populated by binding motifs for the viral NS and several cellular
proteins, relevant for both replication and transcription of the viral genome [38–40]. Finally, ITRs have
the characteristics of CpG islands and are a possible target for epigenetic modifications such as CpG
methylation, in turn able to regulate expression of the viral genome [41]. It should be also mentioned
that for viruses in the family, the sole indirect evidence of the presence of PQSs forming G4 structures
has been presented for Adeno-associated viruses (AAV) ITRs [42].

Our experimental challenge of bioinformatic predictions analysed the actual propensity of PQSs
in B19V DNA to assume G4 structures and any possible inhibitory activity of G4 ligands on the
viral lifecycle. Results did not lend support to the bioinformatic predictions on the occurrence of G4
structures in B19V genome and did not show any antiviral role for G4 ligands such as BRACO-19 and
PDS. The reason for this discrepancy is possibly due to the sequence and symmetry constraints imposed
on the sequence of B19V prevailing over the propensity of forming G4 structures, so that preservation
of the secondary hairpin structures within ITRs is likely a more stringent functional requirement than
the possibility of forming actual G4 structures. The QGRS mapper is reported to predict G4 structures
with high accuracy (>0.95) [26], but for B19V DNA the evidence classifies the predicted PQSs as false
positives. Within the ITRs, a high overall GC content may introduce a sequence bias and just increase
the probability of detecting PQS-like signatures by bioinformatic tools. Actually, predictions reported
in the G4-virus database indicate only a moderate statistical significance of the presence of dinucleotide
PQSs. The patterns identified by the QGRS mapper program are not stringent, although the G-score
obtained for the PQS regions in B19V ITRs matches that of a validated G4 structure such as HIV LTR-II.
Overall, the formation and/or any relevant biological role of unconventional DNA structures such as G4
are unlikely in B19V ITRs, as determined by both CD and in vitro biological studies. On the contrary,
it can be hypothesised that the formation of unconventional structures would possibly interfere with
many processes crucial to viral replication without conferring any discernible selective advantage.
Based on the present data, the development of antiviral strategies directed at perturbing the replicative
origins in B19V DNA ITRs cannot include G4 structures as specific targets or G4 ligands as antiviral
agents. In this respect, the characteristic combination of hairpin structures and sequence asymmetries
appears to be a more relevant feature.

5. Conclusions

As a concluding remark, our work highlights how the enormous potential for structural or
functional predictions provided by bioinformatic tools must be used with caution and results subjected
to critical scrutiny. Computational methods tend to be assertive and additive, especially when aiming
at the construction of comprehensive databases based on pattern search algorithms, as in the present
case. Experimental validation/falsification of such predictions is required for a correct understanding
of the biological systems as well as for the assessment of the computational algorithms’ reliability.
As in the present case, a negative experimental evidence is constructive both to avoid misconceptions
and to provide a benchmark to evaluate the performance of computational methods.
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Abstract: Human parvovirus B19 (B19V) causes various human diseases, ranging from childhood
benign infection to arthropathies, severe anemia and fetal hydrops, depending on the health state
and hematological status of the patient. To counteract B19V blood-borne contamination, evaluation
of B19 DNA in plasma pools and viral inactivation/removal steps are performed, but nucleic acid
testing does not correctly reflect B19V infectivity. There is currently no appropriate cellular model for
detection of infectious units of B19V. We describe here an improved cell-based method for detecting
B19V infectious units by evaluating its host transcription. We evaluated the ability of various cell
lines to support B19V infection. Of all tested, UT7/Epo cell line, UT7/Epo-STI, showed the greatest
sensitivity to B19 infection combined with ease of performance. We generated stable clones by limiting
dilution on the UT7/Epo-STI cell line with graduated permissiveness for B19V and demonstrated a
direct correlation between infectivity and S/G2/M cell cycle stage. Two of the clones tested, B12 and
E2, reached sensitivity levels higher than those of UT7/Epo-S1 and CD36+ erythroid progenitor cells.
These findings highlight the importance of cell cycle status for sensitivity to B19V, and we propose a
promising new straightforward cell-based method for quantifying B19V infectious units.

Keywords: B19 parvovirus; detection; erythroid cells; cell cycle; permissivity

1. Introduction

Human Parvovirus B19 (B19V), a member of the genus Erythroparvovirus of the Parvoviridae
family, is a widespread virus that is pathogenic to humans [1]. The genome of B19V is a linear 5.6-kb
single-stranded DNA, packaged into a 23–28 nm non-enveloped icosahedral capsid [2]. Replication
occurs in the nucleus of infected cells, via a double-stranded replicative intermediate and a rolling
hairpin mechanism. B19V infection has been associated with a wide spectrum of diseases, ranging from
erythema infectiosum during childhood (known as the “fifth disease” and characterized by a common
“slapped-cheek” rash) [3,4], to arthropathies [5], severe anemia [6] and systemic manifestations involving
the central nervous system, heart and liver, depending on the immune competence of the host [7].
Productive B19V is restricted to human erythroid progenitor cells [8], and its clinical manifestations are
linked to the destruction of infected cells [9]. Indeed acute B19V infection can cause pure red-cell aplasia
in patients with pre-existing hematologic disorders leading to high levels of erythrocyte turnover
(e.g., in sickle cell disease or thalassemia patients) [10–12], and in immunocompromised or transplanted
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patients [13]. The virus is transmitted via respiratory secretions and feto-maternal blood transfers.
During pregnancy, infection with B19V can cause non-immune fetal hydrops, congenital anemia,
myocarditis and terminal heart failure, leading to spontaneous abortion or stillbirth of the fetus [14,15].
The high prevalence of B19V infection in the general population and the large number of blood donations
used in the manufacture of plasma-derived factor concentrates favors high levels of contamination.
Few reports [16–18] of clinical B19V infection resulting from the transfusion of contaminated blood
components or infusions of plasma-derived medicinal products suggests that measures to reduce the
transmission risk (e.g., nucleic acid testing (NAT) and/or virus removal/inactivation steps) are effective.
This efficacy has led to NAT becoming the gold standard for testing products of biological origin [19].
Indeed, to counteract B19V blood-borne patient’s contamination, evaluation of B19 DNA in plasma
pools and viral inactivation/removal steps are performed, but nucleic acid testing did not correctly
reflect B19V infectivity [17,20].

Reducing the risk of B19V infection is mandatory for suppliers of blood-derived products
worldwide [21]. The elimination of viruses must be assessed in processes for the production of
plasma-derived medical products, but B19V DNA quantification may be inadequate: viral DNA
can persist in the serum for months after acute infection, and its levels are therefore not necessarily
correlated with infectivity [20,22]. The use of titration-based B19V infectivity assays is therefore
essential. Moreover, the last few decades have seen the development of regenerative therapies based
on Hematopoietic or Mesenchymal Stem Cells (HSC or MSC) from bone marrow and synovium donors,
respectively. According to the guidelines ensuring clinical grade of human stem cells, one of the major
safety concerns is detecting latent viruses in cell sources [13,23]. Stem cells seem to act as a latent
reservoir for B19 infection [24]. If viral contamination is overlooked at initial screening, then the virus
may be amplified during culture before transplantation, through the reactivation of latent B19V [25].
For all these reasons, a practical and sensitive in vitro method for assessing B19V infectivity is required.
However, efforts to develop such methods have been hampered by the lack of suitable B19-sensitive
cell lines.

B19V displays a marked tropism for erythroid progenitor cells (EPC), but there is still no well-established
cell line for B19V infection. The UT7/Epo-S1 cell line [26], an erythropoietin (Epo)-dependent subclone
derived from the mega-karyoblastoid cell line UT-7 [27], is the most widely used cell model, because of
its high sensitivity to B19V replication and transcription [28]. However, B19V infection is limited to a
small number of cells (1%–9%, versus 30%–40%% for primary or immortalized erythroid progenitor
cells) [29–31].

Here, we compared the sensitivities of a number of different erythroid cell lines to B19 infection
with that of UT7/Epo-S1. We generated stable clones with graduated permissivity to B19V from a
single parental cell line. Using the FUCCI (fluorescent ubiquitination cell cycle indicator) system to
analyze cell cycle, we demonstrated a direct correlation between infectivity and S/G2/M cell cycle
stage, and characterized two clones, B12 and E2, with sensitivity to B19V up to 35 time higher than
that of UT7/Epo-S1.

2. Materials and Methods

2.1. Cell Lines

Three distinct UT-7/Epo cell lines were used: (1) UT7/Epo-S1, a clone of UT7/Epo [32], was obtained
from Dr Kazuo Sugamura (Tohoku University Graduate School of Medicine, Japan). (2) UT7/Epo-APHP
and UT7/Epo-Cl3, a subclone isolated from UT7/Epo-APHP, were a gift from Dr Morinet (APHP:
Assistance Publique - Hôpitaux de Paris, Saint Louis Hospital). (3) UT7/Epo-STI cells were derived
from UT-7/GM cell line and were maintained at low passage, with stringency for erythroid features [33].
UT7 cell lines were maintained at 37 ◦C, under an atmosphere containing 5% CO2, in alpha minimum
essential medium (αMEM) supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine (Hyclone),
100 U/mL penicillin, 100 μg/mL streptomycin and 2 U/mL recombinant human (rh) Erythropoietin
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(rh-Epo, Euromedex, RC213-15). Where specified, 0.5μM JQ1 (Sigma-Aldrich, France) or 2 ng/mL TGF-β
(Peprotech, France) was added to the culture medium for two days before B19V infection. TF1 and
TF1-ER erythroleukemia cells [34] were maintained in Roswell Park Memorial Institute (RPMI) 1640
medium supplemented with 10% FCS, 2 mM L-glutamine (Hyclone), 100 U/mL penicillin, 100 μg/mL
streptomycin and 2 U/mL rh-Epo or 25 ng/mL human granulocyte macrophage colony-stimulating
factor (GM-CSF, Peprotech). KU812Ep6 cells [35], a gift from Dr Sakai (Health Science Research
Resources Bank, Tokyo, Japan), were maintained in RPMI-1640, 2 U/mL rh-Epo, 10% FCS, 100 U/mL
penicillin, 100 μg/mL streptomycin and Insulin Transferrin Selenium-X supplement (ITS-X, Gibco),
at 37 ◦C, 5% CO2. Human embryonic kidney (HEK) 293T and NIH-3T3 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FCS, 2 mM L-glutamine,
100 U/mL penicillin and 100 μg/mL streptomycin.

2.2. CD36+ Erythroid Progenitor Cell (EPC) Line Generation

Umbilical cord blood (CB) units from normal full-term deliveries were obtained, with the informed
consent of the mothers, from the Obstetrics Unit of Saint Louis Hospital, Paris, and collected in placental
blood collection bags (Maco Pharma, Tourcoing, France). Blood mononuclear cells were purified by
Ficoll density gradient separation (Leucosep, Greiner Bio-one) and Hanks medium (Thermo-Fisher).
Low-density cells were recovered and enriched for CD34+ cells by automated cell sorting (CD34 isolation
kit and autoMACS System, Miltenyi Biotec). CD34+ cells were cultured in serum-free expansion
medium: Iscove’s Modified Dulbecco’s Medium (IMDM), 15% BIT 9500 (BSA-Insulin-Transferrin,
Stem Cell Technologies), 60 ng/mL rh-Stem Cell Factor (SCF), 10 ng/mL rh- interleukin-3 (IL-3), 10 ng/mL
rh-IL-6, 2 U/mL rh-Epo, 100 U/mL penicillin and 100 μg/mL streptomycin. After seven days of culture,
CD36+ cells were isolated with biotin-coupled anti-CD36 antibody and anti-biotin microbeads on an
autoMACS System. CD36+ EPCs were obtained by lentivirus-mediated transduction with the hTERT
and E6/E7 genes from human papillomavirus type 16, as previously described [36], and were grown in
expansion medium to generate a continuous CD36+ EPC line.

2.3. B19 Virus Stock and Cell Inoculation

Plasma samples containing high titers of infectious B19V from asymptomatic donors at blood
donation were provided by the Etablissement Français du Sang (EFS). Determination of anti-B19V
IgG and IgM in plasma samples was performed using respectively LIAISON® Biotrin Parvovirus
B19 IgG (cat. N◦ 317000) and IgM (cat. N◦ 317010) (Diasorin S.A., Antony, France). According to
manufacturer’s instructions, samples were analyzed by Chemiluminescence ImmunoAssay (CLIA)
and obtained results were compared to provided negative and positive controls. Plasma samples were
determined to be qualitatively negative for both B19V IgG and IgM, with a viral titer of 1011 B19V
DNA genome equivalent (ge)/mL. The infection assay was performed using a protocol similar to that
previously described [37]. Briefly, cells were maintained in exponential growth condition by dilution
to 0.3 × 106 cells/mL the day before infection. On the day of infection, cells were washed and diluted
in FCS-free medium without Epo, at a density of 107 cells/mL. B19V inoculation was carried out in a
96-well plate, with 10 μL of cell suspension (105 cells) and 50 μL of a 100-fold dilution of B19V plasma
(109 ge/mL), corresponding to a mean of 500 ge/cell. The cells were then incubated at 4 ◦C for 2 h,
and then at 37 ◦C, for 1 h, under an atmosphere containing 5% CO2. We added 140 μL of complete
medium and maintained the cells in culture until 72 h. Where specified, we added chloroquine (CQ)
to the complete medium, at a final concentration of 25 μM. Cell viability was assessed by Trypan
blue exclusion test (0.4% in PBS, Thermo Fisher Scientific), by counting blue and total cells under a
microscope, with a hemocytometer. After correction for the dilution factor, viability was calculated as
follows: percent of viable cells = (1 − (number of blue cells/number of total cells)) × 100. At 24, 48 or
72 h post infection (hpi), cells were centrifuged (8 min at 300× g), supernatants were discarded and cell
pellets were frozen at −80 ◦C until analysis.
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2.4. Fucci2a Lentivirus Production and Cell Transduction

The Fucci2a DNA sequence [38] (RDB13080, RIKEN BioSource Center) was synthetized into
the LTGCPU7 lentiviral vector backbone [39] without the puromycin resistance-gene cassette, and
under the control of the EF1α promoter and enhancer (GenScript). Lentiviral particles were produced
by the transient transfection of HEK293T cells with the five-plasmid packaging system, by PEIpro
(Polyplus transfection), as previously described [40]. These particles were then concentrated by
ultracentrifugation. Infectious titers were determined in NIH-3T3 cells. We transduced 0.5 × 106

UT7/Epo-STI cells with FUCCI particles at a mean of infection of 10 in 200 μL of complete medium,
and the cells were kept at 37 ◦C for 4 h. Cells were subsequently diluted at 0.1 × 106 cells/mL. On days
6 and 9 post-transduction, cells were analyzed by cytometry for the expression of FUCCI proteins.

2.5. UT7/Epo-FUCCI Clones Generation

UT7/Epo-FUCCI refers further to a UT7/Epo-STI pool expressing FUCCI. UT7/Epo-FUCCI clones
were isolated in a U-bottom 96-well plate, by limiting dilution, with one seeded cell per well in 100 μL
of complete medium. Cells were visualized by microscopy, and wells containing more than one cell or
non-fluorescent cells were excluded. Clones were then separately expanded with an assigned name
corresponding to their location on the plate. After expansion, each clone was considered further as
a new cell line. A cell bank of 156 isolated clones was constituted (stored at 80 ◦C in 90% FCS, 10%
DiMethyl SulfOxide (DMSO)). To reach exponential growth, cells were diluted at 0.3 × 106 cells/mL.
The day after dilution, isolated clones were subjected to FUCCI expression profiling. The stability of the
cell cycle profiles of the isolated clones was controlled both sequentially, for at least five independent
cultures, and for 10 passages of the same culture.

2.6. Flow Cytometry Analysis of Cell Cycle Status

FUCCI-2a stable transduction in UT7-FUCCI cells allows the expression of two fluorescent
proteins (m-Venus and m-Cherry) fused with specific cell cycle proteins (respectively Geminin and
Cdt1). Fusion proteins are continuously expressed, but as Cdt-1 and Geminin are ubiquitinated and
degraded by the proteasome at specific cell cycle stages, resting fluorescence reflects cell cycle status:
during G1 phase, the geminin-mVenus fusion protein is degraded, while the Cdt1–mCherry fusion
is expressed resulting in red-fluorescence. During G1/S transition, both proteins are present in the
cells and the cell nuclei appear yellow as the green and red fluorescence overlay. In the S, G2, and
M phases, the Cdt1–m-Cherry fusion is degraded, leaving only the geminin–m-Venus fusion and
resulting in a green-fluorescence signal. This dynamic color change from red to yellow to green serves
as an indicator of the progression through cell cycle and division. Fucci2a bicistronic expression was
monitored with an LSRFortessa cytometer (BD Biosciences, Le Pont de Claix, France). Fluorescent
fusion proteins were detected with the 488 nm blue laser and a 530/30 nm bandpass filter (B530/30)
for mVenus-hGeminin, and the 590 nm yellow laser and a 610/20 nm bandpass filter (Y610/20) for
mCherry-hCdt1. For alternative monitoring of the cell cycle according to DNA content, cells were
stained with the permeable DNA dye Hoechst 3342 (10 μg/mL) for 1 h at 37 ◦C, and immediately
analyzed for DNA content with the 355 nm violet laser and a 450/40 nm bandpass filter (V450/40).
FACSDiVa and FlowJo X software (BD Biosciences, Le Pont de Claix, France) were used to operate the
instrument and for data analysis, respectively.

2.7. RNA Extraction and Duplex RT-qPCR

Total RNA was extracted from cell pellets with the RNeasy 96 QIAcubeHT kit and a QIAcubeHT
machine, according to the manufacturer’s instructions. The extraction step included DNase
treatment for 15 min, to decrease the risk of genomic DNA amplification during PCR. Real-time
reverse transcription-quantitative PCR (RT-qPCR) was performed with the Taqman Fast Virus
one-step PCR kit (Applied Biosystems). B19 VP2 transcripts were amplified with the sense
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primer B19-21 5′-TGGCAGACCAGTTTCGTGAA-3′ (nts 2342-2361), the antisense primer B19-22
5′-CCGGCAAACTTCCTTGAAAA-3′ (nts 3247-3266) and the probe B19-V23 5′-VIC-CAGCTGC
CCCTGTGGCCC-3′ (nts 3228-3245). For control and normalization with respect to the number of
cells, we used a duplex strategy. A target sequence of the spliced beta actin transcript was selected
and amplified with the sense primer actin-S 5′-GGCACCCAGCACAATGAAG-3′, the antisense
primer actin-AS 5′GCCGATCCACACGGAGTACT-3′ and the probe actin-FAM 5′-FAM-TCAAG
ATCATTGCTCCTCCTGAGCGC-3′. Reactions were performed on 5 μL of extracted RNA with the
Quant Studio 3 PCR system. The reaction began with reverse transcription at 48 ◦C for 15 min, followed
by inactivation of the reverse transcriptase and activation of the polymerase by heating at 95 ◦C for
10 min, followed by 40 cycles of 15 s at 95 ◦C and 30 s at 60 ◦C. The PCR program was optimized for
amplification of the VP2 spliced transcripts rather than the VP2 genomic sequence (Figure 1A).

Figure 1. Comparison of the B19V sensitivity and permissiveness of hematopoietic cell lines. (A)
B19V transcription profile (adapted from Ganaie et al., J Virol. 2018 [7]). The major transcription
unit of the B19V duplex genome (GenBank accession no. AY386330) is shown to scale at the top,
with the P6 promoter, 2 splice donors (D1, D2) and 4 acceptors (A1 to A4) sites. In blue, mRNA
encoding the VP2 viral proteins, with nucleotides (nts). At the bottom, the primers and probe used
for the RT-PCR amplification of VP2. (B) Bone marrow-derived primary Erythroid Progenitor Cells
(CD36+ EPCs), human leukemic cell lines (TF1, TF1-ER, UT7/Epo-APHP, UT7/Epo-STI) and isolated
clones (KU812Ep6, UT7/Epo-cl3 and UT7/Epo-S1) were seeded in triplicate and inoculated with or
without B19V in culture medium supplemented with Epo (2 U/mL)(/Epo), or granulocyte macrophage
colony-stimulating factor (GM-CSF) (25 ng/mL)(/GM) for TF1 and TF1-ER. When specified, cells were
cultivated with (+) or without (-) Chloroquine (CQ, 25 μM). No CQ treatment was applied to CD36+EPC.
72 h post-infection, cells were pelleted and lysed. RNA was extracted and analyzed by RT-qPCR for
VP2 to quantify B19 viral genome expression, and for β-actin for cell number normalization. For each
cell line, the results without B19V correspond to the negative control. Relative B19V threshold cycle
(Ct) values were normalized relative to b-actin Ct and expressed according to the 2−ΔΔCt method
with normalization against mean VP2 expression for UT7/Epo-S1 cells without CQ (n = 6). Results
are presented as means + SEM of 3 independent experiments. ** p < 0.01; *** p < 0.001; NS = No
Significance. ND = Not detected.

2.8. Statistical Analysis

Values are expressed as mean ± SEM. Data were determined to be normally distributed as the
max and the min values in each data set were <3.sd from the mean. Data were analyzed using Prism
6.0 (GraphPad Software) by one-tailed Student’s t-test or one-way ANOVA with Bonferroni post-test
(α < 0.05). Parameters measured over multiple time points were analyzed with two-way ANOVA with
Bonferroni post-test and time was within subject factor. The significance level displayed on figures are
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as follows: * p <0.05, ** p <0.01, *** p <0.001 and “NS” means no significance. Samples and experiment
sizes were determined empirically to achieve sufficient statistical power.

3. Results

To assess and compare the degree of permissivity to B19V, hematopoietic cell lines were infected
with B19V and maintained for 72 h. Where specified, chloroquine (CQ) was added to boost virus
entry and prevent the degradation of incoming viruses through a blockade of lysosome transfer [41].
Active transcription of the B19V genome in host cells was evaluated by RT-qPCR for the VP2 capsid
gene (Figure 1A), with normalization to beta-actin gene expression. As a reference to calculate
relative B19 mRNA expression, the value for UT7/Epo-S1 without chloroquine was set to 1 (Figure 1B).
As previously reported, UT7/Epo-S1 and KU812Ep6 cells were less permissive to B19V than CD36+

EPCs. Chloroquine treatment markedly enhanced UT7/Epo-S1 sensitivity (five-fold), but without
reaching the level obtained for CD36+ EPCs. VP2 expression was undetectable in both the parental
TF1 erythroleukemia cell line and a TF1-ER cell line expressing a full Epo-receptor, under the control
of GM-CSF or Epo, with or without chloroquine treatment. Among all UT7/Epo cell lines tested,
UT7/Epo-STI was the UT7/Epo cell line tested with the highest sensitivity to B19V, with B19 mRNA
levels 11.8 ± 0.2 times higher than those in UT7/EpoS1. Sensitivity was enhanced by chloroquine
treatment and reaches an equivalent level compared to CD36+ EPCs (UT7/Epo-STI + CQ: 25.8 ± 4.9 vs.
CD36+ EPCs 21.49 ± 2.7).

This increase in sensitivity was not due to resistance to B19V-induced cytotoxicity (Figure 2A).
The expression kinetics of UT7/Epo-STI B19V were similar to those for CD36+ EPC, with a maximum
reached at 72 h post-infection for both cell lines (Figure 2B).

Figure 2. Comparison of B19V sensitivity of hematopoietic cell lines. (A) Cell viability was assessed
72 h post-infection. The results shown are the means + SD of three independent experiments.
(B) UT7/Epo-STI cells and CD36+ EPCs were cultured in triplicate, with or without B19V, for 72 h. At 24,
48 and 72 h post-inoculation, cells were collected by centrifugation. RNA was extracted from the cell
pellet and VP2 mRNA levels were analyzed to quantify B19 viral DNA expression, and β-actin mRNA
levels were analyzed for cell number normalization. For each cell line, results without B19V correspond
to the negative control. Relative B19V threshold cycle (Ct) values were normalized relatively to the
β-actin (log B19V/actin). The results shown are the means + SEM of three independent experiments.
*** p <0.001; NS = No Significance.

As sensitivity to B19V is directly linked to maturation stage, we therefore subjected UT7/Epo-STI
cells to the chemical (JQ1) or hormonal (TGF-β) induction of erythroid differentiation two days before
B19V infection. Both treatments decreased B19V infection by a factor of about 10, to levels similar to
those obtained for UT7/Epo-S1 (Figure 3).
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Figure 3. B19V-sensitivity of UT7/Epo-STI cells is linked to maturation stage. UT7/Epo-STI cells were
cultured for 48 h before inoculation with B19V, without (-) or with JQ1 (0.5 μM) or TGF-β (2 ng/mL).
72 h post-inoculation, relative levels of B19V VP-2 mRNA were evaluated with UT7/Epo-S1 cells as
the reference.

We chose to select clones according to cell cycle status, to increase sensitivity to B19V. UT7/Epo-STI
cells were transduced with FUCCI (Fluorescence Ubiquitination Cell Cycle Indicator) lentiviral particles
to generate the UT7/Epo-FUCCI cell line (Figure 4A). The FUCCI cell cycle sensor allows cell cycle
analysis of living cells. The UT7/Epo-FUCCI cell line presents three different color profiles, from
green, corresponding to the S, G2 and M phases, to red, consequent to G1 phase, with a green plus
red (yellow) overlay indicating the G1-to-S transition. We checked that these dynamic color changes
correctly represented progression through the cell cycle and division, by staining the DNA content of
UT7/Epo-FUCCI cells with Hoechst stain (Figure 4B). An overlay of the DNA staining and FUCCI
profiles resulted in a perfect match between the cell cycle status assigned by the FUCCI technique and
that assigned on the basis of DNA content: G1 (red) FUCCI cells were detected at a DNA content of
2N, whereas cells at S-G2-M (green) had DNA content peaks of 2N to 4N, consistent with the expected
replication of the DNA replication before mitosis. The G1/S transition phase (yellow) population was
located at the 2N peak, with a slight shift from G1 cells. Overall, these results confirm that FUCCI is an
appropriate cell cycle indicator for UT7/Epo cells.

Figure 4. Generation of a UT7/Epo-STI cell line with stable expression of the Fluorescence Ubiquitination
Cell Cycle Indicator (FUCCI). (A) Experimental design for the generation of the UT7/Epo-FUCCI
cell line. Bottom: Two-color cell cycle mapping with the FUCCI2a Cell Cycle Sensor and right, flow
cytometry analysis of exponentially growing UT7/Epo-STI and UT7/Epo-FUCCI cells. The profile
shown corresponds to one representative experiment. (B) DNA content and FUCCI profiles for the
same sample. Exponentially growing UT7/Epo-FUCCI cells were stained with Hoechst 33342. DNA
content (Hoechst on the x-axis; cell count on the y-axis) and FUCCI proteins (m-Venus on the x-axis;
m-Cherry on the y-axis) were concomitantly evaluated by flow cytometry. Bottom: Overlay of gated
cell cycle populations, as determined by FUCCI analysis with DNA content profile.
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We then generated different UT7/Epo-FUCCI clones, each obtained by limiting dilution and
culture from a single fluorescent cell. Unlike the UT7/Epo-FUCCI pool, these clones were generated
from single cells and 100% of the cells were therefore transduced: the colorless cells of the FUCCI profile
correspond to the early G1 (eG1) phase and were included in the G1 phase for the purposes of this
analysis. We isolated 156 independent clones and expanded each as new sub-lines. FUCCI-negative
clones, accounting for one third of the cells isolated, were excluded. We studied the cell cycle status
of FUCCI-positive clones. We defined three types of cell cycle profile in a total of 97 clones: (1) 54
clones presented a cell cycle with more than 60% of the cells in G1 phase (55.7% of clones); (2) 29 clones
presented a balanced distribution of cells between the G1 and S/G2/M phases (29.9% of clones); (3) 14
clones had a high percentage of cells in the S/G2/M phases (14.4% of clones). With the aim of analyzing
these three types of cell cycle profile, we selected 11 isolated clones in regard to the diversity of their
cell cycle patterns at exponential growth (Figure S1).

We evaluated sensitivity to B19V of exponentially growing selected clones as previously described
(Figure 5A). Permissivity ranged from 1-fold to 35-fold relative to UT7/Epo-S1. Three populations
were assigned: group I, with a sensitivity close to that of UT7/Epo-S1 (six clones); group II, gathering
clones with UT7/Epo-FUCCI-like permissivity (three clones); group III, containing clones B12 and
E2, displaying remarkable sensitivity to B19V infection. Interestingly, classification based on B19V
sensitivity seemed to group together clones with similar cell cycle patterns (Figure 5B). The cell cycle
profiles of group I clones displayed a predominance of the G1 phase. Group II clones displayed a
balance between the G1 and S/G2/M phases, as observed for the original UT7/Epo-FUCCI pool. Finally,
the S/G2/M cell population predominantly represents the group III profile, with 82% and 75.8% for B12
and E2, respectively.

Figure 5. Improvement of B19V sensitivity and permissiveness according to cell cycle status.
(A) UT7/Epo-S1 cells (S1), UT7/Epo-STI cells expressing the FUCCI system (FUCCI) and 11
UT7/FUCCI-derived isolated clones were inoculated with B19V. Relative levels of B19V mRNA
were determined 72h post-infection, with UT7/Epo-S1 as the reference, and cell lines were classified on
the basis of B19V sensitivity as group I for S1-equivalent clones, group II for FUCCI-equivalent clones,
and group III for highly permissive clones. The results shown are the means + SD of 3 independent
experiments for groups I and II, and n = 9 for group III clones. (B) The cell cycle status of exponentially
growing FUCCI cell lines and isolated clones was assessed by flow cytometry. The results shown are
the means + SEM of three independent measurements.

We evaluated the correlation between cell cycle stage and B19V sensitivity, by analyzing the
correlation of the coefficient of determination (R2) obtained for eG1, G1, G1/S and S/G2/M with B19V
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mRNA levels (Figure S2 and Figure 6). For G1 cell cycle parameter, R2 was low, with values of 0.3743
for early G1 (eG1) and 0.5148 for G1.

Figure 6. Comparison of relative levels of B19 mRNA (as in Figure 5A) and cell cycle status (as in
Figure 5B). Each dot corresponds to the mean result for a single cell line or clone (n = 3), classified to
groups I (white marks �), II (orange marks •) and III (red marks •). Logarithmic regression analysis
and R2 values are presented.

The highest value was obtained for the S/G2/M phase of the cell cycle, with R2 = 0.8642,
demonstrating an excellent agreement between the percentage of cells in S/G2/M stage and B19V
sensitivity (Figure 6).

Results obtained show that E2 and B12 are the most permissive clones. In order to assess the
stability of their cell cycle profile, E2 and B12 were submitted to serial culture passage and cultivated
for up to 80 days. Cell cycle profiles were analyzed by flow cytometry according to FUCCI expression
(Figure 7 and Figure S3).

Figure 7. S/G2/M cell percentage of E2 and B12 clones during serial culture passage. UT7/Epo-FUCCI
clone E2 and B12 were maintained in culture during 80 days after thawing with up to 25 culture
passages. At indicated time points, cell cycle was evaluated by flow cytometry according to specific
FUCCI protein expression. The graph represents the evolution of the percentage of cells in S/G2/M cell
cycle status during cell culture, as calculated in Fig S3A (E2) and B (B12) Results shown are the means
of three independent measurements.
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E2 and B12 clone showed a decrease of percentage of S/G2/M cells from, respectively, 75.8% and 82
% at day 7, to 60.4 and 53.4% at day 80, suggesting a higher stability of E2 cell line. B19V permissivity
stability was also analyzed throughout serial culture passage and compared to UT7/Epo-S1 reference
(Figure 8).

Figure 8. B19V permissivity throughout serial culture passage—UT7/Epo-S1 cell line (A) E2 (B) and
B12 (C) clones were maintained in culture during 67 days after thawing with up to 21 culture passages.
At indicated time points, B19V permissivity was evaluated by measuring levels of VP2 mRNA and
normalized with β-actin mRNA by the 2−ΔCt method. The results shown are the means + SD of 3
independent measurements.

While UT7/Epo-S1 and B12 clone showed a decrease of sensitivity to B19V, E2 clones’ permissivity
seems to be stable at high culture passage.

Overall, our results identify two highly permissive UT7 clones, B12 and E2, and show that the
S/G2/M phase is essential for B19V sensitivity.

4. Discussion

Most of the currently available approaches focus on the detection of B19V DNA, but there is a
need for a suitable in vitro method for the direct quantification of virion infectivity, for use in assessing
neutralizing antibodies, to evaluate viral inactivation assays or in antiviral research field. However,
efforts to develop such methods have been hampered by the lack of suitable B19-sensitive cell lines
in vitro. We describe here a new cell model with high sensitivity to B19V infection. As expected,
hematopoietic cell lines of different origins were heterogeneous but, surprisingly, our results also
demonstrate considerable variability among cell lines derived from the same patient, all named
UT-7/Epo. This variability of B19V sensitivity may depend on erythroid stage, B19V entry receptor
expression and/or the activation of specific signaling pathways [7]. Our findings highlight the need for
tracking criteria to ensure the stability of the cell line used. As we show here that B19V sensitivity is
linked to S/G2/M cell cycle status, we propose the use of cell cycle status to define the optimal cells for
selection and as a keeper of clone stability. This study proposes an improved cellular model for the
detection of B19V infectious units, with a sensitivity up to 35 times higher than previously achieved.

B19V has an extremely strong tropism for human erythroid progenitor cells. Since the discovery
that B19V inhibits erythroid colony formation in bone marrow cultures by inducing the premature
apoptosis of erythroid progenitor cells [42], numerous approaches and studies attempt to find a
method of virus culture in vitro. Primary [43,44] or immortalized [36] CD36+ erythroid progenitor
cells (EPC) derived from hematopoietic stem cells were the most permissive cell models for B19V
infection. CD36+ EPCs reflect the natural etiologic B19V cell host, but the main problem with the
use of this model is the difficulty in obtaining a continuously homogeneous cell line, with respect to
differentiation stage, proliferation rate and metabolic activity. Moreover, the reagents and cytokines
required for cell culture (SCF, Il-3, Il-6, Epo) preclude the use of CD36+ EPCs for routine B19V cell-based
detection methods. To counteract this lack of suitability, cancer cell lines constitute a sound, practical,
cost-effective alternative model, overcoming these difficulties. In recent years, many cancer cell lines
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have been tested, but only a few erythroid leukemic (KU812) [35] or mega-karyoblastoid cell lines
(UT-7) [26] with erythroid characteristics support B19V replication. In our study, we chose also to
investigate TF-1 permissivity. The TF-1 cell line is derived from the bone marrow aspirate of an
erythroleukemic patient [45]. These cells display marked erythroid morphological and cytochemical
features common to CD36+ EPCs, and the constitutive expression of globin genes highlights the
commitment of the cells to the erythroid lineage [46]. Surprisingly, Gallinella et al. showed that
TF-1 cells allow only B19V entry, with impaired viral genome replication and transcription, as shown
by the presence of single-stranded DNA, and the absence of double-stranded DNA and RNA in
B19V-infected TF-1 cells [47]. As previously described, no B19V RNA was detectable in the TF-1 cell
line. The cellular factors involved in the transcriptional activation of the B19V promoter contribute
to the restriction of permissiveness. Two factors, erythropoietin (Epo) and STAT-5, are key factors
involved in B19V replication and transcription [48]. TF-1 cells express a truncated and mutated
form of the Epo receptor [49], leading to impaired STAT-5 activation [34]. In the TF-1-ER cell line,
stable ectopic expression of a full-length Epo receptor restores Epo-induced proliferation and STAT-5
activation. Here, despite Epo receptor signaling and STAT-5 activation, we found no evidence of
B19V transcription, reflecting the involvement of unknown processes in the molecular mechanisms
controlling B19V permissivity.

The first cell line reported to be permissive for B19 infection was an Epo-dependent subclone
of UT-7, a mega-karyoblastoid cell line [32]. In 2006, Wong et al. published a comparative study
of B19V sensitivity and permissivity in various cell lines [22]. They obtained evidence for the B19V
infection of UT7/Epo and KU812Ep6 cells, although the percentage of B19V-positive cells was low (<1%
immunofluorescent B19V+ cells). UT7/Epo-S1, a subclone of UT7/Epo obtained by limiting dilution and
screening for B19V susceptibility [26], had the highest sensitivity, with approximately 15% of the cells
staining positive for B19V [29]. Permissivity is restricted to a subset of cells, but the degree of viral DNA
replication in these cells is similar to that in EPCs [50,51]. Since its characterization, the UT7/Epo-S1 cell
line has been widely used to investigate the molecular mechanisms of B19V infection and to develop
antiviral strategies against B19 [28]. We used UT7/Epo-S1 as a reference and compared the sensitivity
of UT7/Epo cells from different laboratories. B19V permissivity seemed to be similar in the various
UT7/Epo cells, but UT7/Epo-STI cells displayed levels of B19V gene expression almost 10 times higher
than those in UT7/Epo-S1 cells. UT7/Epo-STI cells have been cultured with great care to ensure the
preservation of their erythroid features, and they undergo erythroid differentiation following treatment
with JQ1, a Bet-domain protein inhibitor [33] or TGF-β1 [52]. However attempts to characterize cell
lines have been hampered by the heterogeneity of continually evolving multiple sub-clonal leukemic
populations, as revealed at the cytogenetic level by the unstable karyotype documented at various time
points for UT-7: at the admission of the patient to hospital (44 chromosomes, XY), at the first cell line
characterization (92 ± 6 chromosomes, XXYY) [27], in subsequent publication (82 ± 4 chromosomes,
XXYY [53] and in our own cell line in 2017 (72 ± 13 chr., XXYY; unpublished data). This karyotype
heterogeneity highlights the presence of heterogeneous subclones within cell lines and might account
for the variation of B19V sensitivity among UT-7 cell lines and clones.

The cell cycle is known to be crucial for erythroid differentiation, ensuring precise coordination of
the critical differentiation process by Epo and erythroid-specific transcription factors [54,55]. We decided
to select clones on the basis of cell cycle status. The FUCCI system represents a convenient approach to
track cell cycle as its readability allows analysis of living cells at a single cell level [56]. By using clones
with different cell cycle status, we demonstrated a strong correlation between S/G2/M cell cycle status
and permissivity. A total RNA analysis, with a comparison of transcriptomes from highly permissive
(group III) and less sensitive (group I & II) clones would shed more light on the molecular mechanisms
involved in B19V infection. Along with karyotype, study of permissive versus restrictive clones could
lead to the discovery of key molecular factors for B19V permissivity.

B19V has been shown to induce cell cycle arrest at G2 phase [26,57], but the importance of cell
cycle status for B19V entry has not been investigated. A complex combination of multiple factors,
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including differentiation stage, specific cell cycle status, surface receptor and co-receptor, signaling
pathways and transcription factors, may account for the difficulty of identifying the best cellular model
for completion of the B19 viral cycle. We describe here two clones, E2 and B12, with a permissivity for
B19 up to 35 times higher than that of the previously described references. By comparison with their
less sensitive counterparts (groups I & II), these new highly permissive cell models (group III) constitute
a potential advance towards understanding the crucial molecular determinants of B19V infectivity.

In addition to the use of E2 and B12 clones to investigate the molecular mechanisms of B19
infection, cell-based methods can be used for the detection/quantification of B19 infectious units, at low
levels (<104 DNA geq), in human fluids and tissues. There is a need for a practical in vitro method
for the direct quantification of virion infectivity, as applied to the screening and/or assessment of
neutralizing antibodies, antiviral drugs, and viral inactivation assays.

In the context of plasma-derived medicinal products, due to the lack of a suitable in vitro culture
assay for B19, animal parvoviruses are currently used as a model for B19V, to assess B19 viral reduction
during manufacturing processes. However, it remains unclear whether these models accurately
reflect the behavior of B19V. Yunoki et al. reported an unexpected greater resistance of B19V than of
canine parvoviruses (CPVs) to heating [58]. Mani et al. pointed up a discrepancy between animal
and human parvovirus in a comparative study, describing the remarkable stability of the B19 viral
genome in its encapsidated state [59]. Animal model parvoviruses display a certain resistance to heat
inactivation [60,61] and pH stability [62], but comparative studies have indicated that they may behave
differently from human B19 [2]. As E2 and B12 were the most sensitive cells in our study, with a
permissivity up to 35 times higher than that of previously established references, they could allow the
use of human parvovirus for the testing of viral inactivation processes, and the results of these tests
would reflect the behavior of the native human virus.

Given the severity of B19V infection in immunocompromised patients, the development of
antiviral strategies and drugs directed against B19V is of the highest relevance [28]. Depending on
the immune state of the infected patient, acute infections can be clinically severe, and an impaired
immune response can lead to persistent infections. The administration of high-dose intravenous
immunoglobulins (IVIG) is currently considered the only available option for neutralizing the infectious
virus [23,63]. In addition to the use of IVIG, the discovery of antiviral drugs with significant activity
against B19 would offer important opportunities in the treatment and management of severe clinical
manifestations. Two factors have critically limited the search for compounds to date. Firstly, the lack
of a standardized and sensitive in vitro cell culture model has hampered advances in this field. Due to
its usefulness, practicability and sensitivity, our cell model could replace the use of CD36+ EPCs and
UT7/Epo-S1 cells in the discovery and evaluation of antiviral candidate compounds. Secondly, antiviral
research requires native B19 infectious particles. However, B19V particles from viremic patients limit
the feasibility of high-throughput screening against the available chemical libraries. No appropriate
system for cell culture and in vitro virus production are available to date. UT-7 cells have been reported
to produce infectious viral particles in vitro [43,64], but only a few UT-7 cells are infected and virions
are produced in small numbers [65–67]. The strategies used here for the selection of clones permissive
for B19V could also be used to select highly productive clones. Our most permissive clones, E2 and
B12, could be challenged and assessed for in vitro viral production.

5. Conclusions

Altogether, we propose here an improved cell model with a high degree of permissivity to B19V,
allowing the sensitive detection of infectious particles of B19. This finding opens up challenging new
perspectives for basic research on the B19V life cycle. It may also offer opportunities for improving key
steps in a number of critical applied approaches, including the sensitive evaluation of B19V virions in
manufactured blood-derived products, and new strategies for B19V production in vitro.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/12/1467/s1,
Figure S1: Cell cycle profile of the exponentially growing UT7/Epo-FUCCI cell line and clones, Figure S2:
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Comparison of relative levels of B19 mRNA and percentage of cells in respective cell cycle status. Figure S3: Cell
cycle stability of E2 and B12 clones during serial culture passage.
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Abstract: Aleutian mink disease virus (AMDV) is known to cause the most significant disease
in the mink industry. It is globally widespread and manifested as a deadly plasmacytosis and
hyperglobulinemia. So far, measures to control the viral spread have been limited to manual
serological testing for AMDV-positive mink. Further, due to the persistent nature of this virus,
attempts to eradicate Aleutian disease (AD) have largely failed. Therefore, effective strategies to
control the viral spread are of crucial importance for wildlife protection. One potentially key tool
in the fight against this disease is by the immunization of mink against AMDV. Throughout many
years, several researchers have tried to develop AMDV vaccines and demonstrated varying degrees
of protection in mink by those vaccines. Despite these attempts, there are currently no vaccines
available against AMDV, allowing the continuation of the spread of Aleutian disease. Herein, we
summarize previous AMDV immunization attempts in mink as well as other preventative measures
with the purpose to shed light on future studies designing such a potentially crucial preventative
tool against Aleutian disease.

Keywords: AMDV; Aleutian disease; mink parvovirus; Aleutian mink disease virus; vaccine

1. Introduction

In the mid-1900s, some American mink farmers reported cases of a novel disease
causing an enlargement of kidneys, the spleen and lymph nodes in the blue–gray variety of
mink known as the Aleutian mink [1]. With time, the number of cases of this disease, called
Aleutian disease (AD), rapidly increased throughout many ranches and the disease was
eventually discovered to be due to a virus, as opposed to the initial false presumption of
being a genetic disorder [2–5]. Today, AD is the most significant disease in the worldwide
mink industry since it is responsible for causing infertility and the loss of animals, leading
to low fur quality and, ultimately, significant financial losses for farmers [6]. The causative
agent of this deadly and widespread disease is the Aleutian mink disease virus (AMDV),
which is categorized as an Amdoparvovirus genus, one of the six genera of the Parvovirinae
subfamily. This subfamily is part of the Parvoviridae family that belongs to the Picovirales
order [7].

AMDV, being a parvovirus, is a single-stranded DNA virus possessing a small genome
of around 4.8 kb in size with two large open reading frames (ORFs), among which are the
left ORF at nucleotide positions 116–1975, the right ORF at nucleotide position 2241–4346,
three smaller central ORFs and palindromic structures at both the 3′ and 5′ termini [3,8,9].
The left ORF encodes for three non-structural proteins (NS1, NS2 and NS3) that play a
role in regulating gene expression and viral replication, whereas the right ORF codes for
two viral capsid proteins (VP1 and VP2) serving as the key proteins for viral tropism and
pathogenesis [10]. As for the palindromic structures at both 3′ and 5′ termini, these can
fold into hairpin telomeres essential in the replication process [11]. Structurally, AMDV
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virions contain a predominantly negative strand DNA genome, measuring around 20 to
25 nm in diameter, are spherical, non-enveloped and are composed of 60 self-assembling
proteins, including both VP1 and VP2 at a 1:9 ratio [11–13].

As for cell tropism, AMDV infects alveolar type II epithelial cells in mink kits and
in macrophages for persisting infections, as well as B and T lymphocytes [14–16]. To
enter macrophages and alveolar type II epithelial cells, AMDV has been reported to
utilise antiviral antibodies using an Fc-receptor-mediated mechanism, which is known
as an antibody-dependent enhancement of infection (ADE) [17,18]. In the case of other
parvoviruses, many receptors are used to infect the target cells such as the transferrin
receptor, bound by the canine and feline parvoviruses (CPV and FPV) and the erythrocyte
P antigen for human parvovirus B19, whereas sialic acid is the main receptor for AMDV,
minute virus of mice (MVM) and porcine parvovirus (PPV), respectively [19–22]. Upon
receptor binding, parvoviruses are uptaken by clathrin-mediated endocytosis and slowly
trafficked toward the cell nucleus, escaping the endosomal compartments with the help of
the crucial phospholipase A2 (PLA2) motifs present on the VP1 capsid protein [23,24]. The
PLA2s are enzymes that produce lysophospholipids and fatty acids from phospholipid
substrates. Amdoparvoviruses, such as AMDV, on the other hand, are the only viruses in
the Parvovirinae subfamily that do not contain this particular motif in the VP1 protein, and
so, the endolysosomal trafficking remains to be clarified in future studies [24–26].

Upon the delivery of the single-stranded DNA genome of parvoviruses to the nucleus
via the nuclear pore complex, the host cell DNA polymerase attaches itself to the 3′ terminal
hairpin telomere of the genome to convert it into a double-stranded DNA [27]. During
the S-phase of the host cellular cycle, from the P3 promoter, a precursor mRNA (pre-
mRNA) is produced which is followed by polyadenylation and splicing to generate six
distinct mRNAs named R1, R1′, R2, R2′, Rx and Rx′. From these, R1 and R1′ mRNAs
encode for the NS1 protein; R2, which is the most abundant mRNA produced, encodes
for the viral capsid proteins VP1, VP2 and the NSP2. The R2′ mRNA encodes for NS2,
while the NS3 protein, whose function is not yet clear, is encoded from the Rx and Rx′
mRNAs [28–31]. In a permissive infection, the NS1 protein is cleaved by caspase proteins
at two particular sites being 224INTD↓S228 and 282DQTD↓S286, which facilitates the
localization of the full-length NS1 protein to the nucleus to initiate viral replication. This
localization has been proposed to be possible by the oligomerization of cleaved NS1 protein
with full-length NS1 [30,32,33]. In some cases, AMDV infection can be persistent where this
caspase-mediated cleavage event of NS1 does not take place, resulting in a lower amount
of viral DNA replicated and a limited amplification of mature virions [34,35]. NS1, with its
helicase, DNA binding, ATPase and endonuclease domains, binds covalently to specific
ACCA motifs at 5′ end of one of the strands of the double-stranded DNA genome and then
performs a single-strand nick. This enables a process known as rolling hairpin replication
(RHR) in which the terminal hairpin is synthesized and rearranged many times allowing
the replication fork to be reversed and to generate many copies of the single-stranded DNA
genome [36,37]. The latter is then bound by the VP1 structural protein when it enters the
nucleus and, together with VP2, AMDV virions are then assembled to, subsequently, exit
out of the nuclear pore complex and from the cell [20]. In a permissive infection, where the
NS1 protein was cleaved prior to replication, the mature virions exit the cell by inducing
cell lysis [38]. A proposed AMDV viral cycle is summarized in Figure 1.

At both the nucleotide and amino acid sequence levels, AMDV has an unusually high
genetic variability where several strains have been identified each having a varying degree
of severity of the disease [39,40]. In the case of the Utah 1, Ontario, Danish -K and United
strains, these are known to be highly pathogenic, whereas SL3 and Pullman strains are
moderately virulent and AMDV-G strain is non-pathogenic [41–43]. In newborn farmed
mink (Mustela vison), Aleutian disease manifests as a fatal acute interstitial pneumonia with
a mortality rate higher than 90% for mink infected with highly virulent strains and ranging
from 30% to 50% in low-virulence strains (in infected newborn mink). The most serious
form of the disease, however, is persistent and occurs in adults, where it is mediated by the
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immune system, causing plasma cell proliferation (plasmacytosis), an abnormal amount
of gamma globulins present in the blood (hypergammaglobulinemia), the formation of
infectious immune complexes and inflammation of kidneys (glomerulonephritis) [3,44–46].
AMDV is transmitted horizontally by air and contact between farms and also vertically
from mother to offspring [46–48]. It has been shown that AMDV can also infect different
species such as ferrets, otters, polecats, foxes, racoons, skunks, dogs, cats, and mice, but the
disease has only been reported to be manifested in mink. Since this virus can infect other
animals, the latter can be regarded as possible reservoirs facilitating AMDV spread [49–53].

 

Figure 1. Proposed viral life cycle of Aleutian mink disease virus (AMDV). (1) The virus attaches and binds to the sialic
acid receptor on host cells, triggering uptake by clathrin-mediated endocytosis. (2) Endolysosomal trafficking toward the
nucleus. (3) Viral single-stranded DNA (ssDNA) genome is delivered into the nucleus. (4) Conversion of ssDNA into
dsDNA by host cell DNA polymerase (DNA pol). (5) Transcription of double-stranded DNA (dsDNA) produces precursor
mRNA (pre-mRNA) in the nucleus. (6) Splicing and polyadenylation of pre-mRNA yields six mature mRNAs, which
exit the nucleus for (7) translation of viral proteins (only NS1, VP1 and VP2 shown). (8) Specifically, for AMDV: cleavage
of NS1 protein by caspase proteins to facilitate localization of full-length NS1 to nucleus during permissive replication.
(9) Full-length/cleaved NS1 oligomer enters the nucleus to covalently bind to the 5′ end of dsDNA, and (10) performs a
nick. (11) Rolling hairpin replication (RHR) generates many copies of ssDNA genome. (12) Together, the VP1 and VP2
proteins enter the nucleus and (13) bind the ssDNA genome to form a mature AMDV virion. (14) Exit of AMDV virion from
nucleus. (15) Release of AMDV virions through cell lysis. Created with BioRender.com (accessed on 15 August 2021).

Unfortunately, there are not any efficient methods to control the spread of this disease
as AMDV is resistant to physical and chemical treatments, which is why farmers manually
identify infected mink and kill those screened positive [18]. The diagnosis of AD mink
takes place by looking for clinical signs and the detection of AMDV antibodies, which
can be performed using non-specific methods such as iodine serum plate agglutination,
where the excess of the gamma globulins levels in the serum can be visualized since
certain gamma globulins can form complexes with iodine [54]. However, currently, more
specific approaches are available such as counterimmunoelectrophoresis (CIEP), which
involves using an electric current to assess binding resulting from the migration of unbound
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AMDV antigens towards the specific AMDV antibodies [55,56]. In recent times, this
approach has been shown to be successful in reducing the prevalence of infected mink
in Nova Scotia Canada, but has failed in eradicating AMDV from most of the infected
farms [57]. Despite its advantages, CIEP is not a very sensitive diagnostic technique, can
yield false negative results and is very time consuming [58,59]. In contrast, the enzyme-
linked immunosorbent assay (ELISA) is another approach that is frequently used, which is
based on detecting anti-AMDV antibodies in blood with the advantage of being automated
and more sensitive [60]. Both CIEP and ELISA are very comparable and in good agreement,
according to a study by Dam-Tuxen et al., where both techniques were evaluated in
Danish mink [61]. Although being a more sensitive approach, ELISA has been shown to
be a less accurate technique than CIEP, as reported by Farid and Rupasinghe (2016) [62].
Alternatively, the polymerase chain reaction (PCR) is another specific method that is used
as a supplementary test, and this allows the detection of viral DNA by amplifying AMDV
gene fragments [63]. A drawback of this method is that it does not detect all virus strains
since AMDV has a great genetic diversity and is constantly mutating [64,65]. Another
strategy to eliminate the harmful effects of AMDV is by selecting mink that are tolerant to
this virus and this can be performed by identifying mink with a low antibody titer, which
is performed in Europe and North America [58,66–69]. The selection for tolerance can also
be performed by characterizing genomic regions of AD-tolerant mink [70]. Despite the
different measures aimed to control the spread of AMDV and its harmful effects on mink,
the virus is, unfortunately, still persistent on farms, which increases the demand of more
effective AD preventative measures, as well as effective therapies.

Throughout the years, vaccines have been proven to be ingenious tools to be used
against highly infectious pathogens and, thus, have been successful in eradicating diseases
such as rinderpest in cows [71]. Consequently, one can assume that a plausible approach
to combat against the persistent and highly consequential AMDV is to immunize mink
against this virus. In fact, there were many attempts of researchers trying to develop an
AMDV-vaccine using different approaches with a wide range of results obtained. For this
reason, in this article, we review the several attempts of AMDV-vaccine design and the
challenges faced in the process to provide a thorough understanding for future studies in
the goal of eradicating this deadly disease.

2. AMDV Preventative Measures

Aleutian disease is one of the most threatening diseases in modern day mink farming.
Further, domesticated mink escaping farms either by accident or with the help of animal ac-
tivists pose a threat to wild populations of mink which could act as reservoirs of AMDV [72].
For this reason, the development of a novel AMDV vaccine is of crucial importance. In the
meantime, it is of great interest to use alternative strategies to limit the viral spread and
avoid huge financial losses to farmers and protect feral mink populations from potential
spillovers of the virus. One strategy that is used for temporarily controlling the pathogen
in farms is by the mandatory testing of mink to have an early detection and surveillance
of AMDV. Common approaches of AMDV diagnosis consist in using serological testing
techniques such as ELISA and counterimmunoelectrophoresis (CIEP) or PCR [73,74]. PCR
is not as widely used as a routine serological testing method for herd screening due to a
short-lived viral replication and viremia which causes negative PCR, while AMDV is se-
questered in organs, making viral detection more challenging [44,58,75–77]. An additional
reason for this is the cost of an essential DNA extraction step, which requires the clearance
of residual inhibitors that would lead to the loss of sample DNA if not removed [78,79].
Additionally, in a recent study, it was shown that CIEP turned out to be more accurate than
conventional PCR testing in black American mink infected with AMDV [75]. When taken
together, early diagnostic approaches of AMDV-positive mink could provide reinforcing
tools to help limit viral spread. Indeed, these have been somewhat effective in several
countries, including Spain, where farms with AD have been reduced from 100% in 1980 to
around 25% in 2019 [68].

138



Viruses 2021, 13, 1833

Despite this encouraging statistic, however, the eradication of the disease remains chal-
lenging and has failed in many countries, including Canada, Denmark, and others [57,63,68,80].
This can be explained by the reinfection of farms due to viral persistence and by contami-
nated human individuals visiting farms, leading to a failure of eradication systems [81]. For
this reason, some researchers explored the idea of immunomodulation in AMDV-infected
mink. In fact, this approach has been investigated in a variety of animals, where the host
immune system is modulated to be enhanced against infectious diseases. This can be
achieved with numerous substances such as cytokines, microbial products, traditional
medicinal plants, nutraceuticals and pharmaceuticals [82]. An example of immunomodula-
tors are β-glucans, which are readily used in sheep and swine production systems [83]. For
Aleutian mink disease, this strategy has also been explored by some researchers. This is the
case of a study by Kowalczyk et al. [84] where female brown AMDV-positive mink were
given methisoprinol (isoprinosine; inosiplex; inosine pranobex), a drug with immunopo-
tentiating properties for which antiviral and immunostimulatory effects on Aujeszky’s
and Newcastle disease have been reported by various groups [84]. Interestingly, the me-
thisoprinol treatment of mink displayed a lower number of the AMDV DNA copies in the
spleen and lymph node, as well as a higher fecundity compared to control mink [85]. More
recently, Farid and Smith investigated the effect of kelp meal (Ascophylum nodosum) in mink
infected with AMDV. From this study, it was shown that the supplementation of mink with
kelp meal for 451 days did not improve the mink immune response to infection or virus
replication. Interestingly, lower levels of blood, urea, nitrogen (BUN) and creatine were
noticed, which suggested an improved kidney function [86].

Alternatively, another initiative for reducing the effects of AD on chronically infected
farms is by passive immunity, which can provide immediate, but short-lived, protection
to humans and animals [87]. In the context of Aleutian disease, the effect of the passive
transfer of anti-ADV gamma globulins to newborn mink infected with a highly virulent
strain of AMDV has already been investigated by Alexandersen et al. [88]. From their
research, an acute AMDV infection was prevented by the passive antibodies, but mink
still manifested a chronic infection [88]. The mechanism of the modulation from acute to
chronic AMDV was then assessed in vitro, where infected alveolar type II cells treated with
antibodies showed lower levels of AMDV replication and transcription intermediates. This
was also noted in antibody-treated kits in vivo, which allowed the authors to suggest a
role of antiviral antibodies in developing persistent infection in mink [88]. Furthermore,
antiviral drugs are regarded as an important strategy to control the spread. Indeed, this
strategy is very common and used for many infectious agents in humans and animals, such
as human immunodeficiency virus (HIV) and Feline Herpes Virus (FHV) [89]. For AMDV,
unfortunately, there is no approved antiviral treatments available for use; however, recently,
Lu et al. [90] attempted a novel antiviral treatment using the “magnetic beads-based
systemic evolution of ligands by exponential enrichment” (SELEX) strategy to generate
aptamers for the AMDV VP2 protein. From their results, it was shown that, in vitro, the
micromolar concentrations of the aptamers for AMDV VP2 protein were able to specifically
inhibit by half the AMDV production by infected cells [90]. More investigation is, therefore,
required in future studies in designing an adequate antiviral for AMDV.

Another strategy to prevent the harmful effects of AMDV is to select mink having
low titers of anti-AMDV-protein antibodies in their blood, which is a common practice in
many countries [58,66–69]. Besides this classical selection method, an alternative approach
has been recently studied by Karimi et al. which is based on characterizing host-genomic
patterns of AD-tolerant mink with the intention to select those that could be tolerant or
resistant to AMDV. More specifically, the authors performed a sequencing approach to
focus on genomic regions related to host specific immune responses. Using this strategy,
two regions of the mink genome were shown to be strongly selected and these contained
important genes involved in the immune response, viral–host interaction, reproduction
and liver regeneration [70]. Additionally, since AMDV is a rapidly evolving pathogen,
it is of great importance to be informed about current and past circulating strains to be
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able to develop epidemiological models, predictions and forecasting of the strains that
may cause serious outbreaks. This knowledge would help us in devising an efficient and
practical control strategy against this virus in the future, by setting up a database similar
to the global initiative on sharing all influenza data (GISAID), which has been especially
useful in the ongoing coronavirus disease-19 (COVID-19) pandemic in tracking novel
variants [91]. Some studies have in fact performed phylogenetic analyses of the AMDV
genomes deciphered by genetic sequencing. This was performed in order to develop new
tools for outbreak investigation, the determination of virulence markers and development
of more sensitive diagnostic tests in the future [92–99]. As an example of such work,
Canuti et al. [93] studied the evolutionary dynamics of AMDV from 2004 to 2014 using
sequences obtained from many regions of the world, including North America and Europe.
From these, a very high viral genetic diversity as well as high rates of co-infection were
noted in Newfoundland, Canada. Interestingly, a low level of diversifying selection was
shown on structural proteins, which was explained to be due to the specific cell-entry
mechanism of AMDV, which uses antibodies to enter cells. Finally, it was concluded that a
great amount of circulating viruses on farms has the capacity to recombine and increase
viral diversity by co-infections [93]. Therefore, summarizing, these methods could be of great
use to control the spread of AMDV, while actively working on a development of effective
vaccine candidates. A summary of these preventative measures is shown in Table 1.

Table 1. Some of the AMDV Preventative Measures Proposed: Diagnostic and Reduction Methods.

Measure Results Authors

Diagnostic method:
CIEP a

Reduction in the prevalence of infected mink in Nova Scotia
Canada [57] and in Spain [68]; more accurate than ELISA [75]

Farid et al. (2012) [57], Pietro et al. (2020) [68],
Farid and Hussain [75]

Diagnostic method:
ELISA b

Estimated sensitivity and specificity of 96.2% and 98.4%,
respectively, for AMDV-VP2-recombinant antigen [60];

greater sensitivity than CIEP [61] but lower accuracy [61,62]

Knuuttila et al. (2014) [60], Dam Tuxen et al. (2014) [61],
Farid and Rupasinghe (2016) [62]

Chen et al. (2016) [74]

Diagnostic method:
PCR c

Relative diagnostic sensitivity of 94.7%, and relative diagnostic
specificity was 97.9% [63];

specificity and sensitivity of 97.9% and 97.3%, respectively, for VP2
332–452 ELISA [74];

estimated specificity of 88.9% for AMDV-G NS1 probe-based
real-time PCR [64];

lower sensitivity than CIEP [75]

Jensen et al. (2011) [63], Virtanen et al. [64],
Farid and Hussain [75]

Immunomodulator
molecules

Methisoprinol-administered mink showed lower number of
AMDV DNA copies in spleen and lymph node and higher

fecundity compared to control mink [85];
significantly lower levels of blood, urea, nitrogen and creatine in

kelp meal-administered mink [86]

Kowalczyk et al. (2019) [85], Farid and Smith (2020) [86]

Passive Antibody
Therapy

Prevention of acute AMDV infection by passive antibodies, but
mink still manifested a chronic infection; reduction in mortality by

50 to 75% [88]
Alexandersen et al. (1989) [88]

Antiviral molecules
Specific inhibition of AMDV production in infected cells by

AMDV VP2 aptamers: reduction of 47% supernatant concentration
of AMDV compared to controls [90]

Lu et al. (2021) [90]

Diagnostic methods are used for detection, surveillance, for early detection and to control the spread. Immunomodulator molecules
can be used to enhance the host immune system against infectious diseases. a—counterimmunoelectrophoresis. b—enzyme-linked
immunosorbent assay. c—polymerase chain reaction.

3. AMDV Vaccine Attempts

3.1. Inactivated Vaccine

The use of inactivated and live attenuated virus-based vaccines dates back to more
than a century. The principle of an inactivated viral vaccine consists of exposing a virus
to chemical or physical agents, which disable its infectivity while allowing it to stimulate
an immune response [100]. An example of this is by using formaldehyde, a cross-linking
agent of amino acids, or, more modern approaches such as ascorbic acid or hydrogen
peroxide, have been shown in recent years [101]. Currently, there are many inactivated

140



Viruses 2021, 13, 1833

viral vaccines available and approved for usage against viruses, including Hepatitis A,
Japanese encephalitis virus, poliovirus, rabies and SARS-CoV-2 [102–105]. A study by
Karstad et al., in 1963 [106], was one of the first attempts to develop an AMDV vaccine
using this approach. These Canadian researchers used the inoculations of formalin-treated
suspensions of tissues of AMDV-infected mink as a candidate vaccine [106]. It was shown
that upon inoculating mink with this vaccine candidate, no plasmacytosis was noted in
contrast to those inoculated with untreated diseased tissue. However, formalin-treated
tissue failed to protect inoculated mink from the challenge with a virulent inoculum.
Further, it was also noted that mink receiving three doses of the formalin-treated tissue
suspension subcutaneously were not able to stimulate the immune system, i.e., the mink
experienced plasmacytosis upon challenge [106]. Less than 10 years later, Porter et al. [107]
tried a similar approach, where formaldehyde was used to inactivate AMDV-infected
spleen and liver tissue homogenates. The inactivated homogenate was then administered
to pastel mink and performed in parallel with the administration of a control group. From
this, it was shown that there was no change in gamma globulin levels due to AMDV or
the control group 33 days after inoculation. However, upon the challenge with a 102 and
105 tissue culture infective dose (TCID50), the gamma globulin levels in AMDV-vaccinated
mink were slightly greater than the control group. Surprisingly, it was also reported that
mink vaccinated against AMDV displayed more tissue lesions and enhanced plasmacytosis
than the mink receiving the control vaccine, where both groups were challenged with
the same dose of the virus. The authors then evaluated the effect of antibodies on this
AD enhancement by giving 250 mg or 1 g of normal mink IgG antibodies to infected
mink. A significantly enhanced disease was observed with acute necrotizing lesions. In
contrast, this was not observed in infected mink receiving a lower dose of normal mink
IgG, and in uninfected mink receiving both anti-AMDV IgG and normal mink IgG. Thus, it
was suggested that antibody levels in the AMDV-vaccinated mink were not necessarily
higher than in the control, since it was not noted as a significant number of lesions in
the former compared to the latter. Moreover, based on immunofluorescence data, the
authors suggested that observed enhanced pathology was due to antibody-complement-
induced cytolysis followed by the complement-mediated attraction of polymorphonuclear
leukocytes [107].

3.2. DNA Vaccine

Before AMDV was known to be the causative agent of Aleutian Disease, one study by
Basrur and Karstad [108] investigated the effects of infection with DNA, extracted from
the spleen tissue of mink with Aleutian disease. An in vitro inoculation of mink testis
cells with viral DNA demonstrated a change in cellular morphology and abortive growth,
which were absent in controls. This finding was also evaluated in vivo, on nine-month-old
standard dark male mink, where plasmacytosis was observed in most of animals inoculated
with the viral DNA. In contrast, the control group did not demonstrate such an effect,
leading the authors to believe that the disease was of viral origin [108]. In more recent
times, the use of DNA derived from viruses or other pathogens has been of great interest in
the development of vaccines. This immunization method is referred to as DNA vaccination
that consists of administering foreign viral protein-coding plasmid DNA into animals of
interest [109,110]. Using the host cellular translation machinery, antigen proteins are then
generated in situ followed by MHC-I and MHC-II pathways and the induction of CD8+
and CD4+ T cells, leading to an antigen-specific immunity [109–111]. DNA vaccines have
been used in human clinical trials against infectious agents, for cancer immune therapies
and for asthma and allergies as well as gene therapies for chronic diseases [112–114]. For
animals, there are several DNA vaccines created against a variety of viruses. Some DNA
vaccines have already been approved to be used, such as the first commercial DNA vaccine
against H5N1 for chickens and the West Nile Virus vaccine for horses [115–117].

In the case of AMDV, there have been several attempts to develop a vaccine, but to
date, none of them have been successful. One of those attempts was conducted by the
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group of Castelruiz et al. (2005), which designed a vaccine candidate based on an AMDV
NS1 protein-coding plasmid (pNS1). This approach was first tested in vitro, where a high
expression of the NS1 protein was revealed after transfecting Crandell feline kidney cells
(CRFK) with the NS1 expressing plasmid. After confirming the NS1 protein expression in
cell culture, the vaccine candidate was evaluated in vivo using three different groups of non-
Aleutian female mink. In the first group, the animals were immunized with pNS1, followed
by a booster inoculum containing recombinant NS1 protein (named “DNA + protein”
group). The second group was identical to the first, with the exception of omitting the
NS1-protein inoculation step (named “DNA only”). Finally, the third group received an
empty plasmid, which did not contain the NS1 gene (named “control” group). After each
of these groups were challenged, the “DNA + protein” vaccine cohort was shown to be the
only group to exhibit antibodies against the NS1 protein at the time of challenge. With time,
this was also observed in the other cohorts and, more specifically, at 12 weeks post infection,
the “DNA only” group displayed a significantly higher anti-NS1 titer than the “control”
group. A similar result was reported for all groups, when assessing anti-VP1/2 antibodies,
with the only difference of not observing any VP1/2 antibodies on the day of challenge with
AMDV. Interestingly, after 1 month of challenging mink with the virus, the “DNA+ protein”
group exhibited higher levels of CD8+ T lymphocytes than the two other groups. This effect
was suggested to be due to a memory response after an increase in interferon γ-producing
lymphocytes for the same group was observed between 4 and 8 weeks post-challenge. A
mild vaccine effect was suggested when noting that the “control” group displayed 10%
higher gamma globulin levels than the other groups 8 weeks post-challenge. In terms of
post-challenge deaths, most of the “control” group succumbed, where two of the latter were
not likely to be AD related. In contrast, in the “DNA only” and “DNA + protein” groups,
most of the animals survived. From the results of both AMDV NS1 DNA vaccinated
groups, it was finally concluded that a mild vaccine effect was induced, but it was only
partially protective, since there were still mink that died during the experiment [118]. Later,
another attempt was undertaken by Liu et al. [119] to achieve the AMDV DNA-based
vaccine (2018). For their vaccine candidate, the AMDV-DL125 strain was selected as a
template since it displayed the highest TCID50 from virulent strains assessed in CRFK
cells. From this strain, the whole genome was used to generate plasmid-vectored vaccines,
by truncating regions of VP2 and NS1 genes using an overlap extension PCR. Similar
to the study of Castelruiz et al., these plasmids with truncated regions were then tested
in vitro on CRFK cells, where the successful infection of the cells with vaccine plasmids was
confirmed by immunofluorescence, in contrast to controls, where no immunofluorescence
signal was observed. Next, groups of six-month-old female mink were used to conduct
an in vivo study. Most of these groups were administered with distinct DNA vaccine
candidates, whereas the rest served as control groups, receiving phosphate-buffered saline
(PBS), empty vector and AMDV-inactivated virus, respectively. Similar to Castelruiz
et al., the anti-AMDV antibody levels in each group were shown to increase with time
after challenge with AMDV. Interestingly, at the 24-week timeframe post-challenge, all
groups demonstrated similar antibody levels in the serum, except for the inactivated
AMDV-administered control group. The latter also displayed rapidly increasing levels
of circulating immune complexes (CIC), suggesting that the inactivated AMDV vaccine
could help accelerate the development of AD. For other groups, the ones inoculated with
VP2 gene carrying plasmid with deletions at nucleotides coding for residues 428–446 and
487–501 (pcDNA3.1-ADV-428–487) had the lowest serum gamma globulin and CIC levels.
This was suggested to be the most protective cohort; nonetheless, dead mink in each
vaccinated and control group were observed with the earliest death occurring in the
AMDV-inactivated group, followed by the others. By the end of the experiment (36 weeks
post-challenge), the pcDNA3.1-ADV-428–487 group had the lowest mortality, and this
allowed Liu et al. to suggest that this vaccine could be potentially used in mink populations
in the future [119].
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3.3. Subunit Based Vaccine

In 1981, the Food and Drug Administration (FDA) approved, for the first time, the
plasma-derived hepatitis B virus (HBV) Heptavax-B vaccine (Merck) [120]. This was based
on a heat-inactivated HBV surface envelope protein (HBsAg) isolated from the blood
of asymptomatic HBV-infected patients and was shown to provide good protection in
immunized individuals [121]. However, with the imminent HIV/AIDS global epidemic,
concerns of infecting vaccinated individuals by blood with other pathogens limited this
initiative, leading it to be discontinued in 1990 [122,123]. This encouraged the development
of recombinant DNA technology, where the HBsAgs were produced in a yeast culture and
this approach was used for the first time by the RECOMBIVAX vaccine (Merck Sharp and
Dohme) approved in 1986 [123,124]. Protein subunit-based vaccines such as these primarily
induce humoral immunity and exclude pathogens from their production, which reduces
the risk of an incomplete activation, pre-existing immunity or causing disease [125,126].
Despite these advantages, the subunit vaccination, on its own, stimulates weaker immuno-
logical responses, which is why additional components known as adjuvants are added in
vaccine doses [127,128]. Adjuvants, such as aluminium salts, can enhance cell-entry and
preserve the structural integrity of the antigen, stimulate macrophages that promote helper
T-cell responses, induce CD8+ cytotoxic T-lymphocytes as well as help in slowly releasing
the antigens to prolong the exposure time to the immune system [129,130]. Currently,
alongside HBV vaccination, the subunit-based approach is actively being tested for use in
a variety of human pathogenic viruses such as Ebola and HIV [131–133].

In the case of Aleutian mink disease virus, this approach was investigated by Aasted et al.
in 1998, where recombinant VP1/2 and NS1 proteins of AMDV-G were used to inoculate
nine-month-old black female mink. Mink vaccinated with VP1/2 were challenged with
AMDV which resulted in a higher death rate, more extreme hypergammaglobulinemia,
higher NS1 and VP1/2 titers and higher counts of CD8-positive lymphocytes in lower
peripheral blood compared to unvaccinated mink. The authors suggested that the observed
outcome was caused by the antibody-dependent enhancement (ADE) of infection, a key
mechanism in the pathophysiological changes of the AD, arguing that AMDV replicating
cells are likely to be Fc-receptor positive. In the case of the group of mink vaccinated
with a 10-fold higher dose of NS1, a more positive immunization effect was noticed.
Throughout 11 months after challenge, lower levels of serum gamma globulin and CD8
positive lymphocytes were noted in addition to the lower death rates compared to a group
of the non-vaccinated mink. The researchers did not detect vaccine-induced antibodies
for VP1/2 and NS1 using ELISA assays. It was suggested that it could have been due to
the induction of antibodies with a low affinity to native AMDV proteins since this higher
affinity could have been developed to denatured the antigen protein vaccine present in
antigen preparations prior to inoculation [134].

Considering the different vaccination approaches designed throughout the years
against AMDV, the most successful attempt can be concluded to be the DNA vaccines,
more particularly, those engineered by the group of Liu et al. [119]. Given the limited
number of approaches for a successful vaccine design, more testing and the use of recent
technological advancements in vaccinology can be employed to reinforce the fight against
AMDV. Such methods are further elaborated in the Discussion section. The different
vaccination attempts covered in this section against AMDV are summarized in Table 2.

143



Viruses 2021, 13, 1833

Table 2. AMDV Vaccination Attempts.

Vaccine Type Approach Disadvantage/Benefits Authors

Inactivated
virus

Formalin-treated infected kidney, liver
and spleen suspension

No protection: challenged vaccinated
mink developed plasmacytosis Karstad et al. (1963) [106]

Inactivated
virus

Formalin-treated infected spleen and
liver tissue suspension

Enhancement of disease: challenged
vaccinated mink displayed more tissue

lesions/plasmacytosis than the
non-vaccinated

Porter et al. (1972) [107]

DNA-based NS1-coding plasmid
Partial Protection: majority of

challenged vaccinated mink survived
with the exception of a few deaths

Castelruiz et al. (2005) [118]

DNA-based

Whole gene-coding plasmid
(pcDNA3.1-ADV)

VP2-coding plasmid with deleted
nucleotides coding for amino acids

428–446 (pcDNA3.1-ADV-428)
VP2-coding plasmid with deleted

nucleotides coding for amino acids
428–446 and 487–501

(pcDNA3.1-ADV-428–487)
NS1-coding plasmid

(pcDNA3.1-NS1)
Truncated NS1-coding plasmid

(pcDNA3.1-NS1-D)
NS2-coding plasmid

(pcDNA3.1-VP2)
Truncated NS2-coding plasmid

(pcDNA3.1-VP2-D)

Partial Protection: deaths observed in
each category of challenged vaccinated

mink, lowest number of deaths, the
lowest serum gamma globulin and CIC

levels for vaccinated cohort with
pcDNA3.1-ADV-428–487

Liu et al. (2018) [119]

Subunit
protein

VP1/2 and NS1 recombinant proteins ink
aluminium hydroxide gel adjuvant

VP1/2—enhancement of disease:
compared to control, a higher death

rate and more extreme
hypergammaglobulinemia in
challenged vaccinated mink;

NS1—partial protection: compared to
control, lower death rates for
challenged vaccinated mink

Aasted et al. (1998) [134]

4. Discussion

Throughout the years, many animal viruses have emerged and have caused serious
financial and public health repercussions in many regions worldwide. A prime example of
these is the Aleutian mink disease virus (AMDV), which poses a serious threat to mink since
it is the most significant disease in their farming around the world [135]. Therefore, it is of
great importance to produce effective treatments and vaccines to prevent significant losses
caused by AMDV. As discussed in this review, there have been many attempts of producing
vaccines against AMDV using different strategies. From these, three main techniques were
used, including inactivated, subunit protein and DNA-based vaccines. In the case of
inactivated vaccines, Karstad et al. showed an enhanced disease upon challenging mink
that had been inoculated with formalin-treated AMDV-infected tissues, which was also
shown by Porter et al. [106,107]. The latter additionally reported higher gamma globulin
levels as well as more lesions in challenged vaccinated mink [107]. As for the design of
subunit vaccines, Aasted et al. also demonstrated an enhanced disease after challenging
VP1/2-vaccinated mink with higher death rates and extreme hyperglobulinemia [134]. In
contrast, this effect was not noted in mink when a recombinant NS1 protein was used at
a dose of 10-fold greater than that used for the VP1/2 inoculum. Instead, lower levels
of gamma globulins and CD8 positive lymphocytes were present in the serum and less
deaths were shown [134]. For DNA vaccine candidates, Castelruiz et al. obtained better
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results by using an AMDV NS1 coding plasmid either given alone or in combination with
recombinant NS1 protein [118]. In fact, for both strategies, a mild vaccine effect as well as
partial protection were found [118]. Similarly, a much promising result was reported by
Liu et al., who designed seven plasmid-vectored vaccines, which were based on the genome
of the infectious AMDV-DL125 strain [119]. From those, the best candidate showed partial
protection and a higher efficacy based on lower levels of circulating immune complexes
(CIC) gamma globulins in the serum [119]. This was based on the VP2 gene, which had
deletions at nucleotides coding for residues 428–446 and 487–501 [119]. From all AMDV
vaccination attempts, the most promising ones have been shown to be the DNA-based
vaccines. Interestingly, for the other strategies, some authors have previously suggested
an antibody-dependent enhancement of disease (ADE), which was used to explain the
enhanced disease upon challenge of post-vaccinated mink [106,107,134]. Indeed, AMDV
has already been reported to use the Fc-receptor-mediated mechanism to enter cells [17,18].
With this in hand, Bloom et al. investigated the molecular mechanism of ADE in the context
of AMDV in vitro [18]. Namely, researchers evaluated effects of mono- and poly-clonal
antibodies against short peptides designed from the immunoreactive VP2: 429–524 linear
epitope using CRFK and K562_cells [18]. From their results, the VP2: 428–446 peptide-
induced Fc-mediated ADE, the neutralization of AMDV and participated in an immune
complex formation. A limited ADE was also noted in the case of the VP2: 487–501 peptide.
It was finally concluded that this may be the mechanism by which capsid-based vaccines
have the ability of inducing both neutralization and ADE, which agrees with the disease
enhancement (vaccine-enhanced disease) shown in the inactivated and subunit protein
approaches [18]. Further, this is also consistent with the study by Liu et al., where the
exclusion of these sites led to a more efficient vaccine candidate [119]. Therefore, it might be
suggested that in future vaccination attempts, sites from the immunoreactive VP2 segment
should be excluded for a better response.

Another approach to this could be to analyze the full VP2 sequence to find epitopes
that can further mediate ADE. One way to achieve this is by generating infectious clones of
the virus and identifying capsid residues that are necessary for infecting cells in vitro. In
fact, Xi et al. previously used this method to show that VP2 residues 92 and 94 are critical
for AMDV replication in vitro [136].

Since there have been few vaccine technologies used to generate AMDV vaccine
candidates, other vaccine development strategies or their combinations can be further
used such as viral-vectored, virus-like particles and nanoparticle-based vaccines [137]. For
example, for some diseases, viral vectors have been successfully used in combination with
other vaccine approaches in a strategy called a heterologous prime-boost [138]. Lately, in
the context of the current coronavirus-19 pandemic (COVID-19), one particular approach,
based on the mRNA technologies, has been used in two licensed vaccines, which has helped
significantly reduce infection numbers worldwide [139,140]. Both mRNA-1273 (Moderna)
and BNT162b2 (Pfizer—BioNTech) rely on lipid-nanoparticle (LNP)-encapsulated mRNA
expressing the pre-fusion stabilized spike glycoprotein, which is translated upon entering
the cells [141,142]. With the great efficiency and success brought by these vaccines, a
plausible approach could be to design a VP1/2 or an NS1-based mRNA vaccine for AMDV.

As the search for an efficient AMDV vaccine continues, novel methods are currently
being explored to enhance vaccine (immunogen) delivery. This is the case of nanoparticle
technology, which has been explored in the context of many viruses [143]. In fact, nano-
vaccines (vaccines, where nanoparticles or nanomaterials are used as carriers) are created
by displaying relevant antigenic sites on nanomaterials either by physical entrapment or
by covalent binding [144]. Such vaccines have a similar size to the infectious pathogens,
which makes it easier to enter the target cells, where they will be degraded and release the
antigen over time [145]. In terms of their numerous advantages, these can induce immune
responses, could be given intramuscularly or via mucosal sites, and they are stable at room
temperature [144,146,147]. One interesting biodegradable nanovaccine approach that has
been approved by the FDA is by using liposome-derived nanovesicles as carriers, since
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these can enhance the delivery of antigens to cells [148,149]. The use of such liposomal
delivery systems has been previously reported to enhance immune responses against many
viruses, including Newcastle disease virus [150,151]. Using this approach has also been
shown to stimulate both Th1 and Th2 responses in response to an H3N2 influenza subunit
vaccine candidate [152]. Another example of nano-vaccines is virus-like particles (VLPs),
which mimic native viruses with the exception of not having the capacity to infect and
replicate [153]. These are composed of self-assembling viral antigen proteins which can
induce a stronger humoral immune response compared to single soluble antigens [154]. In
recent years, there have been several approved vaccines using this technology, including
Gardasil® and Gardasil9®, against human papilloma virus (HPV), and many others [155].

Alternatively, another new vaccination method that is actively being explored in-
volves the use of cell-derived bi-layered extracellular vesicles (EVs) such as exosomes,
microvesicles and apoptotic bodies [156,157]. Indeed, these have great advantages in terms
of delivery and can increase overall immunogenicity since they have immunostimulatory
molecules on their surfaces such as MHC class I or II molecules [156,158]. Further, exo-
somes have the capacity to carry pathogen antigens, as was shown by Montaner-Tarbes
et al. in a study analyzing exosomes from pigs infected with porcine reproductive and
respiratory virus (PRRSV) [159]. From this, a specific reaction was demonstrated in a
PRRSV RNA-negative and seropositive pig upon testing the exosome-derived viral pro-
teins [159]. The microvesicle approach has also been tested by many researchers, including
Rappazzo et al., where mice were vaccinated with microvesicles expressing ClyA surface
protein fused with influenza matrix protein 2 [157,160]. Upon challenge with a virulent
mouse-adapted H1N1 influenza strain, vaccinated mice demonstrated a full protection,
and the passive transfer of their antibodies to non-vaccinated mice protected the latter
when challenged [160]. Microvesical vaccines, such as liposomal nano-vaccine delivery
methods, can also be given orally or nasally [161]. With the aforementioned advantages,
these novel approaches for designing effective vaccines could be used to vaccinate mink
against AMDV. This could be performed by incorporating key AMDV antigens in aerosol-
based nanoparticles or EVs, which would help vaccinate a large number of mink rapidly
from their cages by simply releasing these vaccines in the air. However, another important
challenge faced, when designing AMDV vaccines, is that the virus has an unusually high
genetic variability in both NS1 and VP2 proteins [39,40].

To enhance the design of future AMDV vaccines, one strategy can be the constant
tracking of current and past circulating strains by phylogenetic analyses, which can help
determine key virulence markers [92–97]. This is how Canuti et al. revealed that structural
proteins were not under diversifying pressure in sequences analysed in Newfoundland,
probably due to the conserved cell-entry mechanism of AMDV [93]. Moreover, in the
wait of effective vaccines, there are many methods used and still being developed to
control AMDV spread. A commonly used approach is detecting infected mink earlier on
by serological testing techniques and by, subsequently, eliminating them [73,74]. Other
techniques that have been explored or that are in development include the usage of passive
anti-AMDV antibodies, antivirals, immunomodulators and the selection of mink with
AMDV-tolerant traits [70,85,86,88,90]. Unfortunately, despite some positive results, these
are not enough to eradicate this deadly disease, which is why the design of an effective
vaccine is of primordial importance.

To conclude, AMDV poses a great threat to a huge number of mink either in farms or
in in the wild and represents a potential risk to other species. In this review, the attempts
to design a much-needed vaccine against this virus were covered, as well as the challenges
that researchers are faced in designing a novel vaccine. For future studies, novel vaccine
technologies should be aimed at, as well as trying to design better preventive measures to
control viral spread.
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Abstract: Feline panleukopenia, caused by feline parvovirus (FPV), is a highly infectious disease
characterized by leucopenia and hemorrhagic gastroenteritis that severely affects the health of large
wild Felidae. In this study, tiger FPV virus-like particles (VLPs) were developed using the baculovirus
expression system. The VP2 gene from an infected Siberian tiger (Panthera tigris altaica) was used
as the target gene. The key amino acids of this gene were the same as those of FPV, whereas the
101st amino acid was the same as that of canine parvovirus. Indirect immunofluorescence assay
(IFA) results demonstrated that the VP2 protein was successfully expressed. SDS-PAGE and Western
blotting (WB) results showed that the target protein band was present at approximately 65 kDa.
Electron micrograph analyses indicated that the tiger FPV VLPs were successfully assembled and
were morphologically similar to natural parvovirus particles. The hemagglutination (HA) titer of
the tiger FPV VLPs was as high as 1:218. The necropsy and tissue sections at the cat injection site
suggested that the tiger FPV VLPs vaccine was safe. Antibody production was induced in cats after
subcutaneous immunization, with a >1:210 hemagglutination inhibition (HI) titer that persisted for at
least 12 months. These results demonstrate that tiger FPV VLPs might provide a vaccine to prevent
FPV-associated disease in the tiger.

Keywords: feline parvovirus; virus-like particles; VP2 protein; antibodies

Feline panleukopenia, caused by feline parvovirus (FPV), is an acute and highly contagious
disease [1]. It clinically manifests as vomiting, high fever, leukopenia and enteritis in infected animals [2].
FPV has been known to induce disease in cats since the 1920s [3]. Since its discovery, FPV has been
isolated from cats, raccoons, monkeys, and many different wild and captive carnivores [4,5]. FPV is
very stable in the environment, with infectivity persisting for up to one year within contaminated
material [6]. Consequently, FPV has a high risk of transmission, posing a great threat to rare wild animals.
In addition, FPV is prevalent in the Chinese Siberian tiger (Panthera tigris altaica) population [7,8].
On June 6th 2016, an outbreak of fatal FPV infection among captive Siberian tigers in Zhengzhou Zoo
in central China was reported [7]. An FPV strain was isolated and identified from a captive Siberian
tiger in a wildlife park in the Jilin Province, China [8]. Wild Siberian tigers from the Russian Far East
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had a 68% FPV antibody-positivity rate [9]. Vaccination is an effective means to prevent FPV infection.
Currently, attenuated vaccines and inactivated vaccines are approved for use against FPV in cats.
Attenuated vaccines have been recommended for wildlife use in North American countries, Europe
and Asia [10]. A live-attenuated vaccine (Virbac S.A., Carros 06511, France), which combines feline
calicivirus (FCV), feline herpesvirus (FHV) and FPV strains, is used to prevent disease in tigers [11].
However, it has been reported that attenuated FPV vaccines with a risk of virulence reversion can
cause cerebellar dysplasia in cat fetuses [12]. The antibody level produced by inactivated vaccines is
low, the antibody duration is short, and there is a risk of incomplete inactivation. Furthermore, the
safety of using inactivated vaccines in tigers remains unknown. Therefore, the development of a novel
vaccine for feline parvovirus disease in tigers will provide material reserves and new products for
immune protection against important diseases in tigers.

FPV, a single-stranded DNA virus, belongs to the family Parvoviridae, subfamily Parvovirinae,
genus Protoparvovirus [13]. The virions have a symmetrical icosahedral structure [14]. The FPV genome
contains two open reading frames encoding nonstructural proteins (NS1 and NS2) and structural
proteins (VP1 and VP2). The VP2 protein contains the major epitopes that stimulate the production of
neutralizing antibodies [15], and mutations in key amino acid sites of the VP2 protein can affect its
antigenic characteristics and host range [16,17].

Virus-like particles (VLPs) are composed of multiple copies of one or more recombinant viral
structural proteins and are spontaneously assembled into particles without the viral genome [18]. Due
to being replication-incompetent and producing nonpathogenic effects, VLPs have been widely used
in studies of human and veterinary candidate vaccines [19]. In this study, the parvovirus VP2 gene
was identified from a dead Siberian tiger in a wildlife park in the Jilin Province, China [8]. The tiger
had symptoms such as diarrhea and vomiting before it died. The VP2 sequence was analyzed and
kindly provided by Dr. Wang [8]. We used the baculovirus expression system [20] to produce the VP2
protein of tiger FPV. The VP2 protein can be assembled into VLPs which resemble the natural virus in
size and shape. Meanwhile, tigers and cats both belong to the family Felidae. Due to the rarity and
importance of the tiger, cats were selected to conduct immunization experiments of the tiger FPV VLPs
vaccine. Herein, the tiger FPV VLPs vaccine stimulated cats to produce hemagglutination inhibition
(HI) antibody, providing a preliminary basis and technical support for the preparation of new vaccines
against tiger (Panthera tigris altaica) feline parvovirus disease.

First, the amino acid sites of the parvovirus VP2 gene from a tiger were analyzed. The results
showed that most of the amino acid sites were consistent with those of the FPV reference sequence,
whereas the 101st amino acid was consistent with that of the canine parvovirus (CPV) reference
sequence (Table 1). Therefore, the parvovirus VP2 gene from the tiger was named tiger FPV VP2.

Table 1. Amino acid variations in the VP2 protein.

Type 
Amino Acid Site of VP2 [21] 

80 87 93 101 103 297 300 305 323 426 555 564 568 
Tiger FPV K M K T V S A D D N V N A 

FPV K M K I V S A D D N V N A 
CPV-2 R M N I V S A D N N V S G 

New CPV-2a R L N T A A G Y N N V S G 
New CPV-2b R L N T A A G Y N D V S G 

CPV-2c R L N T A A G Y N E V S G 

The box shows the difference between Tiger FPV and FPV at 101st amino acid.
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Next, we optimized the codons of tiger FPV VP2 for Spodoptera frugiperda 9 (Sf9) cells according
to codon preference (shown in Supplementary Materials, Sequence 1). Sequence optimization and
synthesis were completed by Shanghai Biological Engineering Co., Ltd. The VP2 gene was amplified
using the primers shown in Table 2 and cloned into the pFastBac Dual vector (Invitrogen, Carlsbad, CA,
USA). The pFBD-dVP2 vector, a donor plasmid containing two copies of the VP2 gene, was successfully
constructed. The pFBD-dVP2 donor plasmid was transformed into E. coli DH10Bac competent cells
(Invitrogen, Carlsbad, CA, USA) to obtain the rBacmid-dVP2 recombinant bacmid.

Table 2. Primer sequences.

Primer Primer Sequence (5′-3′) Product Length

PH-VP2-F TATGCGGCCGCATGTCCGACGGTGCTGT (Not I) 1755 bp
PH-VP2-R TATAAGCTTTTAGTACAGCTTACGAGGA (Hind III)
P10-VP2-F TATCTCGAGATGTCCGACGGTGCTGTGC (Xho I) 1755 bp
P10-VP2-R TATGGTACCTTAGTACAGCTTACGAGGAG (Kpn I)

The bold characters are the sequences of restriction enzyme sites.

The rBacmid-dVP2 was transfected into Sf9 cells and cultured in six-well plates at approximately
80% confluence with Cellfectin II Reagent Transfection Reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions, and the cells were then cultured in sf-900 II SFM medium
(Gibco, Grand island, NY, USA) at 27 ◦C. It took approximately 96 h to reach an 80% cytopathogenic effect
(CPE). The supernatant was collected to obtain recombinant baculovirus, called rpFBD-dVP2 which
was passage 1 (P1). The genome was extracted and determined to be correct by PCR. The baculovirus
stock titer was measured using a Baculovirus Rapid Titer Kit (TaKaRa, Tokyo, Japan) according to
the manufacturer’s instructions. RpFBD-dVP2 was continuously passaged to P4 at a multiplicity of
infection (MOI) of 0.5, and obvious CPE was observed at 48 h, with large, rounded and shed cells
(Figure 1A).

The expression of VP2 protein was verified by an indirect immunofluorescence assay (IFA). Sf9
cells were infected with rpFBD-dVP2 at a multiplicity of infection (MOI) of 0.5 and fixed after two days.
A monoclonal antibody against CPV (clone 8H7, HyTest Ltd., Turku, Finland) was used as a primary
antibody (1:200), and fluorescein isothiocyanate (FITC)-labeled sheep anti-mouse IgG (Solarbio, Beijing,
China) was used as the secondary antibody (1:200). The IFA results showed obvious green fluorescence
(Figure 1Ba), and no specific fluorescence was observed in normal Sf9 cells (Figure 1Bb). This result
indicated that VP2 protein was expressed in Sf9 cells and could be specifically recognized by the VP2
monoclonal antibody.

Sf9 suspension cells were cultured in triangular flasks with sf-900 II SFM (Gibco, Grand island,
NY, USA) at a speed of 120 rpm. To assess the expression of VP2 protein, Sf9 suspension cells were
harvested 4 days after infection. The mixture was separated into cells and supernatant at 1751× g
for 30 min. The cells were lysed with filtered 25 mM NaHCO3, after which the supernatant was
harvested by centrifugation. The samples were characterized by SDS-PAGE, and a clear band was
observed at 65 kDa (Figure 1C). The results showed that VP2 protein was successfully expressed in
Sf9 cells and released into the supernatant after simple cell lysis. A Western blotting (WB) assay was
carried out to verify whether the 65 kDa band was the target protein. Samples from SDS-PAGE were
transferred to a nitrocellulose (NC) membrane (GE Healthcare, Dassel, Germany). In the WB assay, as
the primary antibody, the monoclonal antibody against CPV (clone 8H7, Hytest, Turku, Finland) at a
1:500 dilution was incubated at room temperature (RT) for 1.5 h. Then, the horseradish peroxidase
(HRP)-labeled sheep anti-mouse IgG at a 1:5000 dilution was incubated at RT for 1 h. As shown in
Figure 1D, the WB analysis results showed that the target protein specifically bound the monoclonal
antibody against parvovirus; a specific band was seen at the molecular weight of approximately 65 kDa
in lane 2, whereas no specific band was seen in the control sample. These results indicated that the
expressed VP2 protein had the capacity to elicit a specific antibody response.
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Figure 1. Recombinant baculovirus acquisition and the identification of VP2 protein expressed in Sf9
cells. (A) Cytopathogenic effect (CPE) of the recombinant rpFBD-dVP2 baculovirus (magnification,
200×). (Aa) Sf9 cells infected with rpFBD-dVP2 displayed typical CPE 48 h after infection, with
large, rounded and shed cells, and (Ab) untreated Sf9 cells remained normal. (B) Indirect immune
fluorescence antibody staining of VP2 protein in Sf9 cells infected with rpFBD-dVP2 (magnification,
200×). (Ba) Obvious green fluorescence was observed in Sf9 cells infected with rpFBD-dVP2, and
(Bb) untreated Sf9 cells showed no fluorescence. (C) SDS-PAGE analysis of VP2 protein expression.
Lane 1, untreated mixture; lane 2, supernatant after centrifugation; lane 3, supernatant after sodium
bicarbonate treatment; lane 4, prestained protein markers; lane 5, cells infected with control baculovirus.
(D) WB analysis of VP2 protein expression. Lane 1, cells infected with control baculovirus; lane 2, cells
infected with recombinant baculovirus; lane 3, prestained protein markers.

HA tests were carried out as previously described to detect VP2 expression levels [22]. The HA titer
was determined by the highest dilution of tiger FPV VLPs that caused pig erythrocytes agglutination.
The results in Figure 2A showed that the HA titer of tiger FPV VLPs reached 1:218. High yields of tiger
FPV VLPs could be produced due to the high HA titer [23]. To inspect their morphology, the tiger
FPV VLPs were observed by electron microscopy. The results showed that the tiger FPV VLPs were
successfully assembled with a diameter of ~22 nm; their morphology was similar to that of natural
parvovirus particles (Figure 2B).

 
Figure 2. Determination of HA titer and observation of tiger FPV VLPs morphology. (A) HA activity
of tiger FPV VLPs. (B) Electron micrograph analysis of tiger FPV VLPs. The arrow indicates VLPs, and
the bar represents 100 nm.
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The supernatant containing VLPs after cell lysis was used to prepare the vaccine. Tiger FPV VLPs
were emulsified with Gel 02 adjuvant (Seppic, Paris, France) at a volume ratio of 7:1. To determine
whether the vaccine was safe for cats, an overdose vaccination test was carried out on cats. Two
10-week old cats were subcutaneously immunized in the neck with 2 mL of tiger FPV VLPs vaccine
and given an immunization boost with the same dose four weeks later. The feces production, behavior,
and food and water consumption were observed continuously for 14 days after the last immunization.
Fourteen days later, the immunized cats were euthanized. The injection site was dissected to observe
whether there were side effects, such as nodules, and the tissue was sectioned to detect pathological
changes. No anomalies in the daily observation parameters were observed in cats immunized with
tiger FPV VLPs vaccine. There were no sarcomas in the injection site after necropsy (Figure 3Aa),
which indicated that the absorption of the vaccine was good and that the tissue sections at the injection
site were not abnormal (Figure 3Ab). These results demonstrated that the tiger FPV VLPs vaccine was
safe for cats.

 
Figure 3. Safety and immunogenicity assay of tiger FPV VLPs. (A) Injection site necropsy and tissue
section results. (Aa) There were no sarcomas in the injection site after necropsy. (Ab) The tissue
sections were normal. (B) The immunogenicity of tiger FPV VLPs in cats was evaluated by HI assay
after immunization. Cats were immunized twice via subcutaneous injection at four-week intervals.
The immunization group was immunized with tiger FPV VLPs mixed with Gel 02 adjuvant. The control
group was immunized with PBS.

To detect the immune effects, two 10-week old cats were subcutaneously immunized with 1 mL
of tiger FPV VLPs vaccine, and one cat was given PBS as a control. Identical vaccinations were then
repeated at four weeks after the primary immunization. Blood samples were collected at 2, 4, 5, 6, and
7 weeks and at 2, 3, 4, 5, 6, 7, 8, 9, 10, and 12 months after the primary immunization. Antibody levels of
tiger FPV in the sera were measured by HI assay using pig erythrocytes, and the assay was performed
as described previously [24]. The results, shown in Figure 3B, indicated that the anti-FPV HI titer was
detected in the immunized cats two weeks after primary immunization, with a titer of approximately
1:210. After boost immunization, the HI titer was essentially stable at 1:210. The anti-FPV HI titer was
still detected 12 months after the primary immunization, and the antibody titer was not less than 1:210

(Figure 3B). The second batch of immunization was conducted in other independent tests, which are
still under observation. The tendency of HI titer after immunization was the same as above, with
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HI titers of 1:29–1:210 six months after immunization (Figure S1). These results showed that in cats,
tiger FPV VLPs effectively stimulated the immune response and induced the production of anti-FPV
antibodies, which had a good immune effect.

VP2 is the main component of the capsid protein of FPV and determines its antigenicity [25]. The
amino acid sites of the VP2 protein from tiger FPV were analyzed in this article. The 101st amino
acid was consistent with that of CPV, and the rest of the amino acid variations in the VP2 protein [21]
were consistent with those of FPV. It has been speculated that the strain might be the product of a
recombination event or mutation in response to selection pressure. Therefore, the parvovirus VP2 gene
from a tiger was selected to generate a vaccine for tiger parvovirus, which is more representative than
other strains and provides a method to prevent and treat tiger parvovirus disease.

In this study, tiger FPV VLPs were developed using the baculovirus expression system, and
the expressed protein was identified, confirming that VP2 protein was expressed in vitro and could
self-assemble into VLPs. The recombinant baculovirus infected Sf9 cells, cultured in suspension,
could express the VP2 protein at high yields and with a high HA titer, indicating their suitability for
production on a large scale. VLPs are generally safer than inactivated and attenuated vaccines due to
their lack of viral nucleic acids and infectivity. In addition, Gel 02 adjuvant, which is a water-soluble
adjuvant, was used in this study. There were no sarcomas and site effects in cats immunized with
the tiger FPV VLPs vaccine emulsified with Gel 02 adjuvant. Historically, HI is considered the gold
standard for FPV antibody detection [26]. Generally, a HI titer of ≥1:40 is considered protective against
FPV [27]. The highest HI titer in the sera of the cats in this experiment reached 1:213, and the HI titer
remained stable at 1:210 after 12 months. The successful preparation of tiger FPV VLPs provides a
new approach for the prevention and control of tiger parvovirus disease and technical support for
the prevention of rare wild animal viral diseases. Due to the rarity and importance of tigers, relevant
institutions are particularly cautious about the inoculation of tigers. Therefore, cats of the same family
as tigers were selected for the evaluation of the vaccine immunity effect in this study, with the aim of
developing a new type of safe and effective vaccine against feline parvovirus disease in tigers and
laying a foundation for the prevention, control and treatment of feline parvovirus disease. In the
subsequent application, the tiger FPV VLPs vaccine can be used as a single vaccine or a multiple
vaccine combined with other vaccines for routine immunizations of tigers in zoos.

In this study, animal experimentation was handled in compliance with the guidelines and protocols
of the Welfare and Ethics of Laboratory Animals of China. The animal studies were approved by the
Animal Welfare and Ethics Committee of Changchun Sino Biotechnology Co., Ltd.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/3/315/s1,
Figure S1: The immunogenicity of tiger FPV VLPs in cats was evaluated by HI assay, Sequence S1:
The codon-optimized tiger parvovirus VP2 sequences.
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Abstract: Previous work has indicated that canine parvovirus (CPV) prevalence in the Central Texas
region may follow yearly, periodic patterns. The peak in CPV infection rates occurs during the
summer months of May and June, marking a distinct “CPV season”. We hypothesized that human
activity contributes to these seasonal changes in CPV infections. The COVID-19 pandemic resulted in
drastic changes in human behavior which happened to synchronize with the CPV season in Central
Texas, providing a unique opportunity with which to assess whether these society-level behavioral
changes result in appreciable changes in CPV patient populations in the largest CPV treatment facility
in Texas. In this work, we examine the population of CPV-infected patients at a large, dedicated CPV
treatment clinic in Texas (having treated more than 5000 CPV-positive dogs in the last decade)
and demonstrate that societal–behavioral changes due to COVID-19 were associated with a drastic
reduction in CPV infections. This reduction occurred precisely when CPV season would typically
begin, during the period immediately following state-wide “reopening” of business and facilities,
resulting in a change in the typical CPV season when compared with previous years. These results
provide evidence that changes in human activity may, in some way, contribute to changes in rates of
CPV infection in the Central Texas region.

Keywords: canine; canine parvovirus; COVID-19; veterinary epidemiology

1. Introduction

The canine parvovirus (CPV) is a highly contagious gastrointestinal virus which, without treatment,
has a fatality rate as high as 90% among domestic dogs [1,2]. With treatment, the fatality rate improves
to 14% [3], but is still among the most common infectious diseases in dogs with high morbidity
and mortality [4]. The disease incubates for approximately five days [5]. Following symptom onset,
CPV takes a median of 11 days to resolve [3] if the animal survives the infection. Because of the
significant risk that CPV presents to domestic dog populations, understanding factors influencing CPV
incidence is of critical importance to reduce disease transmission in unvaccinated populations.

Seasonal effects in CPV have been observed worldwide [6–10]. In Central Texas, seasonal trends
in incidence have been observed during the past decade, specifically peaking in the late spring/early
summer months of May and June. Although much is known about the mode of transmission
(i.e., viral spread via the fecal–oral route [11]) and it is standard practice in Central Texas animal
shelters to inoculate against for CPV using the highly effective and widely available CPV vaccine,
significant natural disease reservoirs must persist to perpetuate the disease among domesticated
dogs. These reservoirs may exist in the form of wildlife (big cats, racoons, racoon dogs, arctic foxes,
and mink; though evidence of transmission via this route is unclear [12–14]) and/or unvaccinated feral
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animal populations. Additionally, surfaces in the environment such as grass or pavement may house
infections, given CPV’s ability to survive on surfaces for extended periods of time due to the hardy
nature of this nonenveloped virus [4,15]. Previous work [3] has suggested that human activity may
be, in some way, driving CPV infections. Thus, the drastic changes in human behavior during and
immediately following the “stay-at-home” orders due to the coronavirus disease 2019 (COVID-19)
pandemic provided a unique opportunity to gather further evidence with regard to this hypothesis.

The COVID-19 pandemic, caused by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) pathogen, resulted in major policy changes across the state of Texas, the United States,
and much of the world. In Texas’s Travis County, such policy changes included non-essential business
closures [16–18], school closures [19,20], and stay-home orders [18,21], designed to mitigate COVID-19
transmission in an effort to avoid exceeding healthcare capacity. Mobility and navigation request
data from cellular phones [22,23], consumer activity data [24], and transportation department traffic
density maps [25] generally indicated that there were substantial reductions in extra-household
human activities while stay-home orders were in effect (and immediately after orders were lifted).
Although good quality data on how outdoor recreational and physical activities (e.g., hiking, camping,
walking dogs, etc.) were impacted are sparse, it is possible that the initial panic or concern surrounding
the pandemic, in conjunction with closures of some outdoor venues (i.e., parks, bars, dog parks, beaches,
etc.), discouraged people from partaking in outdoor activities as frequently as usual, in particular earlier
in the shutdown period. Changes in human behavior during and shortly after the “stay-at-home”
period may have, subsequently, impacted the incidence of CPV infection compared with previous
years by reducing the frequency, duration, and intensity of contact between owned dogs and CPV
infection sources.

Austin Pets Alive! (APA!), a non-profit, closed admissions animal shelter in Austin, TX (Travis
County) has maintained a dedicated intensive care unit (ICU) for the exclusive treatment of CPV-infected
dogs since 2008, having treated over 5000 animals during that period [3]. Moreover, as the organization
has evolved, data collection has substantially increased in resolution, from monthly aggregate
population numbers only to individual animal care records beginning reliably in 2017. A previous
investigation used these data sources to assess patient signalment, disease trajectory and prognosis,
and seasonal trends in disease incidence [3]. In the present study, we use more recent data from APA!
in order to examine changes in population in the ICU during the COVID-19 pandemic in conjunction
with changes in policy which may have impacted human activities and behaviors contributing to the
disease spread. We present several hypotheses that might further elucidate the relationship between
human activity and CPV infection and, therefore, may lead to policy and protocol changes which can
reduce the spread of CPV. Through this observational study, this work seeks to investigate whether
human activity, marked by public policy-driven behavioral changes during the COVID-19 pandemic,
is associated with CPV spread in the Central Texas region.

2. Materials and Methods

2.1. Data Sourcing

In order to assess population levels of CPV-infected animals over time, we examined data collected
via our end-of-shift ICU report. These data include the number of animals in the ICU measured twice
daily, once in the morning and once in the evening (see [3] for a detailed prior analysis of pre-COVID-19
elements of these data). Data on COVID-19 policies were collected from the Austin City Government
website [18]. Information on Austin Animal Center and Austin Pets Alive! (the two primary shelters
involved in this study) and their associated intake policies was collected directly from the shelter
administrators at each site. Intake source location data were collected via the intake paperwork for
each animal during the time periods in question (note that data of this granularity were only available
from 2017 onward, while the population data being examined were available from 2013 and onward).
Finally, monthly aggregate counts of at-home treatment for CPV patients (see [3] for details on when
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this protocol was implemented) were observed as a possible explanatory variable for changes in CPV
populations in the ICU.

2.2. Shelter Intake Policy and Geographic Sourcing

Austin Pets Alive!’s Parvo ICU intake practices did not change during any of the periods in
question (i.e., no artificial reduction in population due to policy was present). In addition, no changes
in geographic distribution of animal intake sources at APA! were observed, as measured by a
McNemar–Bowker test for multiple correlation proportions (2017–2019 vs. 2020; χ2 = 9.48, ν = 528,
p~1).

2.3. Statistical Analyses

To analyze the difference in CPV infections between 2020 and prior years, statistical tests were
performed on the difference between the nadir of CPV infections in 2020 compared with the remainder
of CPV infections in prior years. This allowed us to assess the likelihood of such an extreme difference
occurring by chance in the model. Because the distribution of differences in CPV infections between
2020 and prior years was not normal and not easily correctable to normal (via boxcox, sqrt, log, or other
common transformations), we were unable to assess a z-score or other measures of likelihood for this
observed difference using parametric methods. As a result, a non-parametric, Gaussian kernel density
estimate over the distribution of differences was computed with a bandwidth parameter determined
by Scott’s factor (w = 0.33, in this case; for all comparisons, [26]).

Per previous methods of analyzing these types of data [3], a two-week moving average was
used on all daily-reported time-series data. This was carried out primarily to reduce the presence of
temporal autocorrelation due to animals being measured on recurring days, given that the disease
time course is approximately 11 days. All statistical tests used significance thresholds of p < 0.05.

3. Results

Differences in CPV Infections during the COVID-19 Pandemic
In order to assess differences in CPV infections during the COVID-19 pandemic compared

with previous years (raw data visualized in Figure 1), two primary comparisons were performed.
First, a comparison of 2019 and 2020 CPV infections over time was conducted to assess the direct
year-over-year difference which may have been due to the pandemic (Figure 2A). Second, a comparison
of the average of the 2013–2019 CPV infections over time and the 2020 CPV infections over time was
also conducted (Figure 2B).

A distinct dip in CPV ICU population can be visually observed during the “stay-at-home” period
(defined as the time period between the City of Austin “stay-at-home” order and the state-wide
“reopening” order; see Figures 1 and 2B). However, a nearly identical dip was present in 2019 as
well (see Figure 1), suggesting that this dip cannot be easily associated with the pandemic. However,
immediately following the state-wide “reopening” event, results from the kernel density estimate
analysis show that the decrease in CPV ICU population after the “stay-at-home” period is statistically
significant when compared with the differences throughout the rest of the year with prior years
(Figure 2A [2019 vs. 2020; p = 0.007] and Figure 2B [2013–2019 vs. 2020; p = 0.013]).
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Figure 1. Average canine parvovirus (CPV)-infected animals over time. This figure, presented solely to
illustrate the raw data under consideration in this work, shows the average population of CPV-infected
animals in the intensive care unit (ICU) during 2019 and 2020 as well as the historical average ICU
population from 2013–2019. The period of “stay-at-home” orders which lasted from 24 March 2020
until the Texas state-wide “reopening” on 01 May 2020 is highlighted (gray shading). Note the
large difference between the 2019 and 2020 data which occurs immediately following the state-wide
“reopening”. Additionally, the monthly count of at-home treatment animals (all Travis County sourced)
is shown for 2019 and 2020, and, although no difference is seen during the low period in May, a large
upswing in at-home care patients is seen as CPV season begins. All data are presented in two-week
moving averages.

Figure 2. Differences in CPV infections between years. This figure contains the time series differences
in CPV infections between 2019 and 2020 (A), as well as between the average of 2013–2019 and 2020
(B). Importantly, although a decrease in the CPV infection difference can be observed during the
pandemic-related “stay-at-home” order (gray shading) when compared to the historical trend (B),
this same decrease was indeed present in 2019 (A; also see Figure 1). Therefore, this decrease is unlikely
to be related to changes in human behavior due to the “stay-at-home” order. The larger decrease,
however, immediately after the “reopening” event, is not seen in any previous years. The associated
date of maximum difference was 11 May 2020, 11 days after the state-wide “reopening”. All data are
presented in two-week moving averages.

166



Viruses 2020, 12, 1419

4. Discussion

Although significant progress has been made in developing diagnostics [27–31], vaccines [29,32–34],
and treatment protocols [3,35–38] for canine parvovirus (CPV) since its emergence, few methodologies
have been developed to attempt to limit or slow the spread of this disease within vulnerable populations.
This may be partially due to a belief that reductions like this are not possible, given the extensive period
during which CPV can survive in the environment [4] and difficulty in disinfecting CPV-infected areas
(i.e., dog parks, homes, shelters, etc.) [4,15]. However, if population-level human behavior can be
linked to infection rates, preventative methods to reduce the risk of infection in vulnerable populations
beyond the typical vaccination recommendations [39,40] might be developed and/or more widely
adopted. In the present study, we take advantage of the extra-ordinary circumstances provided by the
COVID-19 pandemic to examine changes in CPV population in a mass-treatment intensive care unit
(ICU) dedicated exclusively to the treatment of CPV. We observed a substantial drop in CPV patients
immediately after the state-wide “reopening” event on 01 May 2020, with a minimum on 11 May
2020 when viewed in a two-week moving average. This finding may indicate an overall reduction in
infection rates or a delay in the typical CPV season (which was still observed in these data in June,
though not in the typical peak month of May [3]). In either case, its coincidence with large-scale
changes in human behavior associated with the COVID-19 pandemic suggest that this reduction in
CPV infections is related to human behavior and, therefore, may be employed outside of the context of
a pandemic for the purposes of reducing CPV infection.

In addition to the typical on-site treatment described in this work, Austin Pets Alive! offers an
at-home protocol [3] to individuals who do not wish to give up their animal but cannot afford care by a
veterinarian. This option is only given to owners whose animals are not critically ill at the time of
evaluation (i.e., do not present with bloody diarrhea, excessive vomiting, inappetence, and lethargy).
If increases in this at-home care were seen in May of 2020, this could explain the dip in CPV-infected
patients that was observed. However, no such increase was observed (see Figure 1). It is interesting to
note that as the 2020 CPV season began in the month of June, a large increase in at-home treatment
cases was observed, which may represent a continuation of the effects of the pandemic.

Despite evidence suggesting that reduced CPV infections were related to widespread changes
in human behavior during the “stay-at-home” mandate, several potential alternative explanations
warrant evaluation and discussion. Although Austin Pets Alive! changed no policies regarding the
intake of animals and did not reject animals with CPV infections at any point during the periods in
question, we investigated the possibility that changes at other shelters in Central Texas were related to
our results. We examined potential differences in geographical animal sourcing at APA! from other
shelters across Texas during 2020 which might indicate changes in policy at these shelters; however, no
differences were found (see “Shelter intake policy and geographical sourcing”). Of course, this does
not rule out the possibility that a failure to seek care in general drove this difference, a possibility that
is extraordinarily difficult to rule out in general. However, if failure to seek care drove the differences
that were observed, it might be expected that the dip would persist into peak CPV season or start in a
time-locked manner to the drastic increase in unemployment (or other macroeconomic factors) seen in
April in Texas and the Austin area [41]. Thus, the transient nature of the observed effect reduces the
likelihood that failure to seek care is driving the effect, though it does not eliminate this possibility.

Another alternative explanation for our results could be that changes in breeding practices or
animal acquisition rates across the period analyzed led to an overall decrease in the vulnerable
population available for CPV infection. This is also difficult to assess, though future studies may
examine if there was a decrease in the number of dogs born in the first months of 2020. However,
when accounting for the typical two-month gestation period [42] and the notion that maternal antibodies
may provide protection for a short period after birth [43–48], this explanation leaves little time for
the onset of COVID-19 policies in the United States (mid-March 2020) to produce a maximum effect
of decreased CPV-vulnerable populations in mid-May 2020, as observed. Similarly, reductions in
pet acquisitions in the early portions of the pandemic could potentially explain a decrease in CPV
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infections, though further studies would need to examine this more holistically. During the period of
01 March 2020 to 01 June 2020, on balance, Austin Pets Alive! and Austin Animal Center adopted out
more animals than the previous year, making this explanation potentially less convincing [49].

Finally, it is possible that weather patterns could have contributed to the observed decrease in
CPV infections. As far as the authors are aware, no significant weather events or natural disasters
(such as hurricanes or fires) occurred during the period in question in Central Texas or immediately
preceding it. The distribution of intakes from various geographic regions did not change over the
period in question, indicating that if weather can be used to explain the effect, the weather pattern
would have to span nearly the entirety of Central, South, and East Texas (a region approximately
430,000 square kilometers in area, or somewhere between the size of Sweden and the size of Spain).
Future investigations may seek to determine the degree to which temperature and precipitation may
relate to infection rates. However, it is noteworthy that even if this association can be established,
this could still be due to changes these weather patterns cause in human activity.

The ecological study of CPV infection has many limitations, enumerated above, and cannot
conclusively show that CPV infection rates are being modified by human activity. However, the present
data analysis takes advantage of a generationally-defining event in the COVID-19 pandemic, combined
with seven years of high-resolution historical data on CPV intakes at the largest CPV facility in
Texas, to provide a potential correlation between human activity and CPV incidence. We hope the
relationship uncovered herein inspires the pursuit of additional research which attempts to directly
intervene in human behavior to reduce CPV infections. Future studies could attempt targeted
interventions, potentially making use of the following practices: (1) enforcing age restrictions on
high-risk CPV areas such as dog parks (to ultimately reduce CPV exposure for dogs too young to be
fully vaccinated), (2) performing periodic testing of public spaces such as parks and waterways in
which dogs are likely to be present, and/or (3) increased public education regarding regions at a high
risk for propagating CPV infections and/or regions that have recently tested positive. In addition to
these interventions, information campaigns educating the public on the importance of vaccinations
and protecting unvaccinated, under-vaccinated, or incompletely vaccinated dogs may help owners
make more informed choices on behalf of their pets, which could enable them to help avoid their pets
contracting CPV.
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Abstract: Canine parvovirus (CPV) is an important cause of disease in domestic dogs. Sporadic
cases and outbreaks occur across Australia and worldwide and are associated with high morbidity
and mortality. Whether transmission of CPV occurs between owned dogs and populations of wild
dogs, including Canis familiaris, Canis lupus dingo and hybrids, is not known. To investigate the role
of wild dogs in CPV epidemiology in Australia, PCR was used to detect CPV DNA in tissue from
wild dogs culled in the peri-urban regions of two Australian states, between August 2012 and May
2015. CPV DNA was detected in 4.7% (8/170). There was a strong geospatial association between
wild-dog CPV infections and domestic-dog CPV cases reported to a national disease surveillance
system between 2009 and 2015. Postcodes in which wild dogs tested positive for CPV were 8.63 times
more likely to also have domestic-dog cases reported than postcodes in which wild dogs tested
negative (p = 0.0332). Phylogenetic analysis of CPV VP2 sequences from wild dogs showed they
were all CPV-2a variants characterized by a novel amino acid mutation (21-Ala) recently identified in
CPV isolates from owned dogs in Australia with parvoviral enteritis. Wild-dog CPV VP2 sequences
were compared to those from owned domestic dogs in Australia. For one domestic-dog case located
approximately 10 km from a wild-dog capture location, and reported 3.5 years after the nearest wild
dog was sampled, the virus was demonstrated to have a closely related common ancestor. This study
provides phylogenetic and geospatial evidence of CPV transmission between wild and domestic dogs
in Australia.

Keywords: canine parvovirus; peri-urban; wild dogs; disease transmission; Australia

1. Introduction

Canine parvovirus (CPV) is a single-stranded DNA virus belonging to the family Parvoviridae,
subfamily Parvovirinae, genus Protoparvovirus and species Carnivore Protoparvovirus 1 (CPPV-1) [1].
CPV infection occurs worldwide and has been reported in a range of carnivores, including domestic
dogs and various wildlife species [2–11]. Viruses closely related to CPV include Feline parvovirus (FPV),
Mink enteritis virus (MEV), Blue fox parvovirus (BFPV) and Racoon parvovirus (RPV) [12,13], so named
due to their initial detection in these species. Clinical disease caused by Carnivore protoparvovirus 1 in
different host species ranges from asymptomatic to severe gastroenteritis, leukopenia, dehydration
and death [14].
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Although the exact origin of CPV remains unknown, CPV is thought to have evolved from FPV, or,
more likely, that both viruses share a common ancestor that is likely associated with a wild carnivore
host [12,13,15–19]. CPV poses a continuing threat for the emergence of new variants with pathogenic
potential for multiple carnivore species in the order Carnivora.

Across Australia, CPV disease is relatively common in owned domestic dogs, particularly in rural
and remote regions. An estimated 20,000 cases occur annually in Australia, with a reported incidence
of 4.12 cases per 1000 dogs [20,21]. CPV infection has also been reported in wild canids, including
four dingoes (Canis lupus dingo) (including a litter of three dingo puppies) and a dingo–dog hybrid,
based on fecal antigen testing [10], as well as a red fox (Vulpes vulpes), based on serological testing [22].
However, the presence of CPV in Australian wild dogs has not been investigated. Wild and feral dogs
are distributed throughout Australia, ranging from remote, isolated regions to peri-urban areas [23],
though wild-dog numbers are not well documented [24].

In Australia, the term “wild dog” includes dingoes, feral domestic dogs (Canis familiaris) and
hybrids [25]. The only other wild canid in Australia is the red fox, Vulpes vulpes, which was introduced
as a result of European settlement [26]. The other feral carnivore in Australia is the feral cat, Felis
catus [27], which is a likely parvovirus reservoir, given that FPV and CPV have been demonstrated
in the Australian feral cat population [28–30]. Domestic dogs are also suggested as likely reservoir
hosts for CPV in Africa, China and Mexico [31–34]. Furthermore, molecular investigations of CPV
have provided evidence of cross-species bidirectional transmission between domestic dogs and wild
carnivores [15,32]. While an epidemiological association between CPV case-occurrence in domestic
dogs and geographical proximity to wild dogs and foxes in Australia has been reported [10], evidence of
infection with the same or related strains of CPV is lacking. Peri-urban regions in Australia are a likely
location to detect the presence of CPV in wild dogs, as there is close contact between human settlements
and wild carnivore populations, which has been associated with exposure to CPV [32,35,36].

As well as being present in blood and feces during active infection, parvoviruses persist in
mononuclear cells in peripheral blood or tissue [29,37] after fecal shedding of virus has ceased.
This allows tissue samples to be used to detect both active and resolved infections in asymptomatic
hosts that are no longer shedding virus in feces, and which likely represent latent infection, as reported
for human parvoviruses [12,38]. CPV has been detected in wild carnivores and domestic cats, in a
range of tissue samples after viral shedding has ceased, including blood, bone marrow, mesenteric
lymph nodes, tongue, spleen and myocardium [12,29,37].

Our goal was to investigate the epidemiology of parvoviruses at the wild–domestic dog interface.
The specific objectives of this study were to determine whether wild-dog populations in Australia are
exposed to CPV, and if so, to estimate its prevalence and identify circulating strains; and to assess the
likelihood of transmission of CPV between wild dogs and domestic dogs in peri-urban regions.

2. Materials and Methods

2.1. Wild-Dog Sample Collection

The carcasses of 201 wild dogs captured and culled between August 2012 and May 2015
from peri-urban regions of South East Queensland (SEQ) and Northern New South Wales (NSW)
were supplied by local councils, for a study investigating pathogens of public health or economic
significance [24]. Ethics approval was granted by the University of Queensland AEC (Animal Ethics
Committee) (SVS/145/13). Residual tissue samples (tongue), which had been stored frozen at −18 ◦C,
were made available for CPV testing.

2.2. DNA Extraction and Conventional PCR

DNA was extracted from tongue tissue for PCR, using the Macherey-Nagel mini kit
(Macherey-Nagel, Düren, Germany). To evaluate the presence and quality of canine DNA, a conventional
PCR was performed, targeting a canine housekeeping gene, the ribosomal protein L32 (RPL32) gene,
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using the following primers: RPL32-F (5′- ACCTCTGGTGAAGCCCAAG-3′) and RPL32-R (5′-
GGGATTGGTGACTCTGATGG-3′) [39]. The total reaction volume was 25 μL and contained 2.5 μL
of template DNA, 0.5 μL each of forward- and reverse-primer, 0.5 μL of MyTaqTMHS Red DNA
Polymerase, 5 μL of MyTaq TM Red Reaction Buffer and 16 μL of water. DNA amplification was
performed by using an initial denaturation step at 95 ◦C for 1 min, followed by 35 cycles of 95 ◦C for 15
s, 60 ◦C for 15 s and 72 ◦C for 10 s, with a final extension step at 72 ◦C for 5 min. Following PCR, the
samples were electrophoresed on a 1% agarose gel (Bio-Rad Laboratories, Hercules, CA, USA), using
1 × tris-borate EDTA running buffer, and visualized with SYBR safe DNA (Thermo Fisher Scientific,
Waltham, MA, USA).

2.3. Real-Time PCR

Real-time PCR/quantitative PCR assay (qPCR) was performed to determine the CPV viral load
in DNA extracts from tongue tissue of the wild-dog cadavers, as previously described, with minor
modification [40]. In brief, real-time PCR was carried out in a 35 μL reaction containing 17.5 mL of
IQ Supermix (Bio-Rad Laboratories Srl), 600 nM of primers CPV-For and CPV-Rev, 200 nM of probe
CPV-Pb (Table 1), and 10 μL of template (diluted 1:10 in Tris EDTA buffer). Serial 8-fold dilutions
(representing from 109 to 102 DNA copies/10 μL) of a plasmid, pFastBacTMHTA, containing VP2 gene
sequence were used to generate a standard curve. Each test sample and each dilution of standard
DNA was tested in duplicate. An exogenous DNA internal control, Cal Orange 560 (Bioline, Meridian
Bioscience, Cincinnati, OH, USA), was added to each sample, in order to control for PCR inhibition,
according to the manufacturer’s instructions. The thermal-cycle protocol used was the activation of
Taq DNA polymerase at 95 ◦C for 10 min and 40 cycles consisting of denaturation at 95 ◦C for 15 s,
primer annealing at 52 ◦C for 30 s and extension at 60 ◦C for 1 min. All reactions were conducted in
an a CFX connectTMReal Time PCR Detection System (Bio-Rad Laboratories Pty., Ltd. Gladesville,
Australia), and the data were analyzed with the software CFX Maestro. Samples were considered
positive only when results could be confirmed from paired testing in a single assay.

Table 1. Sequence and position of oligonucleotides used in the study [40] *.

Assay Primer/Probe Sequence 5’ - 3’ Polarity
Amplicon
Size (bp)

Position †

Real Time
Assay

CPV-For AAACAGGAATTAACTATACTAATATATTTA + 93 4104–4135
CPV-Rev AAATTTGACCATTTGGATAAACT − 4176–4198

CPV-Pb
FAM—

TGGTCCTTTAACTGCATTAAATAATGTACC—
TAMRA

+ 4143–4172

* FAM 5 6-carboxyfluorescein; TAMRA 5 6-carboxytetramethylrhodamine. † Oligonucleotide position is referred to
the sequence of strain CPV-b (accession M38245).

2.4. Conventional PCR and Sequence Analysis

Samples testing positive for CPV in the qPCR assay were subject to conventional PCR and
sequencing of the complete VP2 gene, as previously described [30,41].

The VP2 sequences from wild dogs were assembled and aligned, using CLC Workbench (Qiagen,
Hilden, Germany), and then compared to previously characterized VP2 sequences from domestic dogs
in Australia [42] and other countries, as well as reference strains of CPV, including CPV-2a-like and
related viruses obtained from the GenBank database. Sequences were aligned by using the Geneious
prime software package (11.0.4) using the MAFT algorithm. Phylogenetic analysis was performed
using Mega X version 10.0.5 and employing the Tamura 3-parameter model of nucleotide substitution
using a discrete gamma distribution (+G) and assuming that a certain fraction of sites is evolutionarily
invariable (+I), with the Nearest-Neighbor Interchange heuristic method. The Tamura 3-parameter +G
+I model provided the best maximum likelihood (ML) fit of 24 nucleotide substitution models, with
a Bayesian Information Criterion Score of 9996.026. The analysis involved 78 nucleotide sequences.
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Codon positions included were 1st+2nd+3rd+Noncoding. There were a total of 1719 positions in the
final dataset.

2.5. Wild-Dog Sample Data and Owned-Dog CPV Case Occurrence Data

Data collected at the time each wild dog was culled included, sex, estimated age (from examination
of dentition), date of capture, and latitude and longitude of capture location. These data were used in
geospatial and statistical analysis. Eight samples missing data for date of capture or capture location
were excluded from the analysis.

Retrospective data on owned-dog CPV cases occurring in the same postcodes in which wild-dog
samples were collected were obtained to evaluate the potential for CPV transmission between wild-
and owned-dog populations. Data from 2009 to 2015 were sourced from the Disease WatchDog®

database [43], a collection of national disease surveillance data for companion animals in Australia
(http://www.vetcompass.com.au). Only cases that had been confirmed by diagnostic testing (fecal
antigen test “ELISA”, PCR or immunofluorescence) were included in our analysis. For the purpose of
geospatial and statistical analysis, only data relating to the case date (year) and postcode were used.

2.6. Geospatial Analysis of Wild-Dog Data and Owned-Dog Data

Mapping and geospatial analysis were performed, using ArcGIS® version 10.2 (ERSI, Redlands,
CA). Wild dogs’ positive and negative results were mapped by nearest postcode, which was identified
from supplied latitude and longitude location data, in ArcGIS, using an ABS Postal Areas ASGS Ed
2016 Digital Boundaries Shapefile (ESRI Format) [44]. Owned-dog case occurrence was mapped by
postcode. Maps were generated at the state level for SEQ and Northern NSW, and also at a regional
level for Brisbane and south of Brisbane, to the border of Queensland (QLD) and NSW.

2.7. Statistical Analysis of Domestic-Dog CPV Cases and Association with Wild-Dog Infection

Data were analyzed by using Microsoft® Excel for Mac Version 16.16.15 and Statistix® version
10.0 (Analytical Software, Tallahassee, FL, USA). Odds ratios were calculated for the frequency of
postcodes with wild dogs testing positive or negative for CPV and owned-dog CPV case occurrence
(present or absent), for owned-dog cases occurring in the same year as wild-dog sampling, and across
the entire owned dog sample period. Chi-squared (χ2) analysis was performed to test associations
between wild-dog observations (present or absent) and categorical variables. For all statistical tests, a
p-value of <0.05 was used to determine significance.

3. Results

3.1. Wild-Dog Sampling

Tissue samples from 171 wild dogs collected between 2012 and 2015 were available for PCR
testing. Details of the cadavers sampled are reported in Table 2, and maps of the regions where wild
dogs were trapped are depicted in Figures 1–3.

3.2. DNA Detection and Quantification

Canine DNA was identified in 170/171 wild-dog cadaver samples, and CPV DNA was amplified
in 4.7% (8/170) of the remaining samples analyzed. The viral load of CPV DNA in the samples ranged
from 3.41 × 101 to 1.95 × 107 copies/μL (Table 3).
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Table 2. Australian wild-dog cadavers made available for PCR testing for canine parvovirus DNA, and
test results, categorized by state of origin, sex, age and year trapped.

Category Variable
No. Dogs
Sampled

Percentage
No. Dogs
Negative

No. Dogs
Positive

Chi2 DF p-Value

State QLD 146 85.4 136 8 1.05 1 0.3051
NSW 18 10.5 18 0
NR 7 4.1

Total 171
Sex Male 76 44.4 68 4 0.08 1 0.7833

Female 87 50.9 83 4
NR 8 4.7

Total 171

Age <6
months 44 25.7 42 2 3.86 4 0.425

6–12
months 44 25.7 40 3

1–2 years 34 19.9 33 0
2–5 years 14 8.2 13 1
>5 years 17 9.9 14 2

NR 18 10.5
Total 171

Year
captured

2012 2 1.2 2 0 0.91 3 0.8227
2013 63 36.8 58 4
2014 90 52.6 85 4
2015 9 5.3 9 0
NR 7 4.1

Total 171

NR = not recorded, QLD = Queensland, NSW =New South Wales, Chi2 = Chi squared statistic, DF= degrees of
freedom. Seven dogs did not have corresponding location data, and sex, age and date trapped were not available
for 8, 18 and 7 samples, respectively. While these were included in the PCR testing, they were excluded from the
respective statistical analysis, for which their data were unavailable.

Figure 1. Region of wild-dog sampling (inset) between 2012 and 2015, in South East Queensland and
Northeast New South Wales, Australia.
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Figure 2. Distribution and frequency of canine parvovirus cases in domestic dogs reported by
veterinarians on the Disease WatchDog® national disease surveillance system between 2009 and 2015,
and postcodes where wild dogs, sampled between 2012 and 2015, tested positive or negative to canine
parvovirus as determined by polymerase chain reaction. Map represents South East Queensland (QLD)
and Northeast New South Wales (NSW), Australia. Inset depicts area represented in Figure 3.

Figure 3. Distribution and frequency of canine parvovirus cases in domestic dogs reported by
veterinarians on the Disease WatchDog® national disease surveillance system between 2009 and 2015,
and postcodes where wild dogs, sampled between 2012 and 2015, tested positive or negative for
canine parvovirus, as determined by polymerase chain reaction. Map represents Brisbane and south of
Brisbane, to the border of Queensland (QLD) and New South Wales (NSW), Australia.
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Table 3. Wild-dog samples testing positive for canine parvovirus DNA by quantitative PCR.

Location Captured
GenBank

Accession No.
Sample

ID
Sex Age

Date
Captured

Region Postcode State Locality
Viral Copies
per μL/DNA

MT447094 WD29 M <6 months 25/11/13 Woodford 4514 South East QLD 2.89 × 103

MT447095 WD46 M 6–12 months 28/2/14 The Gap 4061 Brisbane QLD 2.05 × 104

MT447096 WD48 F >5 years 5/2/13 Tamborine 4270 South East QLD 1.95 × 107

MT447097 WD49 M >5 years 15/5/14 Nerang 4211 Gold Coast QLD 1.57 × 106

MT447098 WD50 M 2–5 years 24/8/13 Beenleigh 4207 South East QLD 6.56 × 105

MT447099 WD51 F <6 months 27/11/13 Ipswich 4305 South East QLD 2.19 × 104

NA WD58 F 6–12 months 2/3/14 Goomeri 4601 South East QLD 4.08 × 101

NA WD59 F 6–12 months 26/2/14 The Gap 4061 Brisbane QLD 3.41 × 101

QLD = Queensland, Australia; NA = not applicable.

3.3. Geography and Prevalence of Wild-Dog Exposure to CPV

CPV DNA was amplified from eight wild dogs from seven different postcodes of QLD, but from
no dogs from NSW. However, CPV detection between the states of NSW and QLD was not statistically
different (χ2 = 1.05, df = 1, p = 0.3051), nor was any difference based on sex (χ2 = 0.08, df = 1, p = 0.7833),
age (χ2 = 3.86, df = 4, p = 0.425) or the year in which the dogs were captured (χ2 = 0.91, df = 3,
p = 0.8227) (Table 2).

3.4. Association between CPV Exposure in Wild Dogs and CPV Cases in Owned Dogs

In total, wild dogs were sampled from 57 different postcodes. Postcodes with one or more wild
dogs testing positive to CPV were 8.63 times more likely to have reported CPV cases in owned dogs
in the same year (p = 0.0332) and 6.43 times more likely across the entire owned-dog case sampling
period (p = 0.0350) (Table 4).

Table 4. Frequency of postcodes with wild dogs testing positive or negative for canine parvovirus (CPV)
and domestic-dog CPV case occurrence (present or absent). Wild-dog sampling occurred between 2012
and 2015, and domestic-dog cases were reported between 2009 and 2015.

Domestic-Dog CPV
Cases

Domestic-Dog
CPV Case

Occurrence

Wild-Dog CPV Status

Positive Negative Total
Odds
Ratio

p-value

In all years between
2009 and 2015

Present 5 14 19 6.43 0.0350
Absent 2 36 38
Total 7 50 57

In same year as
wild-dog sampling

in postcode

Present 3 4 7 8.63 0.0332
Absent 4 46 50
Total 7 50 57

3.5. Wild-Dog CPV VP2 Sequencing and Phylogenetic Analysis

Of the eight dogs in which CPV DNA was amplified by qPCR, VP2 sequencing was successful
for six dogs and unsuccessful in the two dogs with the lowest viral loads (Table 3). Phylogenetic
analysis revealed that three of the six wild-dog sequences were identical and all six were closely related,
belonging to a clade of CPV-2a viruses comprising those from wild dogs, as well as viruses from dogs
with parvoviral enteritis, in three different states of Australia (Victoria, NSW and QLD) (Figure 4).
Viruses in this clade were characterized by the VP2 mutation (Thr-21-Ala) that differed from all other
variants analyzed (Supplementary Materials Table S1). One of the viruses in this clade (GenBank
accession no. MN259063) was collected from an owned dog with parvoviral enteritis, approximately
10 km from the capture location of one of the wild dogs (WD50) 3.5 years after the wild dog was culled
(Figure 4 and Supplementary Materials Table S1).
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Figure 4. Phylogeny of CPV VP2 sequences from wild dogs in Australia (red) and a domestic dog (blue)
within 10 km of the wild-dog sampling. The evolutionary history was inferred by using the Maximum
Likelihood method and Tamura three-parameter model with 1000 bootstrap replicates [45]. Bootstrap
values >70% are shown on the branches. The tree with the highest log likelihood (-4045.79) is shown.
The tree is drawn to scale, with branch lengths measured in the number of substitutions per site.

4. Discussion

This study reports the first detection of CPV in wild-dog populations in Australia and provides
phylogenetic evidence that a CPV strain from a wild-dog population was closely related to a strain
from a domestic dog with parvoviral enteritis in close proximity. CPV strains from wild dogs were
also closely related to viruses from other owned dogs collected over a large region of Eastern Australia.
The viruses in this clade were characterized by the VP2 protein signature 21-Ala, 297-Ala, 324-Iso
and 555-Val. Two of these residues (297-Ala and 555-Val) are common, well-characterized mutations
among Australian CPV strains compared to the original CPV-2 virus that emerged in dogs in the
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late 1970s [46]. Another VP2 residue (324-Iso) in the wild-dog strains is common in Asian strains of
CPV [47] and was recently identified in owned dogs in Australia [42]. The finding of this mutation in
CPV strains from wild dogs further suggests introduction or circulation of Asian strains in Australia.
The Thr-21-Ala mutation, present in the VP2 sequences from all of the wild dogs, was also recently
identified as a novel mutation among CPVs from owned dogs in Australia [42]. The similarity of the
wild-dog VP2 sequences to those from owned dogs suggests viral transmission between these two
populations, although the directionality is uncertain.

Only wild dogs from SEQ and not Northern NSW tested positive for CPV, which is likely due to
the smaller sample size for NSW (versus QLD), but may also reflect different risk factors for infection
between these populations. Proximity to free-ranging owned dogs may be a risk factor for CPV
infection in wild dogs [48]. However, our study did not investigate owned-dog population distribution
or ranging behaviors, so such a transmission pathway cannot be directly assessed here. It is possible
that a higher proportion of free-ranging owned dogs in an area could lead to increased infection rates
of the domestic-dog population in those areas, but this requires further investigation. Close proximity
to human settlements may also increase risk for CPV exposure in wild carnivores; however, previous
studies have failed to demonstrate this to be statistically significant [32,36,49] or have shown no
increased risk [50]. Conversely, wild-carnivore populations may have parvovirus infection cycles
independent of domestic carnivores [51], and this may also be the case for some wild-dog populations
in Australia; more research is needed to determine this.

No difference in age was observed between CPV-positive and -negative wild dogs, despite younger
age being an identified risk factor for CPV infection and disease in unvaccinated domestic dogs [52,53]
and wild canids (wolves) [54]. This may be because the method of CPV detection used in our study did
not differentiate between active and recovered infections. Most (58%, 88/153) wild dogs trapped were
<12 months old, which may have increased the likelihood of detecting recent or active infections and
also likely reflects the shorter lifespan of wild dogs versus domestic dogs. Mortality rates from CPV in
wild dogs have never been reported; however, CPV disease in young animals has been implicated
in reduction of population renewal in gray wolves: the proportion of pups live-trapped each year
(which had declined between 1984 and 2004) correlated with increasing CPV antibody prevalence
(r2 = 0.51; p < 0.01) [54]. CPV might also play a role in population reduction in wild dogs in Australia.
Our finding of no difference between the year that wild dogs were sampled suggests that CPV may be
endemic in these populations.

We identified a significantly increased risk for domestic-dog CPV cases in geographical regions
where wild-dog CPV infection was also detected. The finding of a closely related CPV strain in an owned
dog collected from the same geographic region several years after detection in wild dogs suggests both
low viral diversity over time and that ongoing transmission of CPV might have been occurring between
the wild-dog populations in this area and neighboring owned-dog populations. Interpopulation disease
transmission could be unidirectional from either population, or bidirectional [32]. Interpopulation
transmission could be facilitated by roaming dogs from either or both populations entering the others’
territories and transmitting virus via fomites or directly from an infected animal through defecation.
Peri-urban wild dogs in Australia have been found to have home ranges of around 17 km2, travel an
average of 7 km/day [55] and often spend time in urban habits [56], making CPV-transmission between
wild and domestic dogs likely in these areas. Fomite transmission due to human movement or other
domestic/wild/feral species traversing the two territories may also occur. The ability for CPV to survive
for protracted periods in the environment makes indirect transmission more likely [57].

Our detected prevalence of CPV exposure (5.3%) is much lower than that reported by serological
testing of a range of wild canids in the Yellowstone National Park, USA (98%); Canadian Rocky
Mountains (95%); Montana, USA (65%); Chile (49%); Portugal (38%); and Spain (17.2%) [50,58–60].
The true level of CPV exposure in the wild-dog population we tested is likely to be higher. However, a
limitation of our study was that we only had access to wild-dog cadaver tissue, and blood for serological
testing was not available. Serological testing is able to detect prior CPV exposure in individuals, with
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high sensitivity, due to long-lasting seropositivity following natural infection [6], whereas PCR is very
sensitive to detect CPV DNA, but successful amplification depends on the availability of infected
monocytes being present in the sample tissue. The viral loads obtained from six of the eight positive
samples were similar to the range reported in samples collected from lymph nodes of clinically affected
FPV-positive cats [30], suggesting that these six dogs were undergoing active CPV infections, while the
remaining two were latently infected. Given that the epidemiological features of CPV include fecal
shedding in high viral loads, environmental persistence and a high degree of contagiousness, it is likely
that a larger proportion of wild dogs are exposed than are reflected in our results. The ongoing culling
programs from which our samples were sourced, and the resulting reduction of wild-dog population
size, may have also reduced the transmission of CPV in these populations. Serological testing of wild
dogs throughout Australia is therefore warranted to determine whether actual CPV prevalence is in
fact higher than our findings reflect.

5. Conclusions

The detection of CPV in this small population of peri-urban wild dogs suggests that parvoviral
infection might be widespread among sympatric populations of wild and owned dogs in Australia.
The finding of related strains of CPV in wild and owned dogs in Australia suggests that viral transmission
might be occurring between these two populations, although the directionality is uncertain. It is
possible that wild dogs could be responsible for some outbreaks of disease among domestic-dog
populations, particularly at the urban fringe, or that infection from domestic-dog populations can
spill over to wild dogs. Further research is warranted to definitively determine if CPV transmission is
occurring between these populations.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/6/663/s1.
Table S1: Amino acid substitutions in the VP2 region of strains of canine parvovirus (CPV) detected from tongue
tissue of wild-dog cadavers from Northern New South Wales and South East Queensland, Australia (2013 to 2014),
and in feces from dogs with confirmed parvoviral enteritis (2015 to 2019), compared to reference strains of CPV
and feline parvovirus (FPV).
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Abstract: Canine parvovirus (CPV-2) is the causative agent of haemorrhagic gastroenteritis in canids.
Three antigenic variants—CPV-2a, CPV-2b and CPV-2c—have been described, which are determined
by variations at residue 426 of the VP2 capsid protein. In Colombia, the CPV-2a and CPV-2b antigenic
variants have previously been reported through partial VP2 sequencing. Mutations at residues
Asn428Asp and Ala514Ser of variant CPV-2a were detected, implying the appearance of a possible
new CPV-2a variant in Colombia. The purpose of the present study was to characterise the full
VP2 capsid protein in samples from Antioquia, Colombia. We conducted a cross-sectional study
with 56 stool samples from dogs showing clinical symptoms of parvoviral disease. Following DNA
extraction from the samples, VP2 amplification was performed using PCR and positive samples
were sequenced. Sequence and phylogenetic analyses were performed by comparison with the VP2
gene sequences of the different CPV-2 worldwide. VP2 was amplified in 51.8% of the analysed
samples. Sequencing and sequence alignment showed that 93.1% of the amplified samples belonged
to the new CPV-2a antigenic variant previously. Analysing the amino acid sequences revealed that
all CPV-2a contain Ala297Asn mutations, which are related to the South America I clade, and the
Ala514Ser mutation, which allows characterization as a new CPV-2a sub-variant. The Colombian
CPV-2b variant presented Phe267Tyr, Tyr324Ile and Thr440Ala, which are related to the Asia-I clade
variants. The CPV-2c was not detected in the samples. In conclusion, two antigenic CPV-2 variants of
two geographically distant origins are circulating in Colombia. It is crucial to continue characterising
CPV-2 to elucidate the molecular dynamics of the virus and to detect new CPV-2 variants that could
be becoming highly prevalent in the region.

Keywords: antigenicity; sequencing; virus

1. Introduction

One of the main infectious agents that affect the canine population is the canine parvovirus type 2
(CPV-2), which causes acute haemorrhagic diarrhoea, primarily in puppies [1]. CPV-2 is a single-stranded
DNA virus that belongs to the genus Protoparvovirus [2], with a genome of approximately 5200 nucleotides
that contain two open reading frames (ORFs). The ORF 3′ codes for non-structural proteins NS1 and
NS2 are important in controlling viral replication and assembly. The ORF 5′ codes for structural proteins
are termed viral protein 1 (VP1) and 2 (VP2). VP2 is the major component of the viral capsid, which has
an icosahedral structure of 60 subunits with a T = 1 symmetry, comprising approximately 4–5 copies of
VP1 and 54–55 copies of VP2 [3].

VP2 subunits interact with transferrin receptors (TfRs) present on the outer surface of the cell
membrane [4]. Subsequently, the absorption to the host cell is facilitated by clathrin-mediated
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endocytosis [5]. The VP2 capsid protein plays a crucial role because its mutations determine the
antigenic changes that originate in the different antigenic CPV-2 variants [4].

It is believed that CPV-2 is derived from the feline panleukopenia virus (FPLV) [6], where specific
mutations at Lys80Arg, Lys93Asn, Val103Ala, Asp323Asn, Asn564Ser and Ala568Gly capsid protein
VP2 residues facilitated a change of host, thereby allowing the virus to infect canines and losing the
ability to infect felines [7,8]. These mutations originated in the CPV-2 variant, firstly reported in the
1970s, and spread to countries in Europe, America, Asia and Oceania by 1978 [6].

By 1982, CPV-2 was replaced by a variant of the virus that genetically and antigenically differed [9].
This variant was called CPV-2a and differs from CPV-2 in 6 amino acids: Met87Leu, Ile101Thr,
Ser297Ala, Ala300Gly, Asp305Tyr and Val555Ile residues [10].

Residue 426 of VP2 is located in the outermost part of the threefold axis, where 3 VP2 subunits
converge. It is the site of greatest antigenicity of the virus [11]; therefore, the amino acid variation
causing the antigenic changes that led to the origin of the CPV-2b antigenic variants (Asn426Asp) was
reported in 1984 [10] and that for CPV-2c (Asp426Glu) was reported in Italy in 2001 [12]. Unlike CPV-2,
CPV-2a, CPV-2b and CPV-2c variants infect canines as well as regaining the ability to infect felines and
other wild carnivores [8,13]

In 2017, the antigenic CPV-2a and CPV-2b variants were reported via the study of a partial region
of VP2 in Colombia [14]. The CPV-2c variant was not detected in Colombia, despite being the most
prevalent antigenic variant in South America [15] and despite Colombia sharing borders with countries
such as Peru, Ecuador and Brazil, where the variant has previously been reported [16]. Additionally,
two mutations were observed in the Colombian CPV-2a variants (Asn428Asp and Ala514Ser) that
suggest the emergence of a new CPV-2a variant unique in Colombia [14].

The aim of the present study was to characterise the coding region of the entire VP2 capsid protein
of the circulating parvovirus variants in Antioquia (north-western Colombia) for determining the total
amino acid variations in VP2 and to obtain information regarding the molecular evolution of the CPV-2
in Colombia.

2. Materials and Methods

2.1. Patient Selection and Sampling

A cross-sectional study was conducted with a convenience sampling of canine patients attending
different veterinary clinics of the department of Antioquia and reporting clinical symptoms compatible
with canine parvovirus, such as: haemorrhagic diarrhoea, dehydration, vomiting, loss of appetite
and weakness. The samples were collected from February 2018 to March 2019. Gender, breed, age,
and vaccination status of each patient was registered. No previous confirmation nor positive faecal
antigen ELISA were required for any patient. Diagnosis was based on typical clinical signs. Faecal
samples of each animal were collected (approximately 5 g) and stored under freezing conditions
(−80 ◦C) until further use; prior authorisation was obtained from the owner of the animals that met the
inclusion criteria. This study was approved by the Bioethics Committee of the Universidad Cooperativa
de Colombia (project INV1473–bioethics Acta 002-2016). An informed consent was obtained from
all owners.

2.2. DNA Extraction and Quantification

Viral DNA extraction from the collected stool samples was performed using QIAamp DNA fast
stool mini kit (Qiagen®, Hilden, Germany), in accordance with the manufacturer’s instructions. DNA
obtained was quantified using 1 μL of the product with NanoDrop 2000 (Thermo Fisher Scientific®,
Waltham, MA, USA).
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2.3. VP2 Amplification Using PCR

To identify CPV-2-positive samples, PCR amplification of VP2 was conducted using the conventional
method. For each PCR reaction, 25 μL of DreamTaqTM PCR Master Mix (2×) (Thermo Fisher Scientific®)
was used, with 4 μL of the Forward Ext1F primer (5′-ATGAGTGATGGAGCAGTTCA-3′) and 4 μL
of the Ext3R Reverse primer (5′-AGGTGCTAGTTGAGATTTTTCATATAC-3′) described by [17] and
17 μL of a mixture of DNA and molecular grade water, reaching an amount of 500 ng DNA for each
reaction. Molecular grade water was used as a negative control for amplifications. PCR protocol used
was as follows: an initial denaturation cycle at 94 ◦C for 5 min, 35 denaturation cycles at 94 ◦C for 30 s,
alignment at 50 ◦C for 45 s, extension at 72 ◦C for 1 min and a final extension cycle at 72 ◦C for 5 min.

PCR amplification results were visualised using 1.5% horizontal agarose gel electrophoresis. Gels
were stained with the Invitrogen™ SYBR®Safe DNA Gel Stain (Thermo Fisher Scientific®). In each
well, 4.2 μL of each sample obtained after amplification and 0.8 μL of the 6× DNA loading buffer
were used, and the GeneRuler™ 100-bp DNA Plus Ladder (Thermo Fisher Scientific®) was used as
a molecular weight marker. Gels were developed in the ultraviolet light Gel Doc™ XR+ imaging
system (Bio-Rad, Molecular imager®, USA) and were visualised using ImageLab™ software.

2.4. Sequencing and Sequence Analysis

Samples positive for VP2 amplification after electrophoresis visualisation were purified and sequenced
at Macrogen Inc. (Seoul, Korea) using Forward Ext1F and Reverse Ext 3R primers, along with a set of internal
sequencing primers to amplify the entire VP2 [18]—F1: 5′-AGATAGTAATAATACTATGCCATTT-3′,
F2: 5′-ACAGGAGAAACACCTGAGAGATTTA-3′, R1: 5′-TGGTTGGTTTCCATGGATA-3′, and R2:
5′-TTTTGAATCCAATCTCCTTCTGGAT-3′. The resulting electropherograms from the sequencing were
analysed using Chormas™ v. 2.6 software. Contig generation, resulting from the overlapping of the
sequences amplified by the primers, was performed on the SeqMan Pro platform with Lasergene™. After
constructing the complete nucleotide sequences for each sample, alignment was performed using the
ClustalW method, following which these sequences were compared with the DNA sequences of CPV-2a,
CPV-2b and CPV-2c obtained from GenBank. All analyses were performed in the MEGA™ 7.0 software
for Windows®.

2.5. Phylogenetic Analysis

For the phylogenetic analysis, we calculated the best nucleotide substitution model for the
dataset generated with the sequences of FPLV, CPV-2, CPV-2a, CPV-2b and CPV-2c obtained from
GenBank. Phylogenetic analysis was inferred using distance-based (neighbor-joining) and character
based (maximum likelihood—Bayesian) approaches implemented in MEGA™ 7.0 and Mr Bayes™
software for Windows®. The nucleotide replacement model selected was Tamura-3 parameter with
Gamma distributed rate and invariant sites (T92+G+I) and then the Markov chain Monte Carlo
(MCMC) Bayesian analysis. We ran the MCMC searches for 1,000,000 generations. The TRACER™
v1.7.1 software was used to confirm all the parameters generated in the Bayesian analysis. The effective
sample size was up to 200. The FigTree v1.4.3 software was used to display the consensus phylogenetic
tree generated after Bayesian analysis.

2.6. Evolutionary Analysis

The construction of the phylogenetic evolutionary tree required the generation of a dataset
containing the sequences obtained from GenBank and the Colombian CPV-2a and CPV-2b samples.
The evolutionary rates, time to the most recent common ancestor (tMRCA) and geographic movements
of CPV-2 were performed using the BEAST v1.8.4 software package. The phylogenetic evolutionary
tree was generated according to the Hasegawa, Kishino and Yano nucleotide substitution model +
gamma distribution + invariable sites (HKY + G + I) and a strict molecular clock. The Bayesian
stochastic search variable selection was used to determine links between sequences. The length of
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the Markov chain Monte Carlo chain was 15 million. All parameters generated in the analysis were
confirmed by verifying the effective sample size of >200 using the TRACER v1.7.1 software. With
TreeAnnotator v1.8.4 software, 10% of the steps (1.5 million burn-in) were eliminated to obtain the tree
with the most credible clades. FigTree v1.4.3 software was used to display the generated tree.

2.7. Structural Analysis

The VP2 tertiary structure construction and surface analysis was performed using the sequences
of sample 1 (CPV-2a) and sample 50 (CPV-2b) as references. Homology modeling of the CPV-2a
and CPV-2b sequences under study was generated using MODELLER software based on PDB: 1C8D
structure. The three-dimensional models of the VP2 tertiary structure were created using the PyMOL™
software. VP2 surface analysis was performed using the RIVEM (Radial Interpretation of Viral
Electron density Maps) software that facilitates the generation of a ‘road map’ of the viral surface and
determination of the locations of the amino acids that constitute the analysed structure [19].

2.8. Analysis of Selection Pressure

The relationship of non-synonymous (dN) to synonymous (dS) substitutions was calculated using
ML phylogenetic reconstruction and the general reversible nucleotide substitution model available
through the web program Datamonkey. To detect non-neutral selection, the Fast, Unconstrained
Bayesian AppRoximation (FUBAR) was implemented in the Datamonkey program. The values
dN/dS > 1, dN/dS = 1, and dN/dS <1 were used to define positive selection (adaptive molecular
evolution), neutral mutations, and negative selection (purification selection), respectively. Also,
we implemented FEL (Fixed Effects Likelihood) which uses a ML approach to infer nonsynonymous
(dN) and synonymous (dS) substitution rates on a per-site basis for a given coding alignment and
corresponding phylogeny and permits the identification of positive selection at specific sites along
particular clades.

2.9. Statistical Analyses

A descriptive analysis of the collected data was performed representing the qualitative and
quantitative variables in tables and graphs.

3. Results

For this study, a total of 56 faecal matter samples were collected from dogs that presented
clinical symptoms compatible with canine parvovirus, from different veterinary centres located in the
department of Antioquia, Colombia.

PCR amplification of VP2 showed that a total of 29 samples (51.8%) were CPV-2-positive. Of these
samples, a total of 41.4% (n = 12) belonged to females and 58.6% (n = 17) to males. Approximately
55.1% of the positive samples belonged to mixed-breed animals. According to the data provided at the
time of sample collection, when visiting the veterinary centres with symptoms compatible with those
of parvovirus infection, 20.7% (n = 6) of the animals had undergone a complete vaccination schedule as
required by age, whereas 44.8% (n = 13) did not comply with the vaccination schedule. The remaining
34.5% (n = 10) of the animals presented incomplete vaccination schedules (Table 1).

Table 1. Information on Canine Parvovirus (CPV-2)-positive samples included in the present study.

Sample Variant Age Sex Race Vaccination

1 CPV-2a 4 months Male Mixed-breed Without vaccination
5 CPV-2a 3 months Female French Bull Dog Incomplete
7 CPV-2a 1 month Female Mixed-breed Without vaccination
17 CPV-2a 3 months Female Golden Retriever Incomplete
19 CPV-2a 2 months Female French Bulldog Incomplete
20 CPV-2a 2 months Female French Bulldog Incomplete
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Table 1. Cont.

Sample Variant Age Sex Race Vaccination

21 CPV-2a 2 months Male French Bulldog Incomplete
24 CPV-2a 2 months Female Beagle Without vaccination
26 CPV-2a 3 months Female Mixed-breed Without vaccination
29 CPV-2a 2 months Male Mixed-breed Without vaccination
32 CPV-2a 9 months Female Pinscher Without vaccination
33 CPV-2a 2 months Male Cocker Spaniel Incomplete
36 CPV-2a 2 months Male Siberian Husky Without vaccination
37 CPV-2a 7 months Male Mixed-breed Incomplete
38 CPV-2a 6 months Male Cocker Spaniel Complete
40 CPV-2a 4 months Female Mixed-breed Incomplete
41 CPV-2a 4 months Female Mixed-breed Incomplete
43 CPV-2a 9 months Male Mixed-breed Incomplete
44 CPV-2a 3 months Male French Bulldog Incomplete
45 CPV-2a 12 months Female Mixed-breed Without vaccination
47 CPV-2a 7 months Male Mixed-breed Without vaccination
48 CPV-2a 6 months Male Mixed-breed Complete
50 CPV-2b 9 months Male Mixed-breed Incomplete
51 CPV-2a 2 months Male Mixed-breed Without vaccination
52 CPV-2a 2 months Female Mixed-breed Incomplete
53 CPV-2a 4 months Male Mixed-breed Without vaccination
54 CPV-2a 24 months Male Mixed-breed Without vaccination
55 CPV-2b 3 months Male German Shepherd Without vaccination
56 CPV-2a 7 months Male Shih Tzu Incomplete

According to age distribution, 15 positive samples (51.7%) belonged to animals aged 1–3 months,
which was the most prevalent age group for the virus, whereas only 1 sample (3.4%) belonged to
an animal aged >1 year (Figure 1).

Figure 1. Distribution of CPV-2-positive samples by animal’s age (in months).

3.1. Sequence Analysis

An almost full sequence of 1711 nucleotides of the VP2 gene was achieved. Sequencing analysis
showed that the antigenic variants present in the study are CPV-2a and CPV-2b. The CPV-2a variant
(Asn426) was present in 27 from the positive samples (93.1%) and was the most prevalent variant in
the study, whereas the CPV-2b variant (Asp426) was detected in two samples (6.9%). No evidence was
obtained regarding the presence of the CPV-2c variant (Glu426) in any sample (Table 1).

Sequence analysis revealed specific mutations with respect to the reference sequences of CPV-2a,
CPV-2b and CPV-2c obtained from GenBank. The Colombian CPV-2a variants showed mutations at

191



Viruses 2020, 12, 500

the amino acid residues Ala297Asn, Tyr324Ile and Ala514Ser, with the latter being reported for the
first time in Colombia in 2017 [14]. Regarding the CPV-2b variants in the present study, the amino
acid variations detected were Phe267Tyr and Thr440Ala. Similar to the CPV-2a variants, the CPV-2b
sequenced from the sampling showed the Tyr324Ile mutation; however, a single Ala514Ser mutation
was not detected in these samples (Table 2).

Table 2. Amino acid variations in the samples identified as CPV-2a and CPV-2b in relation to reference
variants (in bold).

Sample Variant
Amino Acid Position

267 297 324 426 440 514

MF177231 CPV-2a F A Y N T A
EU659119 CPV-2b F A Y D T A
MF177238 CPV-2c F A Y E T A

1 CPV-2a F N I N T S
5 CPV-2a F N I N T S
7 CPV-2a F N I N T S
17 CPV-2a F N I N T S
19 CPV-2a F N I N T S
20 CPV-2a F N I N T S
21 CPV-2a F N I N T S
24 CPV-2a F N I N T S
26 CPV-2a F N I N T S
29 CPV-2a F N I N T S
32 CPV-2a F N I N T S
33 CPV-2a F N I N T S
36 CPV-2a F N I N T S
37 CPV-2a F N I N T S
38 CPV-2a F N I N T S
40 CPV-2a F N I N T S
41 CPV-2a F N I N T S
43 CPV-2a F N I N T S
44 CPV-2a F N I N T S
45 CPV-2a F N I N T S
47 CPV-2a F N I N T S
48 CPV-2a F N I N T S
50 CPV-2b Y A I D A A
51 CPV-2a F N I N T S
52 CPV-2a F N I N T S
53 CPV-2a F N I N T S
54 CPV-2a F N I N T S
55 CPV-2b Y A I D A A
56 CPV-2a F N I N T S

3.2. Phylogenetic Analysis

The phylogenetic relationships based on the nucleotide alignment of VP2 Sequences inferred by
distance (neighbor joining) and character approaches (maximum likelihood and Bayesian inference)
resulted in trees with a similar topology. The phylogenetic tree generated by Bayesian inference
included the CPV-2 positive samples representing the antigenic variants detected in the study (CPV-2a
and CPV-2b). GenBank accession numbers for Colombian nucleotide sequences are: MT152347 to
MT152375. Additionally, these samples exhibited differences in the pairwise distances. Representative
samples of FLPV, CPV-2, CPV2a, CPV-2b and CPV-2c from different countries reported in GenBank
were used for phylogenetic evolutionary tree construction. The Colombian CPV-2a antigenic variant
constituted a monophyletic clade that substantially differs from the European CPV-2a antigenic variants
as well as from Uruguayan variants and only shared distribution with an Ecuadorian CPV-2a variant
(MG264075). The two samples of the study from the antigenic CPV-2b variant were located within
a clade that includes the Uruguayan CPV-2a variants and Asian CPV-2b variants (Figure 2).
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In 2017, by using partial VP-2 sequences, the presence of “new” CPV-2 variants in Colombia was
shown [14]. To confirm this, we performed maximum likelihood phylogenetic analysis using VP-2
partial sequences, including those that showed the change Ala514Ser in CPV-2a and the sequences
belonging to CPV-2b (Supplementary Figure S1). The analysis reveals that the CPV-2a variants of
both studies have strong similar sequences. The CPV-2a sequences from 2017 and current analysis
showed minor nucleotide differences; however, they turn out to be synonymous variations that do not
represent amino acid changes, and for this reason they are all in the same clade. Regarding the CPV-2b
sequences, it can also be seen that they are very similar and are located in a single well differentiated
clade. Clade 2b sequences show variations at the amino acid level. CPV-2b 2019 sequences (M50
and M55) are located on a separate branch. This subdivision is due to the fact that only the CPV-2b
2019 sequences present the Thr440Ala mutation, one of the mutations reported in the present work
(Supplementary Figure S1).

3.3. Evolutionary Analysis

For the evolutionary analysis, the same sequences of samples used in the phylogenetic analysis
and a dataset of the sequences of CPV-2a, CPV-2b and CPV-2c variants from different countries were
used. The estimated tMRCA for the phylogenetic evolutionary tree was generated 40 years ago
(1979), based on the most recent analysed sequence (2019), with a 95% highest probability density
and a range of 38–44 years. The analysis revealed that the Colombian CPV-2a and CPV-2b variants
have their common ancestor in sequences in Italy (Figure 3), from which a branch was identified that
originated a clade with South American sequences (Uruguay, Argentina and Brazil) derived ca.1990;
the Colombian CPV-2a variant is located in this clade. Another branch deriving from the sequences
from Italy originated a clade with sequences from Asia (China and India) and Uruguay around 1994,
and the CPV-2b variant is located in this clade.
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3.4. Structural Analysis

The three-dimensional reconstruction of the VP2 tertiary structure reveals the spatial location of the
mutations detected by sequencing for the Colombian CPV-2a and CPV-2b variants. The CPV-2a variant
exhibited the Ala297Asn, Tyr324Ile and Ala514Ser mutations, with all mutations being detected in the
exposed VP2 regions. The amino acids 297Asn and 324Ile were located in the loop 3, whereas 514Ser
was located in a less prominent region. The mutations found in the Colombian CPV-2a sequences are
located at the region that divides the barrel and the depression of the 2-fold axis, an important site
for the interaction between VP2 and the TfR receptor. The CPV-2b variant exhibited the Phe267Tyr,
Tyr324Ile and Thr440Ala mutations. In the three-dimensional VP2 reconstruction, 267Tyr has been
found to be located in an unexposed area in the internal structure of the protein. By contrast, 324Ile
and 440Ala were detected in more prominent regions of the protein (Supplementary Figure S2).

3.5. Sites under Positive Selection

The positive selection sites were evaluated using the FUBAR and FEL methods. In CPV-2a variant,
we found two sites under positive selection: 297 and 324 with a posterior probability of 0.9 and a Bayes
factor of 48.8 and 39.4, respectively. In CPV-2b variant we found two positive selection sites 324 and
440 with a posterior probability of 0.9 and a Bayes factor of 39.4 and 53.9, respectively. As previously
reported, both variants showed that the 426 amino acid also had a positive selection (Supplementary
Table S1). By FEL, we also analysed the positive selection between clades and we found that Ala514Ser
in the Colombian new CPV-2a had strong positive selection (p = 0.033).

4. Discussion

Despite the wide distribution of vaccination strategies for CPV-2 and the knowledge obtained
from its evolution, CPV-2 remains a viral pathogen that has the greatest of impacts on animal health [20].
In our study, 51.7% of the samples were CPV-2-positive demonstrating that canine parvovirus is the
causative agent for most cases of haemorrhagic gastroenteritis in canines [21]. The new CPV-2a variant
was detected in 93.1% of the samples, indicating that this new CPV-2a variant previously reported [14]
has gradually become the most prevalent virus in Colombia and this site is under positive selection.

Although the youngest animals—aged between 1 and 3 months—represent the population most
affected by CPV-2 infection, consistent with the usual presentation of this infection [21], the animal
population aged between 7 and 12 months showed a high rate of CPV-2-positive cases. However,
animals belonging to the group of mature puppies (aged 7–12 months) showed an incomplete
vaccination schedule or absence of any vaccination history (Table 1), rendering them susceptible to
CPV-2 because they lack acquired immunity. Only one animal in the sample was aged >12 months;
however, this animal had no vaccination history. Despite this unconventional finding, this serves as
a starting point to demonstrate the importance and infectious potential of CPV-2 in immunologically
mature animals, even in animals that have received a complete vaccination schedule, indicating that
the mutational ability of the virus can result in immune response evasion [22].

Amino acid sequence analysis revealed important changes in the Colombian CPV-2b (Table 2).
The Phe267Tyr change has been reported since the early 2000s in Asian CPV-2b variants [23] and
in the Uruguayan CPV-2a antigenic variant [24]. Since its detection, this mutation has consistently
appeared in the sequences reported in different studies and has become predominant in the CPV-2
population since 2014, suggesting that this mutation has a positive selection. Although this amino acid
was not detected in an exposed area of antigenic change site, the fixation of this mutation reflects an
evolutionary advantage for CPV-2 that has not yet been elucidated [6,15].

The Tyr324Ile mutation observed in our CPV-2b variant (Table 2) could be related to the ability of
the virus to infect different hosts. The residue 324 is adjacent to the residue 323 and, in combination
with the amino acid residue 93 of VP2, these residues reportedly exert effects on the host change of
the CPV-2 because they are involved in the binding of the virus with TfR [4,25,26]. This amino acid is
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found in the loop 3 [15], a moderately exposed VP2 region, which is a part of the ‘shoulder’ of the
structure that forms the threefold axis, a site of greater antigenic importance [11]. This mutation was
first reported in Asia [27,28], and similar to residue 267, there exists a relationship with Uruguayan
variants [24], where this mutation has been reported.

Another mutation observed in our samples regarding the reference variants was Thr440Ala
(Table 2). This residue is found in the loop 4 in the most prominent region of the viral capsid—the
threefold axis [29]. Therefore, mutations in this region could greatly impact antigenic changes that have
implications on the host immune response [24]. Considering that this mutation has undergone a strong
positive selection, identifying this mutation in different populations is possible as they underwent an
independent evolution [30]. This mutation was first reported in 1993, and it has consistently occurred
in the viral populations of CPV-2 since 2005 [15].

It is evident that our findings regarding the Colombian CPV-2b variant are related to the Uruguayan
CPV-2a variant. In both cases, these mutations are observed in the same amino acid residues (267, 324
and 440), although they differ in 426. According to the phylogenetic analysis, both the Colombian
CPV-2b and Uruguayan CPV-2a variants are present in the same clade as the Asian CPV-2b variants
(Figure 2). Based on the study by Grecco et al. [16], the Uruguayan CPV-2a variant originated from the
Asian variants, and they named this group the Asia I clade. This clade originated in Asia in the late 80s
and arrived in South America between 2009 and 2010, when the dissemination of a divergent CPV-2a
variant was reported in Uruguay, where the predominant population at that time was CPV-2c [24].

In the phylogenetic evolutionary analysis (Figure 3), the Colombian CPV-2b variant, although
appearing in the same clade as the Uruguayan CPV-2a variant, has a direct relationship with the Chinese
variants rather than with the Uruguayan ones. This is possibly attributable to the Uruguayan variants
being CPV-2a, whereas in Asia, CPV-2b variants have been reported to have the same mutations as the
Colombian CPV-2b sequences [31]. This relationship with the Asiatic variants has been well described
recently in Italy, where a case of transcontinental spread of CPV-2c variant was identified with mutation
Tyr324Ile and Phe267Tyr characteristically from Asiatic variants [32]. Further, in recent years a local
spread of Asiatic-like CPV-2c variant in Italy has been reported [33]. Just as in Uruguay, this spread in
Italy demonstrates the intercontinental dissemination of Asiatic CPV-2 variants being able to reach
Colombia in a similar way. Structural analysis of CPV-2b has shown that the 440Ala mutation is located
in a zone of antibody neutralization. Similarly, it is contiguous to the capsid interaction domain with
the TfR cell receptor [34].

Regarding the Colombian CPV-2a, an Ala297Asn mutation was shown that has been reported
in South American countries, such as Brazil, Uruguay and Argentina [16]. Residue 297 is located at
medium exposure zone in the structure of the viral capsid [11] at a site of lower antigenicity and is not
located in the most prominent place in the structure [6]. The Colombian CPV-2a-positive and CPV-2b
samples contain the Tyr324Ile mutation in the present study, indicating that equivalent changes can
occur in different antigenic variants.

The amino acid residue 514 showed the Ala → Ser mutation, which was first reported in
Colombia [14] in CPV-2a variants and occurred in 66% of the samples evaluated. However, in our
study, 100% of the samples belonging to the new antigenic CPV-2a variant were reported. Surface
structure analysis of the virus revealed the spatial position of these mutations. Amino acids 297, 324
and 514 are located in a central region of VP2 (between the depression of the two-fold axis and the
canyon). This area is critical for the interaction between the virus and the TfR receptor. The mutations
in 297 and 324 are immediately adjacent to the region determined for the coupling of the receptor on
the surface of the virus [35]. The mutation in 514 is distant from the virus-receptor interaction zone
(Supplementary Figure S2); however, it is located at the antibody neutralization areas [34]. It is possible
that these mutations favour the union between the virus with TfR receptor or may represent a change
in the structure of VP2 that allows avoidance of neutralization by antibodies (514Ser) which, added
to the fact of being under positive selection, can help explain the reason for this mutation becoming
predominant in Antioquia by replacing the viruses that lack these mutations. Interestingly, these same
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mutations have been reported in Ecuador [36] in a single sample belonging to the CPV-2a antigenic
variant, which is closely related to the Colombian CPV-2a variant, highlighting the need to continue
the genotypic surveillance of CPV-2 variants circulating in the region due to the possible appearance of
new genotypic variants with different possible pathogenic or antigenic potentials.

In agreement with these amino acid variations in the CPV-2a variants of the present study and
based on phylogenetic analysis, it is possible that both the Colombian and Ecuadorian CPV-2a samples
belong to the clade called South America I. This clade has the peculiarity of containing both South
American CPV-2a and CPV-2b variants with the Ala297Asn mutation [16]. The phylogenetic tree
presented in Figure 2 shows a well differentiated large clade where all our CPV-2a samples are grouped
along with the Ecuadorian CPV-2a. These samples share an identical amino acid sequence, although
they differ in some nucleotide level changes that are synonymous variations.

Similarly, in our phylogenetic evolutionary tree construction, Brazilian CPV-2b variants, which
contains the Ala297Asn mutation and is present within the clade known as South America I, are most
closely related to CPV-2a variants. Although the mutation in 297 groups our CPV-2a variants with
variants belonging to the South America I clade, the unique mutations in 324 and 514 differentiate our
samples from the others belonging to this clade. This suggests that the Colombian CPV-2 sequences
configure a Colombian CPV-2a sub-variant within the CPV-2a variants belonging to the South American
clade I, as postulated by Duque-García et al. [14].

To understand the evolutionary importance of the mutations found in CPV-2a and CPV-2b variants,
an analysis was performed to determine the positive selection sites (Supplementary Table S1). Our
results confirmed for CPV-2b, that sites 324 and 440 have a strong positive selection, as previously
reported in Asian CPV-2 variants [37,38], which are related to the Colombian CPV-2b variant. In the
case of CPV-2a, the positive selection sites were 297 and 324. Both sites are adjacent to the virus-receptor
interaction domain [34], which demonstrates the importance of these residues in the evolutionary
adaptation of the virus and therefore how these mutations have been established in viral populations.
Also, by FEL analysis we confirmed that 514Ser in Colombian CPV-2a have strong positive selection,
highlighting the importance of our results and the need for active genomic surveillance programs that
help to early detect new CPV-2 variants that could be becoming highly prevalent in the region.

According to the phylogenetic analyses performed in the present study, it can be inferred that
there are two antigenic variants (CPV-2a and CPV-2b) with different origins currently circulating
in Antioquia, Colombia. However, the Colombian CPV-2a variants contain the Tyr324Ile mutation,
which is characteristic of the variants belonging to the Asia I clade [16]. To clarify the relationship and
origin of the two variants found in Colombia, the phylogenetic evolutionary analysis was performed.
Our analysis revealed that two variants have different origins or present specific differential mutations
while sharing a common origin.

The phylogenetic evolutionary analysis revealed that the Colombian CPV-2b variant shows a direct
relationship with Asian variants that comprise the Asia I clade. This clade arrives in South America,
initially in Uruguay in 2009, followed by Colombia in 2012. According to these results, the CPV-2b
variant in Antioquia arrived in Colombia in a manner similar to that in Uruguay, i.e., it arrived directly
from Asia and not as a migratory process within the continent from Uruguay to Colombia (Figure 3).
On the contrary, the Colombian CPV-2a variant was related to variants of the South American clade I,
which originated from the European variants that subsequently underwent evolutionary and migratory
processes into the interior of the continent to finally configure a clade with characteristics of variants
present only in South America [16]. According to the evolutionary analysis, the CPV-2a variant arrived
in Colombia between 2005 and 2006.

As previously reported [16], our evolutionary analysis shows that the most ancestral sequences of
CPV-2 are the viral sequences reported in the United States at the end of the 1970s. The subsequent
arrive of CPV-2 to Europe can be observed, mainly represented by Italian sequences, which give rise to
the clade South America-I, in which the Colombian CPV-2a variant is located (Figure 3). Additionally,
the Colombian CPV-2b variant iw related to variants of Asian origin, in a similar way to the Uruguayan
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variants. The evolutionary rate in VP-2 was shown to be similar to that reported by others [16].
However, the resulting trees diverge in their topology without modifying the common ancestry of the
clades. These differences in topology in comparison to previously published results may be due to the
addition of new and updated sequences to the dataset. It is clear that variations in spatiotemporal
sampling added different bias to the analysis, as has been previously reported [39].

Both the CPV-2a and the CPV-2b variant found in our study present the 324Ile mutation (Table 2;
Supplementary Figure S2). This change has been previously reported in cats infected with CPV-2a [38],
evidencing that it is an important amino acid in determining host range. Additionally, it has been
recently shown that this amino acid residue is close to the virus-receptor interaction domain and that
few structural changes are required in CPV-2 to be able to adapt and interact with TfR receptors from
different species [34]. This result supports the fact that this mutation has a strong positive selection
and is present in all our samples (CPV-2a and CPV-2b). It is possible that other carnivorous species
different to canines could be involved in determining the changes in VP2 supporting the adaptation of
the virus to carry out an efficient replicative cycle.

5. Conclusions

The antigenic variants, CPV-2a and CPV-2b, circulating in Antioquia, Colombia, originated in
the South America I clade and Asia I clade, respectively. The mutations detected in CPV-2a variant
have gradually undergone positive selection that appears to favour the virus–receptor interaction,
rendering this Colombian CPV-2a sub-variant the most predominant in the region. The antigenic
implications of the 440Ala mutation in CPV-2b and those related to the virus–receptor interaction
should be elucidated in future investigations, with special emphasis on the proximity to sites of
virus-receptor and virus-antibody interactions; results that will allow us to understand the functional
impact of these genomic changes on the biology, immunology and pathogenesis of CPV-2.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/5/500/s1,
Supplementary Figure S1. Partial VP-2 Maximum likelihood phylogenetic analysis of Colombian CPV-2 sequences
(Bootstrap 1000—Tamura 3 parameter model). Current sequences denote as Colombia 2019. Supplementary
Figure S2. Three-dimensional reconstruction and structural analysis of the VP2 surface of the Colombian
CPV-2a and CPV-2b variants. Supplementary Table S1. Sites under positive selection in Colombian CPV-2a and
CPV-2b variants.
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Abstract: To date, there is a dearth of information on canine parvovirus-2 (CPV-2) from the Caribbean
region. During August–October 2020, the veterinary clinic on the Caribbean island of Nevis reported
64 household dogs with CPV-2-like clinical signs (hemorrhagic/non-hemorrhagic diarrhea and
vomiting), of which 27 animals died. Rectal swabs/fecal samples were obtained from 43 dogs. A
total of 39 of the 43 dogs tested positive for CPV-2 antigen and/or DNA, while 4 samples, negative
for CPV-2 antigen, were not available for PCR. Among the 21 untested dogs, 15 had CPV-2 positive
littermates. Analysis of the complete VP2 sequences of 32 strains identified new CPV-2a (CPV-2a
with Ser297Ala in VP2) as the predominant CPV-2 on Nevis Island. Two nonsynonymous mutations,
one rare (Asp373Asn) and the other uncommon (Ala262Thr), were observed in a few VP2 sequences.
It was intriguing that new CPV-2a was associated with an outbreak of gastroenteritis on Nevis while
found at low frequencies in sporadic cases of diarrhea on the neighboring island of St. Kitts. The
nearly complete CPV-2 genomes (4 CPV-2 strains from St. Kitts and Nevis (SKN)) were reported for
the first time from the Caribbean region. Eleven substitutions were found among the SKN genomes,
which included nine synonymous substitutions, five of which have been rarely reported, and the
two nonsynonymous substitutions. Phylogenetically, the SKN CPV-2 sequences formed a distinct
cluster, with CPV-2b/USA/1998 strains constituting the nearest cluster. Our findings suggested
that new CPV-2a is endemic in the region, with the potential to cause severe outbreaks, warranting
further studies across the Caribbean Islands. Analysis of the SKN CPV-2 genomes corroborated the
hypothesis that recurrent parallel evolution and reversion might play important roles in the evolution
of CPV-2.

Keywords: canine parvovirus; Caribbean region; new CPV-2a; outbreak; endemic; nearly complete
genomes; virus evolution

1. Introduction

Canine parvovirus-2 (CPV-2), members of the genus Protoparvovirus within the family
Parvoviridae, are highly contagious enteric pathogens of household dogs, often causing
fatal hemorrhagic gastroenteritis in puppies [1–4]. Morphologically, CPV-2 are small,
nonenveloped viruses containing a single-stranded, negative-sense DNA genome (~5200 bp
in size) [2,5]. The CPV-2 genome possesses at least two major open reading frames (ORFs),
designated as ORF1 and ORF2. The ORF1 encodes two nonstructural (NS1 and NS2)
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proteins, while ORF2 codes for two structural (VP1 and VP2) proteins, translated through
alternative splicing of the same viral mRNAs [2,5].

The CPV-2 nonstructural proteins have been shown to be crucial for viral replication,
DNA packaging, cytotoxicity, and pathogenesis [6–8]. On the other hand, the structural
proteins form the viral capsid, of which VP2 is the major component [9,10]. The VP2
protein plays important roles in determining host range, tissue tropisms, and virus-host
interactions, and is highly antigenic, forming the basis of the currently licensed CPV-2
vaccines [2,3,11,12]. To date, the majority of the studies on CPV-2 are based on the VP2
encoding gene [2,13,14], while limited information is available on the genetic variations in
the nonstructural genes [15,16].

Based on amino acid (aa) differences in the VP2 protein, CPV-2 strains have been
classified into four major antigenic variants: CPV-2, CPV-2a, CPV-2b, and CPV-2c [2,13,14].
The earliest CPV-2 strains that emerged in dogs during the late 1970s are referred to as the
CPV-2 variant [2,16]. By the end of 1980, CPV-2 was rapidly replaced by a new antigenic
variant, designated as the CPV-2a variant [17,18]. The other CPV-2 variants, CPV-2b and
CPV-2c, were first reported in 1984 and 2000, respectively [19,20].

The antigenic differences between CPV-2a, CPV-2b, and CPV-2c have been attributed
to a single aa mismatch (Asn in CPV-2a, Asp in CPV-2b, and Glu in CPV-2c) at residue 426
of the VP2 protein [2]. However, by phylogenetic analysis of complete/nearly full-length
CPV-2 sequences, the CPV-2a, CPV-2b, and CPV-2c variants lacked clear monophyletic
segregation, and were grouped together into a single ‘CPV-2a clade’, which was distinct
from the cluster of the earliest CPV-2 strains, referred to as the CPV-2 clade [16]. Other
nonsynonymous mutations have also been observed in the CPV-2 variants [2,13,14,16,21].
Notable among these aa changes is the presence of Ser297Ala in VP2 of several CPV-2a and
CPV-2b strains, sometimes referred to as new CPV-2a and new CPV-2b, respectively [13].
Currently, the CPV-2a, CPV-2b, and CPV-2c variants and their mutants, such as new CPV-2a
and new CPV-2b, are circulating worldwide, with different relative frequencies between
countries and between sampling periods [2,13,14,16,21–23].

To date, there is only a single report on the detection and molecular characterization
of CPV-2 from the Caribbean region [24]. During February 2015–August 2016, new CPV-2a
was detected (25/104 dogs tested CPV-2 positive, 20 samples were sequenced) in sporadic
cases of diarrhea in household dogs on St. Kitts Island [24]. In the present study, we
report a molecular investigation of a new CPV-2a associated severe outbreak of canine
gastroenteritis in the Caribbean island of Nevis that resulted in the death of 27 animals.

Since there are no reports on complete CPV-2 genomes from the Caribbean region,
the nearly full-length genomes of 3 CPV-2 strains (representing each of the new CPV-2a
mutants with a nonsynonymous substitution in the VP2 gene) detected during the outbreak
on Nevis and that of a previously reported CPV-2 strain from St. Kitts were analyzed in the
present study.

2. Materials and Methods

2.1. Ethics Statement

The present study was submitted to the Institutional Animal Care and Use Committee
(IACUC) of the Ross University School of Veterinary Medicine (RUSVM), St. Kitts Island.
Ethical review and approval were waived for this study by the RUSVM IACUC as the
research study was based on leftover samples that were collected for diagnostic purposes
at the veterinary clinic on Nevis Island (RUSVM IACUC sample/tissue notification letter
number TSU 1.23.21).

2.2. Sampling

Nevis is a small Caribbean island (total area of 93 km2, human population ~12,000)
located in the lesser Antilles, and together with the neighboring island of St. Kitts, con-
stitutes the twin Federation of St. Kitts and Nevis (https://www.paho.org/, accessed on
19 April 2021) (Figure 1A). Although there are no official records on the canine population
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in Nevis Island, many of the houses keep dogs as pets, with the island mix breed (a cross
between a breed native to the Caribbean Islands and another canine breed) representing
the majority of the domestic dogs.

Figure 1. (A) Geographical location of Nevis Island. (B) Map of Nevis Island showing the locations of the 64 dogs
(highlighted with pins) with canine parvovirus-2-like (CPV-2-like) clinical signs. Red pin, dogs that tested positive for CPV-2
by the SNAP® Parvo Test (IDEXX, Westbrook, ME, USA) and/or PCR; Yellow pin, untested dogs with CPV-2-like clinical
signs that had a CPV-2 positive littermate (by the SNAP® Parvo Test and/or PCR); Blue, untested dogs with CPV-2-like
clinical signs. The pins were inserted into the map using the Map Maker software (Maps.co, Mountain View, CA, USA). The
maps for Figures 1A and 1B were obtained from https://www.cia.gov/library/publications/the-world-factbook (accessed
on 1 April 2021) and https://www.google.com/maps (accessed on 30 March 2021), respectively.

From 1 August 2020 to 17 October 2020, 64 household dogs with CPV-2-like clinical
signs were presented at the veterinary clinic on Nevis Island. A total of 44 rectal swabs/fecal
samples were obtained from 43 of the dogs. One dog was sampled twice (5 September 2020
and 5 November 2020).
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2.3. Screening

The samples were screened for the presence of CPV-2 antigen using the SNAP® Parvo
Test (IDEXX, Westbrook, ME, USA) following the manufacturer’s instructions.

2.4. Amplification of CPV-2 Genome

Viral DNA was extracted using the QIAamp Fast DNA Stool Mini Kit (Qiagen Sciences,
Germantown, MD, USA) according to the manufacturer’s instructions. Primers used for
amplification of the CPV-2 genome and/or obtaining CPV-2 genome sequences were
designed in the present study (Supplementary Material S1). The complete VP2 ORF of CPV-
2 was amplified by two overlapping PCRs, while three additional overlapping PCRs were
employed to amplify the nearly full-length CPV-2 genomes (spanning all the coding regions,
corresponding to nucleotide (nt) 272-nt 4585 of reference CPV-2 strain CPV-N (GenBank
accession number M19296)) (Supplementary Material S1). PCRs were performed using
the Platinum™ Taq DNA Polymerase (Invitrogen™, Thermo Fisher Scientific Corporation,
Waltham, MA, USA) following the instructions provided by the manufacturer. Sterile water
was used as a negative control during the PCR reactions.

2.5. Nucleotide Sequencing

The PCR amplicons were purified using the Wizard® SV Gel and PCR Clean-Up
kit (Promega, Madison, WI, USA) according to the manufacturer’s instructions and se-
quenced in both directions using forward and reverse primers (Supplementary Material S1).
Nucleotide sequences were obtained using the ABI Prism Big Dye Terminator Cycle Se-
quencing Ready Reaction Kit (Applied Biosystems, Foster City, CA, USA) on an ABI 3730XL
Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).

2.6. Sequence Analysis

Putative ORFs encoding the CPV-2 NS1 and VP2 proteins were identified using the
ORF finder (https://www.ncbi.nlm.nih.gov/orffinder/, accessed on 5 April 2021), while
those coding for NS2 and VP1 proteins were determined by alignment of the obtained
CPV-2 nt sequences with published CPV-2 coding sequences. The standard BLASTN
and BLASTP program (Basic Local Alignment Search Tool, www.ncbi.nlm.nih.gov/blast,
accessed on 2 April 2021) was used to perform a homology search for related cognate nt and
deduced aa sequences, respectively. Multiple alignments of nt and deduced aa sequences
were carried out using the CLUSTALW program (version ddbj, http://clustalw.ddbj.nig.ac.
jp/, accessed on 2 April 2021) with default parameters. The nearly complete CPV-2 genome
sequences were examined for recombination events using the RDP4 program with default
parameters, as described previously [16,25]. Briefly, a CPV-2 sequence was identified as a
recombinant if it was supported by two or more detection methods (3Seq, BOOTSCAN,
CHIMERA, GENECONV, MAXCHI, RDP, and SISCAN) with a highest acceptable p-value
of p < 0.01 with Bonferroni’s correction.

A data set (excluding recombinant sequences) of 210 nearly complete CPV-2 sequences
from domestic and wild canids and 6 FPV sequences were created for phylogenetic anal-
ysis, based on those reported in previous studies [16,21]. Phylogenetic analysis was
performed by the maximum likelihood (ML) method using the MEGA7 software [26], with
gamma-distributed rate variation among sites and 1000 bootstrap replicates. Phyloge-
netic trees were constructed using both the Hasegawa-Kishino-Yano (HKY) and general
time-reversible (GTR) substitution models.

2.7. GenBank Accession Numbers

The GenBank accession numbers for the CPV-2 genome sequences determined in
this study are MW595661-MW595693 (complete VP2 ORF sequences) and MW616469-
MW616472 (nearly full-length CPV-2 genome sequences).
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3. Results and Discussion

3.1. Molecular Investigation of CPV-2 Outbreak in Nevis Island

From 1 August 2020 to 17 October 2020, the veterinary clinic on Nevis Island reported
64 household dogs with anorexia, gastroenteritis (with or without blood in feces), lethargy,
and vomiting (CPV-2-like clinical signs). A total of 27 (42.2%) of the dogs died. Based
on case histories, the outbreak of gastroenteritis appeared to have started at Charlestown,
the capital of Nevis, and eventually spread to other parts of the island, with most cases
mapped to the more densely populated western coastal region of the island (Figure 1B).

A total of 43 dogs were tested for CPV-2 antigen using the SNAP® Parvo Test (IDEXX,
Westbrook, ME, USA), of which 32 samples were available for PCR. A total of 39 (90.6%) of
the 43 dogs tested CPV-2 positive by SNAP® Parvo Test (24/43 dogs, 55.8%) and/or PCR
(32/32 dogs, 100%) (Table 1), while 4 samples that were negative for CPV-2 antigen could
not be tested by PCR. Fifteen of the PCR positive dogs tested negative by the SNAP® Parvo
Test (Table 1), which might be attributed to the lower sensitivities of the CPV-2 antigen tests
compared to PCR/qPCR assays, even in dogs with CPV-2-like clinical signs, as reported in
previous studies [2,27]. We did not observe any differences in clinical severity between dogs
that tested negative and positive to the SNAP® Parvo Test. Although samples could not
be obtained from 21 dogs with CPV-2-like clinical signs, 15 of the animals had littermates
that were positive for CPV-2 antigen and/or DNA. Most of the sick dogs were <6 months
of age (89%, 57/64 dogs with CPV-2-like clinical signs) and were either not vaccinated or
received incomplete immunization (did not receive all doses of the vaccine) against CPV-2
(95.3%, 61/64 dogs with CPV-2-like clinical signs), corroborating previous observations
on the increased risk of CPV-2 infection in unvaccinated puppies [2,4]. Since not all the
dogs were tested for CPV-2, and none of the obtained samples were screened for other
enteric pathogens, we could not establish whether CPV-2 was the sole etiological agent in
the outbreak of gastroenteritis on Nevis Island.

In order to determine the CPV-2 variant/s circulating during the outbreak in Nevis,
complete VP2 ORF sequences were obtained from the 32 PCR positive samples. Based
on the presence of 297Ala and 426Asn in the putative VP2 proteins [13], all the CPV-2
strains from Nevis were classified as new CPV-2a (Table 2; Supplementary Material S2). In
a previous study (2015–2016), new CPV-2a was only identified in sporadic cases of diarrhea
on the neighboring island of St. Kitts [24]. These observations suggested that new CPV-2a
is endemic and might be predominant in this part of the world. In South America, new
CPV-2a, or other mutants of CPV-2a (VP2 Ser297Asn, Phe267Tyr, Tyr324Ile, and Thr440Ala)
have been found to coexist with CPV-2b and/or CPV-2c variants at various frequencies,
emerging as the major strain in a few studies [13,21,28–33]. In studies from North (Canada
and USA) and Central (Mexico) Americas, CPV-2b, or CPV-2c was most prevalent, while a
single report from Alaska detected both new CPV-2a and new CPV-2b in an outbreak of
canine gastroenteritis [13,34–37]. Taken together, the molecular epidemiology of CPV-2 in
the Caribbean region appears to differ from those reported in nearby North, Central, and
South American countries, although further studies on the other islands are required to
validate this observation.
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Table 2. Comparison of key amino acid (aa) residues of putative VP2 proteins of canine parvovirus-2 (CPV-2) strains
detected on Nevis Island with those of other CPV-2 strains. Strain RVC50 represents the new CPV-2a (CPV-2a with Ser297Ala
in VP2) strains detected during a previous study (February 2015–August 2016) in the neighboring island of St. Kitts [24].
The CPV-2 strains from Nevis are shown with italic font, while strain RVC50 from St. Kitts is underlined. Identical aa
residues are shown with the same color. Amino acid mismatches between the CPV-2 strains from Nevis and strain RVC50
are shown in red font. Positions of aa residues correspond to those of strain CPV-b/USA/1978. Alignment of the deduced
VP2 aa and ORF sequences of the CPV-2 strains from Nevis is shown in Supplementary Materials S2 and S3, respectively.

Amino Acid Position
87 101 262 267 297 300 305 321 324 373 375 426 440 555 570 Variant

Strain/Place/Year

CPV-b/USA/1978 Met Ile Ala Phe Ser Ala Asp Asn Tyr Asp Asn Asn Thr Val Lys CPV-2
CPV-15/USA/1984 Leu Thr Ala Phe Ser Gly Tyr Asn Tyr Asp Asp Asn Thr Ile Lys CPV-2a
CPV-39/USA/1984 Leu Thr Ala Phe Ser Gly Tyr Asn Tyr Asp Asp Asp Thr Val Lys CPV-2b

219/08-13/ITA/2008 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Glu Thr Val Lys CPV-2c

CPV-435/USA/2003 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

RVC50/St. Kitts/2016 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

GX304/CHN/2017 Leu Thr Thr Tyr Ala Gly Tyr Asn Ile Asp Asp Asn Ala Val Lys New
CPV-2a

Beaumaris/AUS/2017 Leu Thr Ala Phe Ala Gly Tyr Asn Ile Asn Asp Asn Thr Val Lys New
CPV-2a

CPV-436/USA/2003 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asp Thr Val Lys New
CPV-2b

CN7/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN8/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN10/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN11/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN12/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN13/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN14/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asn Asp Asn Thr Val Lys New
CPV-2a

CN15/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN16/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN17/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN18/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN19/Nevis/2020 Leu Thr Thr Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN20/Nevis/2020 Leu Thr Thr Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN21/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN22/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN23/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asn Asp Asn Thr Val Lys New
CPV-2a
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Table 2. Cont.

Amino Acid Position
87 101 262 267 297 300 305 321 324 373 375 426 440 555 570 Variant

Strain/Place/Year

CN24/Nevis/2020 Leu Thr Thr Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN25/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asn Asp Asn Thr Val Lys New
CPV-2a

CN26/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN27/Nevis/2020 1 Leu Thr Thr Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN28/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN29/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN30/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN31/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN32/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN33/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN34/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN35/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN36/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN37/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN38/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN39/Nevis/2020 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

CN40/Nevis/2020 1 Leu Thr Ala Phe Ala Gly Tyr Asn Tyr Asp Asp Asn Thr Val Lys New
CPV-2a

VANGUARD/vaccine Arg Ile Ala Phe Ser Ala Asp Asn Tyr Asp Glu Asn Thr Val Lys CPV-2

Duramune/vaccine Leu Thr Ala Phe Ala Gly Tyr Lys Tyr Asp Asp Asp Thr Val Glu New
CPV-2b

1 Strain CN27 and strain CN40 were detected in the same dog on 5 September 2020 and 5 November 2020, respectively.

The new CPV-2a strains from Nevis shared absolute deduced VP2 aa identities be-
tween themselves and those of new CPV-2a strains reported previously from St. Kitts [24],
except for Ala262Thr in 4 CPV-2 strains and Asp373Asn in 3 other CPV-2 strains (Table 2;
Supplementary Material S2). Although the significance of the aa at residue 262 of VP2 is not
yet known, VP2 Ala262Thr has been described as a novel mutation [38], reported in new
CPV-2a and new CPV-2b strains from Western Australia [38], two new CPV-2a strains from
India (GenBank accession numbers DQ182624 and KU866399), and a single new CPV-2a
strain from China (MH177301). The other nonsynonymous mutation, VP2 Asp373Asn,
has been rarely reported in CPV-2 sequences, found in two new CPV-2a strains (one each
from Australia (MN259033) and Thailand (GQ379047)), a single CPV-2 strain from a cat
in Taiwan (KY010491), and two feline panleukopenia virus strains (FPV) (MH559110 and
MK570710). The aa residue at 373 of VP2 is located within the VP2 flexible loop (a surface
loop between VP2 residues 359 and 375), which is a pH-sensitive structure that governs
binding to divalent ions in FPV and CPV-2 [39,40]. Structural studies on FPV at pH 7.5
have shown that the ion density, adjacent to the flexible loop, is coordinated by Asp 373
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and Asp 375, and carbonyl oxygen atoms of Arg 361 and Gly 362 [39]. However, the
implication/s of VP2 Asp373Asn remains to be determined. In addition to the two aa
mismatches, five synonymous mutations were observed among the VP2 sequences of the
new CPV-2a strains from Nevis (Supplementary Material S3).

Following natural CPV-2 infection or immunization with the commercially available
modified live virus (MLV) vaccines, dogs have been shown to shed viral DNA for as long
as 50 days post-infection [41]. In the present study, one of the dogs was sampled twice
(5 September 2020 and 5 November 2020), during hemorrhagic gastroenteritis and after two
months, when it was apparently healthy and presented at the clinic for vaccination (Table 1).
Both the samples (CN27 and CN40) tested positive for CPV-2 by PCR. Surprisingly, the
new CPV-2a strain with VP2 Ala262Thr was identified in the first sample, while the new
CPV-2a with VP2 262Ala, detected in the majority of the samples from Nevis and during
2015-2016 in St. Kitts, was detected in the second sample (Table 2). Vaccinated dogs with
protective antibody titers have been shown to shed low amounts of CPV-2 field strains in
the feces [41,42]. Although the viral DNA was not quantified by qPCR, we observed weak
amplification following PCR of the second sample, indicating a low viral load. Therefore,
it might be possible that the dog developed immunity following initial infection with the
new CPV-2a VP2 Ala262Thr, and eventually was asymptomatically infected with the new
CPV-2a VP2 262Ala strain. Alternatively, reversion of VP2 Ala262Thr to the more prevalent
new CPV-2a VP2 262Ala might be possible, as reverse mutations have been described in
the CPV-2 genome in previous studies [13,16,38,43].

Most of the animals in the present study were not vaccinated or received incomplete
vaccination. On the other hand, 3 CPV-2 positive dogs that were completely immunized
(vaccine NOBIVAC® CANINE 1-DAPPv, Merck Animal Health, Elkhorn, NE, USA) against
the virus suffered from severe clinical disease (Table 1). The vaccine NOBIVAC® CANINE
1-DAPPv contains a CPV-2b variant, while the dogs were infected with new CPV-2a.
Although the efficacy of the commercially available CPV-2 MLV vaccines against the
different CPV-2 antigenic variants has been debated, they have been shown to be effective in
significantly reducing the clinical severity of CPV-2 disease caused by the non-vaccine field
variants [3]. Since the dogs were aged ≥ 6 months, it is unlikely that maternal antibodies
interfered with the efficacy of the vaccine. Other factors, such as vaccine-related errors
(issues with vaccine storage, transport and/or administration) and/or host-related factors
(impaired immune status, non-responders, and/or malnutrition), might have contributed
to vaccine failure [3].

In a previous study on St. Kitts, new CPV-2a was sporadically detected in 20 diarrheic
dogs (25/104 dogs were CPV-2 positive; 5 samples could not be sequenced) during a period
of 1 year and 7 months [24]. During and around the duration of the outbreak in Nevis, the
veterinary clinic on St. Kitts reported only five sporadic cases of CPV-2 infection (three
and two dogs tested CPV-2 positive by the SNAP® Parvo Test and PCR, respectively), of
which two dogs died (Supplementary Material S4). Analysis of the complete CPV-2 VP2
sequences from the two dead dogs (strain CK81, GenBank accession number MW616470,
and strain CK84, MW616472) revealed 100% deduced aa identities with those of the new
CPV-2a reported in our study (Supplementary Material S2). Since the canine breeds,
environmental conditions, vaccination trends, husbandry practices, and veterinary care are
similar between the two islands, we found it intriguing that new CPV-2a was associated
with an outbreak of gastroenteritis on Nevis, while found at low frequencies in sporadic
cases of diarrhea on the neighboring island of St. Kitts.

There is limited movement of animals between St. Kitts and Nevis, as the twin
islands are connected by ferry service. It might be possible that a new CPV-2a was recently
introduced into Nevis from St. Kitts and that the canine population on Nevis Island was
naive to infection with the virus, resulting in an outbreak situation. However, sporadic
cases of CPV-2 have been previously reported in Nevis (based on old case records at the
veterinary clinic in Nevis), although none of the samples were molecularly characterized
to identify the CPV-2 variant. Therefore, we could not determine whether a new CPV-
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2a was circulating in Nevis before the outbreak. Furthermore, based on the available
information, we could not ascertain if the two nonsynonymous mutations (Ala262Thr and
Asp373Asn) in the VP2 genes of a few new CPV-2a strains appeared during the outbreak
or were already circulating at low frequencies in the island canine population. Nevis has a
sizable population of stray dogs, which could have facilitated the spread of the virus across
the island.

3.2. Analysis of the Nearly Complete Genomes of CPV-2 Strains from St. Kitts and Nevis Islands

Considering the lack of information on CPV-2 genomes from the Caribbean region, we
decided to determine the nearly full-length CPV-2 genome sequences (4269 nt, possessing
the entire NS and VP coding regions) of 2 strains representing the new CPV-2a circulating
in St. Kitts and Nevis (strain CN10 from the outbreak in Nevis, and strain RVC50 from our
previous study in St. Kitts [24]), and one of each of the new CPV-2a with a nonsynony-
mous mutation in the VP2 gene (strain CN20 with VP2 Ala262Thr and strain CN14 with
VP2 Asp373Asn).

The nearly complete genomes of CPV-2 strains from St. Kitts and Nevis (henceforth,
collectively referred to as SKN strains) shared nt sequence identities of 99.77–99.93%
between themselves (Supplementary Material S5). Absolute deduced NS1 and NS2 aa
identities were observed between the SKN strains, while the putative VP1/VP2 proteins
of strains CN14 and CN20 differed in an aa residue with those of the other SKN strains
(Tables 2 and 3; Supplementary Material S6). By BLASTN analysis, the SKN strains
shared ≥ 99% nt sequence identities with several CPV-2a, CPV-2b, and CPV-2c variants,
corroborating previous observations that the complete/nearly complete genomes of all
CPV-2 variants are ~99% identical in nt sequence [16]. Although the SKN strains were
assigned to new CPV-2a, they shared higher nt sequence identities with the nearly complete
genomes of CPV-2c (99.46–99.63% with GenBank accession number KX434458) and CPV-
2b (99.39–99.58% with EU659121) strains than those of CPV-2a variants (identities of
≤99.32–99.48% with EU659118).

A total of 11 substitutions (5 and 6 within the NS and VP coding region, respectively)
were found among the nearly complete SKN CPV-2 genome sequences that included the two
nonsynonymous substitutions in the VP coding region (Table 3, Supplementary Materials S5
and S6). The evolution of CPV-2 has been characterized by only a limited number of substi-
tutions that became fixed or widespread during the last 40 years since the emergence of the
virus [16]. A previous study identified 38 mutations (15 synonymous and 23 nonsynonymous
mutations) that differed in an nt from the earliest CPV-2 strains (the CPV-2 antigenic variant)
and were present in >10% of other CPV-2 strains (CPV-2a, CPV-2b, and CPV-2c variants) [16].
In the present study, 35 substitutions (24 synonymous and 11 nonsynonymous substitutions)
were observed between the SKN CPV-2 sequences and that of strain CPV12 (representing
the earliest CPV-2 strains from the late 1970s, GenBank accession number MN451655), of
which 5 synonymous and 1 nonsynonymous substitution have been rarely reported in other
CPV-2 strains (<10 CPV-2 sequences) (Table 3, Supplementary Materials S5 and S6). All the
four SKN strains retained the five nonsynonymous substitutions in the VP coding region that
was characteristic of the global sweep from CPV-2 to CPV-2a during the late 1980s (Table 3,
Supplementary Material S5) [16,18].
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Table 3. Nucleotide (nt) mismatches (highlighted with yellow) between the nearly complete genome sequences (4269 nt,
spanning all the coding regions) of canine parvovirus-2 (CPV-2) strain CPV12 (representing the earliest CPV-2 strains from
the late 1970s) and CPV-2 strains detected on St. Kitts (strain RVC50) and Nevis (strains CN10, CN14, and CN20) islands.
Nonsynonymous mutations that differed in an nt from the CPV12 sequence are shown in red. Alignment of the nearly
full-length nt and complete deduced amino acid sequences of the CPV-2 strains from St. Kitts and Nevis with those of strain
CPV12 are shown in Supplementary Materials S5 and S6, respectively.

Nt
Position 1

CPV-2 Strain
(Year/Place of Detection) Nt Change →

Translational Effect
Coding
RegionCPV-12

(1978/USA)
RVC50

(2016/St. Kitts)
CN10

(2020/Nevis)
CN14

(2020/Nevis)
CN20

(2020/Nevis)

516 G A A A A G516A → Synonymous

W
it

hi
n

th
e

N
S

co
di

ng
re

gi
on

562 T C C C C T562C → Synonymous
726 G G A G A G726A → Synonymous
753 A A G A G A753G 2 → Synonymous
1104 T T C T C T1104C 2 → Synonymous
1164 A A G A G A1164G → Synonymous
1209 T C C C C T1209C → Synonymous
1305 T C C C C T1305C 2 → Synonymous
1623 A G G A G A1623G → Synonymous
1752 A G G G G A1752G → NS2 Thr94Ala
1923 G A A A A G1923A → NS2 Asp151Asn
1926 A G G G G A1926G → NS2 Met152Val
1975 T C C C C T1975C → Synonymous
2086 A G G G G A2086G → VP1 Intron
2154 G A A A A G2154A → Synonymous

W
it

hi
n

th
e

V
P

co
di

ng
re

gi
on

2436 A A G A G A2436G 2 → Synonymous
2574 T A A A A T2754A → Synonymous
2773 A T T T T A2773T → VP2 Met87Leu 3

2816 T C C C C T2816C → VP2 Ile101Thr 3

2923 G A A A A G2923A → Synonymous
2940 A G G G G A2940G → Synonymous
3006 C T T T T C3006T → Synonymous
3039 T T G T T T3039G 2 → Synonymous
3117 A A G A A A3117G → Synonymous
3297 G G G G A G3297A → VP2 Ala262Thr
3403 T G G G G T3403G → VP2 Ser297Ala
3413 C G G G G C3413G → VP2 Ala300Gly 3

3427 G T T T T G3427T → VP2 Asp305Tyr 3

3582 T C C C C T3582C → Synonymous

3631 G G G A G G3631A 2 → VP2
Asp373Asn

3637 A G G G G A3637G → VP2 Asn375Asp
3

3702 G G G A G G3702A → Synonymous
3894 A G G G G A3894G → Synonymous
4017 A G G G G A4017G → Synonymous
4030 T C C C C T4030C → Synonymous

1 Nucleotide positions are those of the nearly complete genome sequence of strain CPV12 (GenBank accession number MN451655);
2 Present in <10 published CPV-2 sequences, as revealed by BLASTN analysis (https://blast.ncbi.nlm.nih.gov/, accessed on 9 April 2021)
and multiple alignments of the dataset of 210 nearly complete CPV-2 sequences; 3 Nucleotide substitutions (and corresponding amino acid
changes) that emerged during the global sweep from CPV-2 to CPV-2a [16].

Since recombinant sequences might influence the outcomes of phylogenetic analy-
sis [16,21], the nearly complete SKN CPV-2 genome sequences were screened for recombi-
nation events, as described previously [16,25]. However, no recombination breakpoints
were detected in any of the SKN CPV-2 sequences. To rule out biases in clustering patterns,
phylogenetic trees were created using both the HKY and GTR substitution models, as the
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HKY model was determined as the best-fit model using the ‘find best model’ function of
MEGA7, while the GTR model was employed in a recent, important study on the evolution
of CPV-2 [16]. Similar clustering patterns were observed with both the models (Figure 2;
Supplementary Materials S7 and S8). Findings from previous studies, such as (i) phyloge-
netic classification of CPV-2 strains into two major clades: CPV-2 (comprising the earliest
CPV-2 strains from the late 1970s) and CPV-2a (consisting of CPV-2a, CPV-2b, and CPV-2c
variants) [16], (ii) a lack of phylogenetic resolution within the ‘CPV-2a clade’, characterized
by low bootstrap values for most clusters [15,16], (iii) a lack of monophyletic segregation
based on CPV-2 variants (CPV-2a, CPV-2b, and CPV-2c) [15,16], and (iv) presence of Asian
and Western (CPV-2 sequences from the Americas and Europe) clades [21,44] were retained
in the phylogenetic analysis (Figure 2; Supplementary Materials S7 and S8). Phylogeneti-
cally, the new CPV-2a SKN strains were placed with the Western CPV-2 strains and retained
the signature aa residues that have been previously described as evolutionarily significant
and characteristic to the Western clades (Figure 2; Table 4; Supplementary Materials S7 and
S8) [21,44]. Within the Western clade, the SKN strains formed a distinct cluster. The nearest
cluster to the SKN strains was that of CPV-2b strains detected in the USA during 1998,
followed by the major Western CPV-2c cluster (consisting of primarily South American
and Italian strains, designated as Western clade-III in a previous study [44]). However,
the clade consisting of the SKN strains and the CPV-2b/USA/1998 strains was supported
by a low bootstrap value (bootstrap value of 45 and 47 by the GTR and HKY models,
respectively). The clustering patterns were corroborated by nt sequence identities and the
geographical proximity of St. Kitts and Nevis to the USA and the South American countries.
Except for VP2 Ala262Thr (strain CN20) and VP2 Asp373Asn (strain CN14), only a single
nonsynonymous mutation (VP2 residue 426) that constitutes the basis of differentiation of
CPV-2 into the CPV-2a, CPV-2b, and CPV-2c antigenic variants was observed between the
new CPV-2a SKN strains and CPV-2 strains belonging to the CPV-2b/USA/1998 cluster, or
the major Western CPV-2c cluster.

Table 4. Evolutionarily relevant amino acid residues in canine parvovirus-2 (CPV-2) protein sequences, as described in
previous studies [21,44]. The two nonsynonymous substitutions (VP2 Ala262Thr and VP2 Asp373Asn) observed among the
CPV-2 strains from St. Kitts and Nevis are also shown.

Amino Acid
Residue

NS1 NS2 VP2

60 544 545 572 630 152 262 267 324 373 426

Clade 1

CPV-2 origin Ile Tyr Glu Glu Leu Met Ala Phe Tyr Asp Asn

Asian Ile/Val Phe/Tyr Glu/Val Lys Leu/Pro Val Ala Phe/Tyr Ile/Tyr Asp Asn/Asp/Glu

Western Ile Phe/Tyr Glu Glu Leu Met/Val Ala Phe Leu/Tyr Asp Asn/Asp/Glu
Strain/Place/Year
CN10/Nevis/2020 Ile Tyr Glu Glu Leu Val Ala Phe Tyr Asp Asn

CN14/Nevis/2020 Ile Tyr Glu Glu Leu Val Ala Phe Tyr Asn 3 Asn

CN20/Nevis/2020 Ile Tyr Glu Glu Leu Val Thr 2 Phe Tyr Asp Asn

RVC50/St.
Kitts/2016 Ile Tyr Glu Glu Leu Val Ala Phe Tyr Asp Asn

1 As described in previous studies [21,44]. Western: CPV-2 strains from Europe and the Americas; 2 Reported in new CPV-2a and new
CPV-2b strains from Western Australia [38], 2 new CPV-2a strains from India (GenBank accession numbers DQ182624 and KU866399), and
a single new CPV-2a strain from China (MH177301); 3 Found in 2 new CPV-2a strains (one each from Australia (MN259033) and Thailand
(GQ379047)), a single CPV-2 strain from a cat in Taiwan (KY010491), and 2 feline panleukopenia virus strains (MH559110 and MK570710).
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Figure 2. Phylogenetic analysis of the nearly complete genomes of canine parvovirus-2 (CPV-2) strains from St. Kitts
and Nevis with those of other CPV-2 strains. The tree was created using the Hasegawa-Kishino-Yano model with
gamma-distributed rate variation among sites and 1000 bootstrap replicates. The name of the strain/CPV-2 antigenic
variant/place/year of detection is shown for the CPV-2 strains from St. Kitts and Nevis, while the GenBank accession
number/CPV-2 antigenic variant/place/year of detection have been mentioned for the other CPV-2 strains. The two major
phylogenetic clades (CPV-2 and CPV-2a) are demarcated with a brown and a light gray bar, respectively. The CPV-2 clade
consists of the earliest CPV-2 strains from the late 1970s (the CPV-2 antigenic variants), while the ‘CPV-2a clade’ is composed
of the CPV-2a, CPV-2b, and CPV-2c antigenic variants [16]. Feline panleukopenia virus (FPV) strains were included in the
analysis. Sky blue, purple, yellow, pink, orange, green, and red circles indicate that the CPV-2 strain was detected in Asia,
Africa, Australia, Europe, North America, South America, and St. Kitts and Nevis, respectively. Scale bar, 0.01 substitutions
per nucleotide. Bootstrap values of <70 are not shown. Some of the clusters have been compressed to accommodate the
entire tree. The complete phylogenetic tree is shown in Supplementary Material S7. Phylogenetic analysis using the General
Time Reversible model is shown in Supplementary Material S8.
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Corroborating previous observations [15,16,21,44], phylogenetically, the clustering of
the nearly complete SKN CPV-2 genomes with those of other CPV-2 strains did not corre-
spond to the clustering patterns based on VP2 coding sequences (Figure 2; Supplementary
Materials S7–S9). The complete VP2 nt sequences of the SKN strains clustered near that of
CPV-2a strain CPV-435/USA/2003 (GenBank accession number AY742953), although the
clade was supported by a low bootstrap value of 45 (Supplementary Material S9). Since the
complete/nearly complete genome sequence of CPV-435/USA/2003 was not available in
the GenBank database, we could not include the strain in the analysis of nearly complete
CPV-2 genomes.

Taken together, these findings supported previous observations that recurrent parallel
evolution and reversion might play important roles in the evolution of CPV-2 and that the
recently circulating CPV-2 strains are minor variants of a common ‘pan genome’ template
that emerged after the global sweep from CPV-2 to CPV-2a [15,16].

It is likely that CPV-2 was imported into St. Kitts and Nevis Islands from another
country. Since more humans (and pet dogs) travel to St. Kitts from the USA than from
any other country, it might be possible the virus was introduced into the twin islands
from the USA. On the other hand, St. Kitts and Nevis have a large population of the small
Indian mongoose (Urva auropunctata) that thrive in wild, rural, and urban habitats [45].
A previous study had reported high rates of detection of parvovirus DNA (58%, n = 99) and
antibodies (90%, n = 20) in the Egyptian mongoose (Herpestes ichneumon) [46]. Considering
the role of wild canids as a potential source of CPV-2 to pet dogs [2,13,17,46,47], it would
be interesting to investigate whether the new CPV-2a and/or new CPV-2a mutants (VP2
Ala262Thr and VP2 Asp373Asn) circulating in dogs on St. Kitts and Nevis were derived
from the local mongoose population.

3.3. Conclusions

Although the currently licensed CPV-2 vaccines have been extensively used in veteri-
nary practice and shown to confer protection against the different CPV-2 antigenic variants,
CPV-2 continues to remain one of the leading causes of mortality and morbidity in domestic
dogs [2–4]. To date, there is a dearth of data on CPV-2 from the Caribbean region. Our
findings suggested that new CPV-2a might be endemic in this part of the world, with the
potential to cause severe outbreaks facilitated by low vaccination rates among the canine
population in the region. Recently, the neighboring islands of St. Eustatius and St. Lucia
experienced large outbreaks of CPV-2 [48,49]. However, no information was available
on the nature of CPV-2 variant/s circulating during the outbreaks. These observations
underscore the importance of continuous molecular epidemiological studies on CPV-2 in all
the Caribbean Islands alongside creating public awareness on the disease and vaccination.

The nearly complete CPV-2 genomes were reported for the first time from the Caribbean
region, providing important insights into the overall genetic makeup of the CPV-2 strains
circulating in St. Kitts and Nevis, especially the identification of six substitutions (five
synonymous and one nonsynonymous substitution) that have been rarely reported in
other CPV-2 sequences. Overall, analysis of the SKN CPV-2 genomes corroborated the
hypothesis that recurrent parallel evolution and reversion might play important roles in
the evolution of CPV [15,16]. Once again, it was revealed that the analysis of CPV-2 VP2 aa
sequences do not reflect the true evolutionary patterns of CPV-2 strains.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/v13061083/s1, Supplementary Material S1: Primers used in the present study, Supplementary
Material S2: Multiple alignments of the putative VP2 proteins of canine parvovirus-2 (CPV-2) strains
detected in Nevis (designated with prefix CN) with those reported from St. Kitts in 2016 (strain
RVC50) and in 2020 (strains CK81 and CK84), Supplementary Material S3: Multiple alignments
of the VP2 coding sequences of canine parvovirus-2 (CPV-2) strains detected in Nevis (designated
with prefix CN) during 2020 with those reported from the neighboring island of St. Kitts in 2016
(strain RVC50) and in 2020 (strains CK81 and CK84), Supplementary Material S4: Gross (A) and
microscopic (B) lesions observed in the small intestine of a dog with hemorrhagic gastroenteritis that
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eventually died on the island of St. Kitts. Small intestinal scrapings collected during necropsy tested
positive for canine parvovirus-2 (CPV-2) by PCR. Analysis of the complete deduced VP2 amino
acid sequence identified the CPV-2 strain as new CPV-2a, Supplementary Material S5: Nucleotide
(nt) mismatches between the nearly complete genome sequences (4269 nt, spanning all the coding
regions) of canine parvovirus-2 (CPV-2) strain CPV12 (representing the earliest CPV-2 strains from the
late 1970s) and CPV-2 strains detected on St. Kitts in 2016 (strain RVC50) and Nevis in 2020 (strains
CN10, CN14, and CN20), Supplementary Material S6: Multiple alignments of the putative NS1
(A), NS2 (B), VP1 (C) and VP2 (D) proteins of canine parvovirus-2 (CPV-2) strain CPV12 (GenBank
accession number MN451655, representing the earliest CPV-2 strains from the late 1970s) and CPV-2
strains detected on St. Kitts in 2016 (strain RVC50) and Nevis in 2020 (strains CN10, CN14, and
CN20), Supplementary Material S7: Phylogenetic analysis of the nearly complete genomes of canine
parvovirus-2 (CPV-2) strains from St. Kitts and Nevis with those of other CPV-2 strains. The tree
was created using the Hasegawa-Kishino-Yano model with gamma-distributed rate variation among
sites and 1000 bootstrap replicates, Supplementary Material S8: Phylogenetic analysis of the nearly
complete genomes of canine parvovirus-2 (CPV-2) strains from St. Kitts and Nevis with those of
other CPV-2 strains. The tree was created using the General Time Reversible model with gamma-
distributed rate variation among sites and 1000 bootstrap replicates, Supplementary Material S9:
Phylogenetic analysis of the complete VP2 coding sequences of canine parvovirus-2 (CPV-2) strains
from St. Kitts and Nevis with those of other CPV-2 strains.
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Abstract: Neurodegenerative diseases (NDDs) are most commonly found in adults and remain
essentially incurable. Gene therapy using AAV vectors is a rapidly-growing field of experimental
medicine that holds promise for the treatment of NDDs. To date, effective delivery of a therapeutic
gene into target cells via AAV has been a major obstacle in the field. Ideally, transgenes should be
delivered into the target cells specifically and efficiently, while promiscuous or off-target gene delivery
should be minimized to avoid toxicity. In the pursuit of an ideal vehicle for NDD gene therapy,
a broad variety of vector systems have been explored. Here we specifically outline the advantages
of adeno-associated virus (AAV)-based vector systems for NDD therapy application. In contrast to
many reviews on NDDs that can be found in the literature, this review is rather focused on AAV
vector selection and their testing in experimental and preclinical NDD models. Preclinical and in vitro
data reveal the strong potential of AAV for NDD-related diagnostics and therapeutic strategies.

Keywords: AAV; neuro-degenerative disease; gene therapy

1. Background

Neurodegenerative diseases (NDDs) are the most common primary pathologies of the central
nervous system (CNS) in adults. They affect the majority of the elderly population and arise either as a
consequence of an accumulation of previously acquired genetic modification in the human genome
or de novo—i.e., without preceding neurodegenerative pathologies—as a result of an accumulation
of neurotoxic proteins in the cytoplasm of neurons (de novo disease). The lack of effective therapies
to control NDD made the progression of the disease inevitable [1]. Systemic effects from NDD
development are usually associated with infiltration of the brain with peripheral immune cells [2],
which contributes to neuroinflammation [3] and neurodegeneration [4]. The cause of systemic and
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molecular abnormalities developing throughout the NDD progression remains to be investigated
as any developments in the NDD therapy field require a detailed understanding of the molecular
mechanism of neurodegeneration process as well as how to intervene with the disease process.

A significant determinant of NDD progression is an accumulation of toxic proteins on a subcellular
level [5,6]. Intracellular accumulation of specific abnormally-aggregated proteins in the form of inclusion
bodies is associated with different pathologies of most common NDDs: while Alzheimer’s destroys
memory, Parkinson’s and Huntington’s diseases affect movement. Previous research has suggested
that all three diseases are caused by the death of neurons and other cells in the brain, which is associated
with abnormally-folding and aggregating amyloid proteins, different in each disease. For instance,
a misfolded amyloid-β and mutated tau, α-synuclein, huntingtin, and ALS-linked trans-activation
response (TAR) DNA-binding protein 43 (TARDBP) along with FUS are implicated in molecular
mechanisms of Alzheimer’s, Parkinson’s, Huntington’s, and amyotrophic lateral sclerosis (ALS),
respectively [7]. Those all form insoluble clumps inside brain cells that ultimately rupture the endocytic
vesicles. It was suggested that the latter mechanism is conserved and, therefore, common treatment
strategies should be possible that would involve boosting a brain cell’s ability to degrade protein
clumps and damaged vesicles [8]. This observation offers a possibility for therapeutic intervention,
as it suggests the involvement of only a few signaling pathways that recently emerged as potential
targets for neuronal dysregulation. Among them is autophagy signaling, whose dysfunction permits
the accumulation of misfolded proteins in various structural parts of the neural cells [9,10]. All the
dysregulation results in excessive inhibition of adenosine triphosphate (ATP)-dependent chaperones
and proteolytic machinery [11] that represses neurogenesis [12], stimulates damage via oxidative
stress [13], and promotes neuronal cell death. Recent studies suggest that inactivated autophagy-related
proteins in damaged neurons [14] represent a suitable target for experimental NDD therapy [15].
Although there is extensive literature on the accumulation of toxic proteins inside neuronal cells as a
result of autophagy repression and its pharmacological correction [16], relatively few studies have
addressed the possibility of targeting neuronal cells with aberrant signaling [17–21] by using alternate
approaches, such as gene therapy. Below, we summarized the benefits of gene therapy application for
NDD treatment.

Neurodegenerative diseases are typically caused by numerous genetic abnormalities, whose effect
is enhanced by environmental factors [22] and epigenetic events [23,24]. Basic research has identified
numerous pathways that contribute to NDD pathogenesis. Based on this rapidly growing knowledge,
multiple drugs for NDD therapy have been approved to-date [25–29]. Interestingly, Chinese herbal
medicine may also represent a promising alternative for NDD treatment [30]. In the past three
decades, the scientific community has made significant efforts in utilizing newly developed molecular
technologies to selectively deliver a therapeutic payload into target cells via a nonconventional method,
known as “gene therapy” [31,32].

Viral vector-based gene therapy offers a new therapeutic opportunity against an irreversible lethal
impact of many inheritable or genetic diseases. For instance, in the case of Spinal Muscular Atrophy
type 1 (SMA1), a single dose of intravenously delivered AAV9 vector carrying a transgene encoding
the missing SMN protein resulted in longer survival of patients [33]. Another example is the study by
Massaro et al., who used a mouse model of an untreatable acute form of infantile neuronopathic Gaucher
disease to inject an adeno-associated virus (AAV)-based vector encoding neuronal glucocerebrosidase
that abolished neurodegeneration and ameliorated neuroinflammation [34]. In a later study,
gene therapy with an AAV vector improved motor skills and increased lifespan of animals in a
mouse model of inherited lysosomal storage disorders, known as the neuronal ceroid-lipofuscinoses
(NCLs) or more commonly referred to as Batten disease, a form of NCLs with a deficiency in the
membrane-bound protein CLN6 (CLN6 disease) [35]. Although it is too early for evaluating the clinical
efficacy of the developed AAV gene therapy vectors in human patients, some AAV-based gene therapies
demonstrate a remarkable therapeutic effect in preclinical studies. For example, an AAV-based gene
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therapy aimed at correcting a rare metabolic aromatic L-amino acid decarboxylase deficiency (AADC)
was granted a biologics license application (BLA)-ready status by the FDA in 2018 [36].

2. Viral Vector-Based Gene Therapy: Efficiency and Selectivity of Delivery

2.1. Choosing an Ideal Vector

Gene therapy for NDDs represents a rapidly developing novel therapeutic approach with a
potential capability of restoring normal neuronal functions [37] by intracellular delivery of exogenous
genetic material, carrying a disease correcting/therapeutic information in the form of recombinant
deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) molecules engineered into a delivery vehicle,
known as vector. Once inside a recipient (host) cell, the transferred genetic material utilizes
cellular machinery to biosynthesize (translate the encoded information into) therapeutic proteins
aimed at replacing their defective counterparts, produced in neurons by mutated endogenous gene,
inactivating the mutated gene’s product or inserting a foreign transgene with therapeutic properties
to battle the disease. Despite the variability in the existing delivery vectors, routes of delivery,
and delivery techniques, the intracellular mechanism of the delivered gene’s expression remains
essentially the same. The transduced or transfected host cells then begin synthesizing protein(s)
aimed at repairing a congenital disorder or treat an acquired disease [38]. Depending on the nature
of target cells, gene delivery can be classified as either somatic or germline. While the goal of
somatic gene delivery is to directly express the transgene in target cells and correct the disease at the
individual cell level [39], germline gene transfer is aimed at integrating a therapeutic or correction
gene (fully functional wild type copy) into the germline cells, thereby creating inheritable changes,
affecting every cell of the next generation. Although more advanced techniques of gene delivery
are constantly being developed, the most common approach to correct NDDs involves a direct
transfection or transduction (when using virus-based delivery vectors) of isolated patient-derived cells
or modification of target cells in situ—i.e., directly in patient’s tissue. The former strategy of gene
delivery, known as ex vivo gene therapy, involves isolation and in vitro culturing of patient-derived
cells for exogenous genetic modification or gene correction and their subsequent injection back into
the patient [40]. In contrast, in vivo gene therapy involves the delivery of genetic modifications
to target cells directly by systemic [41]—i.e., intraperitoneal (ip) [42,43] or intravenous (iv) [44–46]
vector administration. However, large doses of systemically-delivered AAV vectors elicit immune
responses affecting transgene expression, treatment longevity and even patient safety. To circumvent
those drawbacks, alternate routes of AAV administration to the central nervous system (CNS) have
been explored that allowed administration of lower doses of the gene therapy vector directly by into
the brain parenchyma or by injection into the cerebrospinal fluid via the intracerebroventricular or
intrathecal (cisternal or lumbar) routes. This strategy results in higher transgene expression along with
the decreased immune responses. However, the remaining critical concern of the direct CNS-delivery
is AAV-associated neuroinflammation, manifested in preclinical studies by the dorsal root ganglion
(DRG) and spinal cord pathology with mononuclear cell infiltration [47].

Since the precision of neural cell targeting as well as the expression magnitude of a therapeutic
payload are critical characteristics for the efficient repairing of genetic or metabolic abnormalities,
the use of viral vector-based gene therapy, well-suited for modulation of those characteristics, offers a
significant advantage over the utilization of non-viral vectors.

Due to an essential condition for an effective gene therapy intervention is an efficient and specific
delivery of a therapeutic transgene to target cells, an ideal vector should be inherently suitable for
or possibly tailored (genetically engineered) to specific target cells of interest. In addition, it should
not trigger a robust immune response in the host and be capable of providing a sustained transgene
expression for the duration of disease treatment [48]. By these criteria, some virus-based vectors
became preferred gene delivery vehicles in contemporary gene therapy applications. Since the natural
mechanism of viral cell entry involves attachment to target cell’s surface receptor(s), most virus-based
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gene therapy vectors can be engineered by retargeting the viral particle (capsid) surface to primary
receptors abundant on or even specific to target cells by using genetic and other molecular technologies
developed in the past two decades. Viral gene therapy vectors specifically designed for NDD
applications should be able to efficiently cross the blood–brain barrier (BBB), if delivered by iv
infusion [44,49], and support an efficient transgene expression, regardless of aberrant cell signaling
caused by the accumulation of toxic proteins or restoration of an autophagic state in neuronal
cells [50]. For instance, vectors based on genomes of adeno-associated virus (AAV) [44,49,51–56],
lentivirus [57], type 1 herpes simplex virus [58], and Semliki Forest virus (SFV) [59] have been broadly
used for neuron targeting. Extensive use of the above viruses in neuroscience is dictated by their
natural ability to efficiently and selectively transduce and provide high transgene expression in
neurons. Moreover, those viral vectors minimally perturb stress pathways in the infected neural
cells [60–62], which makes them attractive tools specifically for the NDD gene therapy applications.
When the efficiency and the safety of AAV and lentiviral vectors were compared, AAV demonstrated
a significantly higher transgene expression levels and minimal interaction with the innate immune
effectors. In contrast, lentiviral transduction resulted in modest transgene expression efficiency and
provoked a rapid self-limiting proinflammatory response [63].

In contrast to the majority of viral vectors utilized for gene therapy interventions, AAV-based
vectors exhibit the highest potential and success rate in the treatment of several monogenic diseases,
as demonstrated by clinical trials [64,65].

2.2. Advantages of AAV-Based Vectors

What makes AAV an exceptional candidate vector for NDD gene therapy applications is its
low pathogenicity in humans: none of the AAV subtypes appear to cause a life-threatening systemic
response in humans. This is an important feature since patient safety is the most critical condition
for the successful development of gene therapy interventions of NDD and other human diseases.
Natural tropism of most AAV serotypes, particularly that of AAV2, towards various human tissue
types that include the retina and neural tissues [66], liver [67,68], vascular tissue [69,70], lung [71],
and skeletal muscles [72] is the other important criterion making AAV a preferred gene therapy vector
for NDD [73,74]. The broad tropism of AAV is owed to the diversity of its natural cell-binding targets,
such as primary receptors heparan sulfate proteoglycan (HSPG) [75] and/or N-glycans with terminal
galactose [48], and several known co-receptors, such as fibroblast growth factor (FGF) receptor 1 [76],
platelet-derived growth factor (PDGF) receptor [77], hepatocyte growth factor receptor [78], αVβ1 and
αVβ5 integrins [79,80], O-linked sialic acid [81] and laminin receptor (LRP/LR), previously found in
liver tissue [82], and recently also discovered in neurons [83]. In fact, cell surface receptors have
been definitively identified only for some AAV serotypes: HSPG for AAV-3, O-linked sialic acid for
AAV4, PDGF for AAV5, and LRP/LR for AAV serotypes 2, 3, 8, and 9 [49]. To date, there have been
11 identified AAV serotypes (AAV1-AAV11). Due to the fact that the transduction of human neural
cells with AAV2 serotype is limited, and humans are seropositive with regard to AAV2, the other
AAV serotypes have been explored as alternative gene therapy vectors. This allowed achieving more
efficient transduction of selective subsets of brain cells in animal NDD models [84].

The versatility of AAV tropism can be attributed to variability in the amino acid (aa) sequence
of the AAV structural (capsid) proteins VP1, VP2, and VP3, whose mixture (in the ratio of 1:1:10,
respectively) makes icosahedral symmetry capsid of 60 monomers that are involved in cell surface
attachment of the viral particles. The variability in the amino-acid (aa) sequence is confined to the
9 surface-exposed (VR-I to VR-IX) domains of the AAV structural/capsid proteins. AAV tropism
alteration for tailoring of the vectors to specific gene therapy applications can be achieved by
virus pseudotyping—i.e., creating artificial hybrid AAV particles by combining genome from one
strain/serotype with capsid proteins from a different strain/serotype [85,86]. AAV capsid engineering
is a two-decade-old approach that embodies two distinct strategies: directed evolution and rational
design. The former involves shuffling of capsid genes from available serotypes [87], random peptide
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insertion into known sites of AAV capsid [88,89] or phage display [90] and ultimately involves
a selection process that requires multiple generations of screening to identify functional capsids.
Alternatively, a rational design strategy utilizes a structural knowledge to refine capsid structure and/or
replace native cell-binding motifs with foreign motifs of desired affinity [90–93]). Recently, a more
advanced method of AAV targeting, known as barcoded rational AAV vector evolution (BRAVE),
was proposed that encompasses all of the benefits of the rational design approach while maintaining
the broad screening diversity permitted by directed evolution, but with only a single generation
screening. This new strategy is based on the viral library production approach, where each viral
particle displays a protein-derived peptide on the surface, which is linked to a unique barcode in the
packaged genome [94].

Naturally, AAV does not produce replication factors and, therefore, is unable to replicate
(propagate) without a helper virus (adenovirus, herpes simplex virus (HSV) or vaccinia virus),
which provides activating proteins to AAV to enable its replication. Furthermore, in the presence of
some helper viruses, such as adenovirus, AAV can even exhibit a lysogenic behavior, which can rarely
occur without a helper. Replication deficiency of AAV adds to the biological safety of AAV as yet
another benefit for its application as a gene therapy vector.

3. AAV in NDD Experimental Therapy

3.1. In Vitro vs. In Vivo Models

With regard to NDD gene therapy, an experimental tissue model for the blood-brain barrier (BBB)
is of the highest relevance and importance, and the most developed disease models include those for
Alzheimer’s, Parkinson’s, and Huntington’s diseases. These and other NDD models are discussed in
detail elsewhere [95]. Numerous NDD disease platforms have been created to date by using various
approaches [96–99]. This includes several in vitro disease models developed in the last three years,
which were successfully used in a few NDD gene therapy studies. One of the crucial criteria in the
efficacy assessment of viral vector-based gene therapy of NDD is the ability of delivery vectors to
efficiently cross the BBB, as iv administration remains the primary route of vector delivery. In contrast
to in vivo (animal) models, in vitro models allow us to easily understand the mechanism of viral
trafficking. In this regard, Merkel et al. showed that primary human brain microvascular endothelial
cells, as a model of the human BBB, can be effectively utilized as a tool to characterize trans-endothelial
movement and transduction kinetics of various AAV serotypes in vitro and even their effect on BBB
integrity. Specifically, by using this in vitro BBB model, the authors found that AAV9 penetrates brain
microvascular endothelial cell barriers more effectively than AAV2, although it exhibits relatively lower
transduction efficiency [100].

A proper design of NDD in vivo models should allow assessing the robustness of therapies in the
settings that mimic clinical endpoints. Although information obtained from studying in vitro models is
usually capable of providing a sufficient understanding of disease pathogenesis, it fails to characterize
the aspect of disease progression. Therefore, the use of in vivo disease models allows investigators to
observe and analyze symptomatic manifestation of NDDs alongside with the therapeutic outcomes
of their experimental treatment. This also aids in getting a comprehensive insight into the complex
interconnection between etiological and symptomatic changes during the progression of NDDs,
such as neuronal ceroid lipofuscinosis (NCL or Batten disease) [35], spinal muscular atrophy [101],
or Niemann-Pick disease [102], whose development is typically associated with genetic perturbations
in multiple genes. Therefore, in contrast to in vitro models, a mouse model of NDD would allow
recapitulating onset and progression of the counterpart human disease of a given degree of severity.
For instance, the studies involving AAV9-based vectors [103–106] aimed at restoring expression of
target genes with genetic abnormalities require testing of the experimental strategies in a preclinical
setting and under different routes of vector delivery to affected cells. Hudry et al. [49] were able to
evaluate the efficacy of AAV-mediated intracellular delivery of reporter transgene in a CNS disorder.
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It was found that, depending on the viral capsid composition and the route of vector administration,
AAV9 is capable of providing a high level of transduction in mixed astrocyte and neuron culture,
although vector biodistribution upon intracerebroventricular injection can vary. As far as the route of
injection is concerned, a direct injection of experimental therapeutics into cerebrospinal fluid allows their
fast and efficient delivery and spread throughout CNS and spinal cord. Therefore, intrathecal injection
is nowadays commonly used in various experimental strategies as an effective route of viral agent
delivery and achieving therapeutic effects [107–110].

3.2. Selection of Optimal Gene Therapy Strategy

The choice of a suitable gene therapy strategy for NDD is commonly dictated by the known
alterations in signaling pathways associated with a particular NDD. Multiple scientific reports suggest
that under normal physiological conditions a microtubule-associated protein tau (MAPT) is sensitive
to autophagy-associated ubiquitin-binding protein p62/SQSTM1, which promotes degradation of
the misfolded, microtubule-dissociated tau protein. However, in tauopathy, an insoluble form of
mutant MAPT becomes resistant to recognition by and binding to p62/SQSTM1 and as a result,
fails to degrade inside autophagosomes [6]. This study revealed that the pathology caused by the
intracellular formation of neurofibrillary tangles (NFTs) by the hyperphosphorylated form of mutant
MAPT, can be suppressed by p62/SQSTM1 overexpression resulting from delivery of AAV 2/9-SQSTM1
expression vector. Earlier, Janda et al. demonstrated that several NDDs are associated with an onset
of oxidative stress that inhibits LC3 lipidation and autophagic flux in the affected neurons [111],
suggesting multiple reasons for the reduction of basal autophagy and the resulting promotion of
NDD. Since the discovery of the relevance of defective autophagy signaling to NDDs, a few studies
utilized AAV vectors to overcome the autophagy signaling defects. It was reported that defects in
autophagy signaling can be overcome by activation of lysosomal transport via intracellular expression
of hydrolase glucocerebrosidase [112] or reduction of tau protein phosphorylation via arginase 1 [113]
that eliminates the cargo from vulnerable neurons. In the aggregate, the above-referenced studies
strongly suggest that rescuing impairments in the autophagy pathway inside diseased cells is a
promising therapeutic strategy for some NDDs. Moreover, aberrant signaling that is attributed to
the NDD progression can also be corrected via AAV-based vectors. Recently, it was shown that the
expression of triggering receptor expressed on myeloid cells 2 (TREM2) is associated with high risk
for AD development. Therefore, AAV-mediated expression of the soluble form of TREM2 (sTREM2),
a proteolytic product of TREM2, reduces amyloid plaque load and rescues functional deficits of spatial
memory [114]. Overall, the delivery of a therapeutic payload via a modified AAV contributes to the
restoration of the disease-affected pathway (Figure 1).

226



Viruses 2020, 12, 460

 

Figure 1. Potential applications of gene targeting for therapy of neurodegenerative diseases.

3.3. AAV-Based Gene Therapy for Parkinson’s Disease

The movement disorder, known as Parkinson’s Disease (PD), the second most common
neurodegenerative disorder, occurs largely due to the loss of dopaminergic neurons of the substantia
nigra, resulting in striatal depletion of the neurotransmitter dopamine. AAV-based gene therapy
vectors could be effectively used for gene therapy of PD through increasing dopamine levels in
target cells [115]. Another strategy proposed for gene therapy of PD is based on targeting of neural
parenchyma by AAV-based α-synuclein expression vector (AAV-PHP.B-GBA1) delivered via an iv
administration, as opposed to commonly used injection in the mouse forebrain. This allowed vector to
permeate and diffuse throughout the neural parenchyma, resulting in targeting of both the central
and the peripheral nervous systems in a global pattern and recovering animal behavior by reducing
synucleinopathy [44].

Gutekunst et al. demonstrated that the delivery of C3-ADP ribosyltransferase (C3) selectively
and irreversibly inhibits activation of RhoA GTPase (a key intracellular regulator of axon regrowth
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in the mammalian CNS) in neurons or neuronal progenitors and effectively prevents inhibition of
axonal regrowth leading to axon regeneration [116]. Furthermore, the use of AAV-mediated C3
delivery allowed the authors to determine a critical C3 concentration promoting neuron outgrowth
on chondroitin sulfate substrate. Another example of AAV vector system implementation for gene
therapy of PD is the delivery of rat ATP6V0C (a pore-forming stalk c-subunit of the V0 sector of the
vacuolar proton ATPase contributing to release of serotonin, acetylcholine, and dopamine by stromal
cells) into the substantia nigra of the diseased mice, in which high potassium stimulation increased
overflow of the endogenous dopamine (DA) [117,118].

3.4. AAV Vectors and Gene Targeting

In addition to gene delivery for therapeutic protein expression/overexpression purposes in neural
cells, AAV vectors have also been used for gene targeting (knockdown and knockout) applications,
which include shRNA and miRNA expression strategies. It becomes increasingly popular to knockdown
the expression of cellular factors or enzymes contributing to NDD pathobiology to restore normal
physiological conditions in disease-affected neural cells. For instance, an AAV8-based vector has
been utilized to modulate the expression of cellular proteins implemented in the pathology of the
disease. Lu et al. [119] demonstrated that an elevated level of SM synthase-1 promotes the lysosomal
degradation of BACE1. However, due to the dominant-negative nature of some genetic mutations,
direct sequestration of aberrant (mutant) proteins with normal function-inhibiting properties or even
genetic knock-out of mutant genes (excision/destruction of mutant genes) or their complete replacement
with corrected/wild type counterparts becomes a necessary and the most rational strategy.

Mutations in genes that control normal CNS development and metabolism give rise to several
genetic (inheritable) NDDs. For instance, Krabbe disease is caused by a genetic abnormality that
is associated with mutations in the galactosylceramidase (GALC) gene. The GALC enzyme is
contained inside lysosomes, where it hydrolyzes specific galactolipids, including galactosylceramide
and psychosine (galactosylsphingosine). While the breakdown of those lipids is part of the normal
myelin turnover, accumulation of psychosine metabolite in the absence of galactosylceramidase is
toxic for neurons and needs to be prevented by a quick restoration of the galactosylceramidase
function. Gene therapy for Krabbe disease can thus be accomplished through the GALC gene
correction/replacement strategy in the mouse model [46] as well as in the tissue of human patients.

Mutations in superoxide dismutase 1 gene (SOD1) are known to be one of the causes for
amyotrophic lateral sclerosis (ALS), a fatal neurodegenerative disease caused by progressive loss of
upper and lower motor neurons in human CNS. Although responsible for only about 20% of familial
(inherited) ALS cases, SOD1 mutations contribute to the loss of motor neurons during ALS progression
via a toxic gain of function mechanism that involves NF-κB-dependent mechanism, resulting in
intracellular aggregation of the aberrant protein [120]. A strategy using an AAV9 delivery vector,
engineered to express shRNA targeting SOD1 mRNA, was employed by Frakes et al. to reduce
(knock-down) SOD1 expression in both astrocytes and motor neurons. The AAV9 vector was able to
efficiently penetrate the BBB and increase the survival of the ALS mice [121]. The same vector was used
in the AAV9-mediated knockdown of neuritin, which resulted in the reduction of synaptic transmission
in the medial prefrontal cortex (mPFC) pyramidal neurons in mice [122]. Selective suppression of
mutant huntingtin aggregation and neuronal dysfunction in a rat model of Huntington’s disease (HD)
by applying AAV5-miHTT-451, induced functional improvements in the HD pathological process
without causing an activation of microglia or astrocytes immune response [123].

Despite the remarkable therapeutic efficacy of RNAi-based gene silencing in target cells, most of
the shRNA-mediated NDD gene therapy applications only partially reduce the SOD1 gene expression,
since neither a complete knockout of the target mRNA [124–126], nor a sustained gene knockdown can
be technically achieved [124,127]. Therefore, the novel gene targeting technologies, based on the recent
discovery of transcription activator-like effector nucleases (TALENs) and clustered regularly interspaced
short palindromic repeat (CRISPR)-Cas9 nuclease complex (CRISPR-Cas9 nuclease) as components of
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bacterial natural “immunity” against viruses, completely revolutionized the genome editing [128] field
by dramatically improving gene targeting efficiency and specificity, thereby allowing a highly accurate
cleavage of any DNA sequence at any given point [129]. The precision of DNA cleavage mediated by
CRISP-Cas9 nucleases has been validated in recent studies aimed at correcting genetic mutations on a
single nucleotide level [130]. Wen et al. reported that the deletion of the human insulin growth factor-1
(IGF-1) gene, implicated in hyperpolarization of mitochondrial electrical transmembrane potential,
resulted in the accumulation of anti-apoptotic protein factors B-cell lymphoma-extra large (BCL-XL)
and B-cell lymphoma 2 (BCL-2). Moreover, the deletion of the IGF1 gene via an intratracheal injection
of an AAV-delivered CRISPR-Cas9 expression system restored mitophagy and reduced protective
effect on mitochondria, suggesting a new strategy for treating ALS [131]. A strong therapeutic effect
was reported by Raikwar et al. [131] and Gaj et al. [132], who used the CRISPR-Cas9 gene targeting
(Figure 1) approach to achieve a reduced expression of the glial maturation factor in glial cells that
contributed to the formation of Alzheimer’s disease plaques and corrected an autosomal mutation in
the SOD1 gene, responsible for ALS progression, respectively. Most recently, Ekman et al. pointed out
that correction of mutant exon 1 of the huntingtin gene (HTT) results in a ~50% decrease of neuronal
inclusions and improved motor deficits [133].

Recently, it was suggested that downregulation of some miRNAs may be involved in modulation
of apoptotic response and autophagy defects during the NDD progression [134,135]. Miyazaki et al.
found that bulbar muscular atrophy (SBMA) is caused by the expansion of the polyglutamine (poly
Q) tract in the androgen receptor (AR-poly Q) protein sequence [136]. It was predicted that several
miRNAs, such as miR-196a [136], miR-298 or miR-328 [137], might regulate the activity of NDD-related
proteins, such as Elav-like family member 2 (CELF2) that enhances the stability of AR mRNA, or
beta-amyloid precursor protein-converting enzyme (BACE), respectively. AAV-based delivery and
expression of miR-196a promotes decay of the AR mRNA by silencing its stabilizing factor CUGBP,
an Elav-like family member 2 (CELF2), and thereby ameliorates the SBMA phenotypes in the mouse
model. These studies suggest that AAV vector is a highly efficient tool for the delivery and the
expression of recombinant DNA or regulatory, mRNA-silencing miRNAs in monogenic inherited
disease applications. Furthermore, in the case of polygenetic NDD diseases, utilization of AAV for
targeting a mutant allele to silence the expression of a mutant protein in patients could become a potent
therapeutic approach in the future. One of the remaining challenges of such gene silencing strategy
that should be addressed in AAV vector design is how to avoid targeting of the wild type or normal
(non-mutated) gene copy in the diseased cells.

4. Modulation of Interaction Between the CNS and the Environment

Inflammation is an essential hallmark of various neurodegenerative diseases. An increasing
number of clinical studies demonstrate that upon activation microglia and astrocytes produce
proinflammatory chemokines, such as tumor necrosis factor alpha (TNFα) and interleukin type
1 (IL1), around amyloid plaques. In most of those cases, administration of interleukin type 2 (IL2) and
interleukin type 4 (IL4) has been shown to stimulate an anti-inflammatory response. On the other hand,
multiple lines of evidence suggest that the delivery of growth factors via viral vectors can provide
significant therapeutic effects. For instance, the nerve growth factor (NGF) was expressed in the brain
cells of patients with AD by means of AAV2-based vector delivery in a clinical trial conducted by
Tuszynski et al. (Trial Registration: NCT00087789 and NCT00017940). It was found that neurons of
the degenerating brain retain the ability to respond to the growth factor administration by axonal
sprouting, cell hypertrophy, and activation of functional markers for up to 10 years [138]. Other studies
used either lentiviral vector- or AAV-based delivery of a brain-derived neurotrophic factor (BDNF),
progranulin (PGRN), or cerebral dopamine neurotrophic factor (CDNF) in mouse models of AD or
PD, respectively [71–73]. Delivery of BDNF in transgenic APP mouse model (mutant mice carrying
two amyloid precursor protein (APP) mutations associated with early-onset familial Alzheimer’s
disease) resulted in significant amelioration of cell loss by BDNF and marked improvements in the
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hippocampal-dependent behavior (contextual fear conditioning), compared with control-treated APP
mice [72]. Elevation of PGRN expression in nigrostriatal neurons upon AAV-mediated PGRN delivery
protected nigrostriatal neurons from MPTP toxicity, reduced inflammation and apoptosis, as well as
completely preserved locomotor function in the mouse PD model [71]. Striatal delivery of AAV2.CDNF
allowed recovery of 6-OHDA-induced behavior deficits and resulted in a significant restoration of
tyrosine hydroxylase immunoreactive (TH-ir) neurons in the substantia nigra as well as functional
recovery of dopaminergic neurons.

An impressive therapeutic outcome was observed in yet another innovative cell/gene therapy
combinational approach utilizing the human umbilical cord blood cells (hUCBCs) transduced with
adenoviral (Ad) vectors encoding human vascular endothelial growth factor (VEGF), glial cell-line
derived neurotrophic factor (GDNF) [139] and/or neural cell adhesion molecule 1 (NCAM) genes [74–76].
After hUCBCs were transplanted into transgenic amyotrophic lateral sclerosis (model) mice a significant
improvement in animals’ behavioral performance (open-field and grip-strength tests), as well as an
increased life-span were observed. Expression of NCAM-VEGF or NCAM-GDNF was observed in
ALS mice 10 weeks after delivering genetically modified hUCBCs, whereas the cell vehicles were
detectable for 5 months following the transplantation [140].

Although some NDDs are caused by dysregulation of neuron’s synaptic function, AVV-based gene
therapy could still offer a therapeutic solution. Specifically, an AAV-mediated delivery of the
retinoschisin transgene resulted in the restored structure and function of the photoreceptor cell synapse
in the mouse disease models. This restoration of operational synapse in the animal model led to a
human clinical trial for gene therapy of X-linked retinoschisis [141]. A recent study established the
formation of synaptic connections between NeuroD1-converted neurons with already present neurons.
These results indicate possibilities of NeuroD1 AAV-based gene therapy for functional brain repair
after ischemic injury through in vivo astrocyte-to-neuron conversion [142].

5. Conclusions and Future Directions

Outcomes of clinical trials for NDDs can be compromised by limited data from the prior animal
(preclinical) studies, by suboptimal expression vector’s cassette design or by the immunogenicity of
either delivery vector itself, or its expression content (a therapeutic transgene). The Clinicaltrials.gov
database contains information about 6128 clinical trials worldwide that were aimed at treating various
neurodegenerative diseases, including 103 trials using gene therapy approaches 29 of which utilized
natural mechanisms of viral replication [143]. At this point, two clinical trials (NCT02418598 and
NCT00643890) have been terminated by the organizers (both due to financial reasons) and one
(NCT03381729) was suspended by the FDA. The latter study involved 27 patients selected out of
51 with spinal muscular atrophy 1 (SMA1) disorder to receive an injection of AAV9-based vector
(6 × 1013, 1.2 × 1014 and 2.4 × 1014 vp per patient) designed to express the SMN protein under the
control of hybrid CMV/β-actin promoter (ZOLGENSMA). Currently, the future of ZOLGENSMA
use via intrathecal route remains unclear, but the available clinical safety information suggests using
caution, when infusing ZOLGENSMA intravenously, and inclusion pre-treatment with corticosteroids,
checking blood biochemistry and liver enzymes (https://www.zolgensma.com/how-zolgensma-works).
Compared to non-viral vectors (e.g., polyplexes [144]), AAV vectors appear to be highly suitable
for NDD gene therapy applications and, therefore, became highly popular for NDD gene therapy
studies in the recent years. However, the problem with AAV crossing BBB along with the vector’s
immunogenicity [47] in human patients remains the main obstacle even for those vectors that are
capable of effectively preventing NDD progression.
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In this review, we outlined the major basic and clinical research directions in the field of NDD
gene therapy using viral vectors, and particularly AAV, for delivery of therapeutic payload aimed at
restoration of autophagy and metabolic defects in neurons. Encouragingly, many of the reported studies
demonstrate strong and long-lasting therapeutic effects (Table 1). The summarized basic research data
appears to be in good agreement with the results of preclinical studies, suggesting strong efficacies of
neuronal cell targeting with AAV. In addition, findings from several basic studies suggest existence
of a crosstalk between the brain microenvironment and neuronal cell signaling. A combination of
AAV-based gene therapy with other therapeutic strategies targeting autophagy signaling components
could result in even more favorable outcomes. Such co-therapeutics include traditional and herbal
medicines [145]. Therefore, dysfunction in neuronal signaling is closely interconnected with the brain
environment, and a combinational intervention using these two disease components could become a
promising therapeutic strategy, which may provide a clue for an effective solution for the ultimate
NDD cure.
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Abbreviations

AAV Adeno-associated virus
Ad Adenovirus
BBB Blood–brain barrier
CNS Central neural system
DNA Deoxyribonucleic acid
GDNF Glial cell-line derived neurotrophic factor
FGF Fibroblast growth factor
HSPG Heparan sulfate proteoglycan
HSV Herpes simplex virus
NDD Neuro-degenerative disease
PDGFR Platelet-derived growth factor receptor
RNA Ribonucleic acid
SFV Semliki forest virus
SMN Survival motor neuron protein
VEGF Vascular endothelial growth factor
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