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Abstract

Background: Perinatal infections with feline panleukopenia virus (FPV) have long been known to be associated
with cerebellar hypoplasia in kittens due to productive infection of dividing neuroblasts. FPV, like other parvoviruses,
requires dividing cells to replicate which explains the usual tropism of the virus for the digestive tract, lymphoid

tissues and bone marrow in older animals.

Results: In this study, the necropsy and histopathological analyses of a series of 28 cats which died from parvovirus
infection in 2013 were performed. Infections were confirmed by real time PCR and immunohistochemistry in several
organs. Strikingly, while none of these cats showed cerebellar atrophy or cerebellar positive immunostaining, some of
them, including one adult, showed a bright positive immunostaining for viral antigens in cerebral neurons
(diencephalon). Furthermore, infected neurons were negative by immunostaining for p27**", a cell cycle regulatory
protein, while neighboring, uninfected, neurons were positive, suggesting a possible re-entry of infected neurons into
the mitotic cycle. Next-Generation Sequencing and PCR analyses showed that the virus infecting cat brains was FPV
and presented a unique substitution in NS1 protein sequence. Given the role played by this protein in the control of
cell cycle and apoptosis in other parvoviral species, it is tempting to hypothesize that a cause-to-effect between this
NS1 mutation and the capacity of this FPV strain to infect neurons in adult cats might exist.

Conclusions: This study provides the first evidence of infection of cerebral neurons by feline panleukopenia virus in
cats, including an adult. A possible re-entry into the cell cycle by infected neurons has been observed. A mutation in
the NS1 protein sequence of the FPV strain involved could be related to its unusual cellular tropism. Further research is

needed to clarify this point.
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Background

Feline panleukopenia virus (FPV) and canine parvovirus
(CPV) both belong to the Protoparvovirus genus within
the Parvovirinae subfamily of the Parvoviridae family of
single-stranded DNA viruses [1]. CPV-1 and 2 infect
Canidae and CPV-2 emerged as a new host range variant
in the mid-1970s (CPV-2) and spread worldwide in the
canine population in 1978 [2]. Then, antigenic variants
CPV-2a, b, ¢ have gained infectivity for other species such
as cats. FPV and FPV-like strains (such as mink enteritis
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virus, MEV) are unable to infect Canidae [1, 3]. Although
most FPV and CPV strains have been isolated from cats
and dogs, a broad range of alternative hosts have been
identified within the Carnivora order [1].

Parvovirus genome replication takes place in the nu-
cleus and requires cells in S phase, since it relies on host
cell machinery for the formation of double-stranded rep-
lication intermediates [4, 5]. This requirement limits the
tropism of FPV and CPV to highly dividing cells such as
those found in the intestine, bone marrow or lymphoid
tissues. In kittens during the perinatal period, the infec-
tion of neuroblasts of the external granular layer is
thought to be responsible for the cerebellar hypoplasia
typically associated with such infections. However, viral
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proteins are expressed in some Purkinje cells despite the
fact that these neurons are post-mitotic at this develop-
ment stage [6, 7]. Nervous tissue infection by FPV has
never been described in adult cats, although positive
CPV immunostaining of feline cerebral neurons has
been reported [8], which raises questions about the pos-
sible re-entry of some neurons into the S phase of the
cell cycle, making them susceptible to infection.

In the present study, we show strong evidence of
infection of cerebral neurons by FPV in young and adult
cats, some of which with a history of neurological signs,
associated with a unique mutation in the NS1 (nonstruc-
tural protein 1) amino acid sequence. Besides, one
affected cat showed a co-infection by feline bocavirus
type 1, which is the first evidence of nervous system
infection by a bocavirus.

Results

Twenty eight parvovirus-positive cats, aged from 6 weeks
to 5 years (mean: 12.5 months +/— 17.5 months; Table 1)
were investigated in this study. Real time PCR revealed
the presence of parvovirus DNA in most organs tested,
with the highest concentrations in the spleen, small
intestine and mesenteric lymph node (mean Ct (Cycle
Threshold) for these three organs: 19,3 +/- 2,9). Inter-
estingly, brain tissues were positive for most cats, with
relatively low Cr values (20-25) in several of them (cats
No 5,9, 10, 11, 14, 15 and 16). Especially, the differences
in Cr value between brain tissues and the ileum (small
intestine) were highly variable, ranging from 2.2 to 14.9.
This difference was the lowest (<6) in cats No 5, 10, 11,
14 and 15. Several of these cats were reported by refer-
ring veterinarians to have shown neurological disorders
before death, mostly ataxia and/or dysphagia.

Affected cats were characterized on gross examination
by mild to severe fibrinous to fibrinomucoid enteritis
with thickened mucosa and highlighted Peyer’s patches
and mesenteric lymphadenomegaly.

The histopathological analyses showed classical
lymphocyte necrosis and depletion in lymphoid organs
(Peyer’s patches and mesenteric lymph nodes) and se-
vere intestinal villous blunting. Intestinal crypt cells were
necrotic. Intestinal villi were depleted of their entero-
cytes and covered with a thick fibrinonecrotic exudate.
Focal neuronal satellitosis and neuronophagic pictures
(Fig. 1) were observed in the brain of cats No 5, 10, 11
and 15 (Table 1). None of the cats, even the youngest,
showed any evidence of cerebellar atrophy.

Immunohistochemical (IHC) staining of the different
sampled organs revealed the presence of parvoviral anti-
gens in most locations. In particular, a bright staining
was observed in cells from ileal crypts and follicular den-
dritic cells in the spleen and mesenteric lymph nodes.
Staining was negative in the cerebellum but 10 cats (No
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Table 1 Details of the 28 FPV-positive cats included in the

study

Cat number Sex Breed Age

1 F Persian 22 weeks
2 M European shorthair 16 weeks
3 M European shorthair 5 years

4 F Maine Coon 4 years

5 M Maine Coon 6 weeks
6 F European shorthair 22 weeks
7 F European shorthair 2.5 years
8 M European shorthair 14 weeks
9 M European shorthair 10 weeks
10 F European shorthair 10 weeks
1 M European shorthair 4.5 years
12 F European shorthair 24 weeks
13 F Siamese cross 20 weeks
14 M European shorthair 14 weeks
15 F European shorthair 12 weeks
16 M European shorthair 11 weeks
17 M European shorthair 5 months
18 M European shorthair 1.5 years
19 F European shorthair 2 years
20 F European shorthair 4 years
21 F European shorthair 14 weeks
22 M European shorthair 1.5 years
23 F European shorthair 24 weeks
24 F European shorthair 14 weeks
25 F Siamese 10 weeks
26 F European shorthair 8 weeks
27 F European shorthair 8 weeks
28 M European shorthair 1 year

The four cats with positive immunostaining for FPV antigens in cerebral
neurons are bolded

5, 10, 11, 12, 14, 15, 16, 22, 23, 26; Table 1) showed
strong positivity for parvoviral antigens in other brain
regions, especially the interthalamic adhesion of the
diencephalon (Fig. 2). Glial cells (mostly microglial cells)
but also neurons (in four cats, No 5, 10, 11 and 15)
showed bright cytoplasmic staining. Infection was asso-
ciated in some but not all infected neurons by signs of
neuronal degeneration and glial reaction (Fig. 1). The
four cats bearing infected neurons were 6 weeks,
10 weeks, 12 weeks and 4.5 years-old (cats No 5, 10, 11
and 15, Table 1). Further immunostaining of the brain
from cat number 15 for p27"®! antigen revealed an
absence of nuclear p27<"' expression in FPV-infected
neurons, while it was clearly expressed in the nucleus of
uninfected neurons (Fig. 3). A relatively strong back-
ground reaction could not be avoided with the antibody
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Fig. 1 Histopathological features of brain sections (diencephalic region) from a 12-week-old parvovirus-infected cat presented in this study
(original magnification x400). Satellitosis around neurons with condensed chromatine (neuronophagia) is observed
.
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Fig. 2 Immunohistochemical staining for FPV antigens in parvovirus-positive cat brains. a to d Intense cytoplasmic or nuclear immunostaining of

Purkinje cells from an infected kitten cerebellum used as a positive control (original magnification x400). e to j Bright staining of neuronal bodies

and processes and (i) several microglial cells in the diencephalon (interthalamic adhesion) from a 12-week-old cat presented in this study (original
magnification x400; (j) original magnification x200)
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54 days) used as a positive control (original magnification x400)

Fig. 3 Immunohistochemical staining for FPV and P27 antigens. Immunostaining for FPV (a, ¢, €) and p27<*" (b, d, f) antigens on adjacent sections
showing the absence of nuclear staining for p27°®" in FPV-infected neurons (c-f), while uninfected neurons still express nuclear p27 (a, b) (original
magnification x100 (a, b) or x400 (c to f)). g Immunostaining for p27K‘p1 antigen of cerebellar cortex from a feline fetus (estimated gestational age:

dilution (1/50) necessary to obtain a frank nuclear stain-
ing in p27""! positive cells (Fig. 3).

The full genome of the parvovirus present in the
brain of the cat with the strongest IHC staining (cat
No 5) was obtained using next-generation sequencing
(GenBank accession number: KP769859). Sequence
analysis allowed its classification as a feline panleuko-
penia virus, which was confirmed by a phylogenetic
analysis (Fig. 4) and a sequence identity matrix (Fig. 5)
based on the VP2 nucleotide coding sequence. A unique
L — S substitution was observed at position 582 in the
amino acid sequence of the NS1 protein (Table 2), result-
ing from a T — C nucleotide substitution at position 1745
of the NS1 coding sequence. Further sequence compari-
sons confirmed that this substitution had never been
observed in FPV and CPV sequences available in GenBank
to date. Sequences of VP1 and VP2 proteins were typical
of FPV (Table 2).

A PCR targeting the region of interest of NSI1
coding sequence confirmed the unique substitution in
the KP769859 strain. The same PCR was applied to
DNA extracted from the other three cats (No 10, 11,
15) with neuronal IHC staining and revealed the pres-
ence of the same substitution (Table 2). Subsequent
next-generation sequencing of the full genome of the
FPV genome from two of these cats (No 10 and 11)
showed an identical amino acid sequence of NSI,
VP1 and VP2 to that of KP769859 strain (data not
shown). The NS1 substitution was not found in intes-
tinal FPV strains infecting three cats with a negative
cerebral immunostaining (cats number 14, 18 and 23;
Table 2). It has to be noted here that these three cats
had a positive FPV PCR in brain tissues, but with
high Cr values, especially when compared to Cr
values in the ileum.

Further analysis of the sequencing data from the cat
brain infected by KP769859 FPV showed the presence
of feline bocavirus. Subsequent PCR amplification with
specific primers allowed the sequencing of around 80 %
of the full genome (Genbank accession number:
KP769860). Phylogenetic analysis based on the available
partial genome allowed classification of this strain as a
type 1 feline bocavirus (Fig. 6).

Discussion

Feline panleukopenia virus has long been known to
cause cerebellar hypoplasia in neonatal kittens through
in utero or perinatal infection of the external germinal
epithelium of the cerebellum [6, 9, 10]. Parvoviruses
typically target highly mitotic cells such as those from
intestinal crypts, bone marrow and lymphoid tissues
[10]. This requirement explains why cerebellar hypopla-
sia is only observed in kittens infected perinatally or in
utero and not in older cats. Cell cycle re-entry might be
involved in the productive infection of Purkinje cells in
kittens [11].

Extra-cerebellar lesions of the central nervous system
associated with parvoviral infections were described in
cats with demyelination of the spinal cord [12] and in
cats with canine parvovirus replication in cerebral neu-
rons [8, 13]. Such productive infections of cat cerebral
neurons were strikingly associated with old CPV-2
strains, which seem to infect cats while they do not cir-
culate in dog populations anymore, and have never been
identified with CPV-2a and -2b variants, nor with FPV
strains [8].

In the present study, we showed the presence of FPV
proteins, likely VP1/VP2, given the antigens targeted by
the CPV1-2A1 antibody used [7], in glial cells and
neurons from diencephalic region of four cats, mostly
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Fig. 4 Maximum Likelihood phylogenetic analysis of the KP769859 FPV strain based on VP2 nucleotide coding sequence. Representative strains of
canine parvovirus (CPV), feline panleukopenia virus (FPV) and mink enteritis virus (MEV) are included. Statistical support of 1000 parallel Maximum
Likelihood bootstrap replicates (=70 %) is indicated at the nodes. Taxon information includes GenBank accession number, name/antigenic variant
and strain. The feline parvovirus strain generated in this study is bolded and underlined. The scale bar represents nucleotide substitutions per site
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the interthalamic adhesion. Similarly to observations
reported with CPV-2 strains [8], the infection of cerebral
neurons occurred in the absence of visible cerebellar
infection or lesion. This is of utmost interest since some
of the cats had a history of neurological signs before
death. Moreover, one affected cat was adult, this last

point raising questions about the possibility of a virus-
induced re-entry of post-mitotic neurons into cell cycle
[11]. To specifically address this point, we assessed the
p27""P! expression of FPV-infected neurons by IHC. The
cyclin-dependent kinase inhibitor p27"P* is expressed in
cells that have exited the mitotic cycle [14]. Anti-p27"P*
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Fig. 5 Pairwise identity matrix based on the viral VP2 gene sequence. A color-coded pairwise identity matrix based on the VP2 nucleotide coding
sequence from representative strains of canine parvovirus (CPV), feline panleukopenia virus (FPV) and mink enteritis virus (MEV) reveals the KP769859
strain generated in this study belongs to the FPV group. The KP769859 feline parvovirus strain is bolded and underlined. A color key indicates the
correspondence between pairwise identities and the colors displayed in the matrix

and anti-FPV immunostainings were realized on serial
sections from the same samples and revealed that while
most neurons were p27-positive in the nucleus, those
infected by FPV were p27-negative, meaning a possible
re-entry into the mitotic cycle of some neurons includ-
ing those expressing FPV proteins [14]. The ability of
the anti-human p27""! antibody used in this study to
efficiently and specifically bind the feline p27*"" protein
had been demonstrated previously [11]. Further, rela-
tively high concentrations of the antibody with some
background reaction were necessary to get a significant
nuclear staining. Recent evidence suggest that cell cycle
re-entry in post-mitotic neurons may occur under spe-
cific circumstances [15]. Although the number of cases

included in the present study is too low to be conclusive,
this observation deserves to be further investigated. Be-
sides, whether the lack of p27 expression is a cause or a
consequence of the infection of these neurons by FPV
remains to be determined.

Sequences analyses revealed that a unique L—S
substitution was present in the NS1 protein from brain-
infecting strains and not in other strains presented in
this study. This substitution has thus far never been
identified, neither in FPV nor in CPV strains. NS1 pro-
tein of human B19 parvovirus is known to cause cell
cycle arrest at late S phase, which favors viral DNA rep-
lication [16] and is pro-apoptotic [17]. Similarly, Minute
virus of Mice NS1 was associated with cell cycle arrest
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Table 2 Parvovirus sequences from tissues of cats investigated (cats No 5, 10, 11, 15, 14, 18 and 23) in comparison with reference

feline panleukopenia and canine parvovirus strains

Cat No or virus Origin Amino acid position

type/accession No VP2 aa 96 VP2 aa 106 VP2 aa 578 NST aa 248 NS1 aa 582
Cat No 5/KP769859 Cat - brain K \% A T S
Cat No 10 Cat - brain K \% A T S
Cat No 11 Cat - brain K V A T S
Cat No 15 Cat - brain K \ A ND S
FPV/EU221279 Cat - fecal sample K \ A ND ND
FPV/BAA19024 Cat - ND ND ND ND T L
CPV-2/FJ197847 Dog - fecal sample N A G ND ND
CPV-2/NC_001539 Dog - cell culture G | L
Cat No 14 Cat- ileum ND ND ND ND L
Cat No 18 Cat- ileum ND ND ND ND L
Cat No 23 Cat- ileum ND ND ND ND L

ND: not determined

and p53 activation [18] and CPV-2 NS1 was shown to
cause caspase-3 activation [19]. It is tempting to
hypothesize that FPV NSI1 could also be able to
manipulate the cell cycle. The putative cause to effect of
the NS1 mutation described for FPV strains in associ-
ation with productive infection of cerebral neurons in
this study deserves additional research. The potential

link between this NS1 mutation and the lack of p27*'P*
expression in infected neurons should also be specifically
addressed.

Lastly, the next-generation sequencing analysis of one
parvovirus-infected cat’s brain tissue showed the co-
infection by type 1 feline bocavirus. Bocaviruses are
enteric viruses of the Parvoviridae family which have

NC 017823/ FeBoV

JQ692586 / FeBoV / strain HK797U

JQ69258S / FeBoV / strain HK797F
77

KMO017745 / FeBoV / strain FBD2

73 JQ692587 / FeBoV / strain HK87S

KP769860 / FeBoV / strain 2167

KM017744 / FeBoV / strain FBD1

NC 022800 / FeBoV2/ strain POR1

88

KF792837 / FeBoV2 / strain POR1

—_—

20

Fig. 6 Maximum Likelihood phylogenetic analysis of feline bocavirus strain KP769860 based on partial genomic sequence. Currently available
type 1 and type 2 feline bocavirus strains are included. A partial genome (4,001 nucleotides) was used for analysis. Statistical support of 1000

KP769859 / FPV / strain 2167

parallel Maximum Likelihood bootstrap replicates (270 %) is indicated at the nodes. FPV strain 2167 (Genbank accession number KP769859, also
described in this study) is used as outgroup. Taxon information includes GenBank accession number, name/antigenic variant and strain. The feline
bocavirus strain generated in this study is bolded and underlined. The scale bar represents nucleotide substitutions per site
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been described in several species and only recently in
cats [20]. The pathogenic potential of these viruses
remains to be determined [20]. Even if not confirmed by
in situ histological techniques, the present study is the
first report of nervous system infection by a bocavirus.
The potential effects of the co-infection with FPV in the
affected cat remains to be assessed.

Conclusions

Overall, the results presented in this study show that,
like CPV-2, FPV is able to infect cerebral neurons of
young or adult cats without involvement of the cerebel-
lum. The identification of a unique substitution in NS1
protein might be related to this unusual tropism but this
hypothesis would require further investigations. This
study also provides the first evidence of nervous tissue
infection by a bocavirus.

Methods

Sample collection and real time PCR

During the year 2013, a total of 28 cats referred for
necropsy to the Veterinary Pathology Department of the
University of Liege, Belgium, were confirmed as cases of
feline panleukopenia. Samples of brain, cerebellum,
spleen, small intestine, mesenteric lymph node, liver,
kidney, lung and myocardium were collected and stored
at —-80 °C for subsequent PCR analysis or fixed in 10 %
formalin, routinely processed and embedded in paraffin
for histopathological evaluation.

The feline panleukopenia virus genome was detected
using a Taqman real time PCR assay previously
described [21]. In the Tagman probe, BHQ1 was used as
a quencher.

All studies were in accordance with the guidelines of
the Institutional Animal Care and Use Committees of
the University of Liege.

Immunohistochemical staining

The organs examined for histopathology were subse-
quently submitted to immunohistochemical analysis. A
commercial mouse monoclonal anti-parvovirus antibody
(clone CPV1-2A1, sc57961, Santa Cruz, Dallas, Texas,
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USA) [7] and a polyclonal rabbit anti-human p27
antibody (ab7961, Abcam, Cambridge, United Kingdom)
[11] were used as primary antibodies (dilution 1:50, for
both). Goat anti-mouse or goat anti-rabbit serum (dilu-
tion 1/160, 323-005-024 and 323-005-024, respectively,
Jackson ImmunoResearch, West Grove, USA) was used
as secondary antibody. Binding was visualized using the
peroxidase anti-peroxidase method with diaminobenzi-
dine as the chromogen; sections were counterstained
with Mayer hematoxylin. Cerebellar sections from an
FPV-infected kitten with cerebellar hypoplasia were
used as a positive control for the anti-parvovirus immu-
nohistochemistry [7, 11], and sections from a fetal cere-
bellum (estimated gestational age, 54 days) were used
as a positive control for the anti-p27*"*! immunohisto-
chemistry [11].

Next-generation sequencing, confirmation PCRs and
sequence analysis

Brain samples from three cats (5, 10, 11) for which suffi-
cient amounts of tissue were available were submitted to
next-generation sequencing. Briefly, 500 mg of tissue
were homogenized in 1 ml of 1x DNase buffer (Life
Technologies, Ghent, Belgium) for 5 min at 30Hz using
a TissueLyser II device (Qiagen, Hilden, Germany). After
centrifugation for 10 min at 11,000 g, supernatant was
collected and filtered using a 0.2 pum filter (Pall Corpor-
ation, Newquay, United Kingdom). Viral particles were
concentrated using a Microcon-100 kDa column (Merck
Millipore, Billerica, USA) for 30 min at 500 g. Viral par-
ticles were washed once with 100 ul of 1x DNase buffer
for 20 min at 500 g and eluted by inverting the column
for 3 min at 1000 g. Turbo™Dnase (Life Technologies,
Ghent, Belgium) and RNase A/T1 (Thermo Scientific,
Waltham, USA) were added to the elution at a 1:50
dilution. The mixture was stored for 1 h at 37 °C. Viral
particles were then digested using proteinase K and
total DNA was extracted using NucleoSpin Tissue kit
(Macherey-Nagel, Diiren, Germany) according to man-
ufacturer’s instructions. Libraries were prepared using
Ion Plus Fragment Library Kit and sequencing was
performed with the Ion Torrent PGM technology (Life

Table 3 Primers used for amplification and sequencing of feline bocavirus (design/numbering based on GenBank accession number
KMO017745) and for confirmation of the substitution in NS1 coding sequence of FPV (design/numbering based on GenBank

accession number KP769859)

Forward Primer Sequence Position Reverse primer Sequence Position

BocaF1 ACAATGCCTGGACCTGAATC 481 — 500 BocaR!1 TTTTACTCATTCTGGCATTCACA 1,276 — 1,254
BocaF2 CTAGTCAGGGACGAACCAA 1,141 — 1,159 BocaR2 CCATTGAGTATGAAAGCCAACT 2,103 — 2,082
BocaF3 CACGTCTAGAGAGCACCTTTGG 1,994 — 2,015 BocaR3 ATCAACCTCCATGGCAACC 3,118 — 3,100
BocaF4 DGGCATTTTAGCATGGGCGAA 2,966 — 2,986 BocaR4 GAAAATACCCGTATTGCGGAAGT 4,113 — 4,091
BocaF5 TACAGCGGGTGTACACATTT 3,9864,005 BocaR5 GTAGCAGTGTGGAGGGTGT 5368 — 5,350
ParvF3 CAACCAATAAGAGACAGAATGTTGA 1,785 — 1,809 ParvR3 CCCCCACTTTACTAACACACC 2342 —2322
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Technologies, Ghent, Belgium). Full genome assembly
and sequence analysis were performed with Geneious
8.0.5 (Biomatters, Auckland, New Zealand). Phylogen-
etic analyses were realized using MEGA 6.0 [22]. A
nucleotide sequence identity matrix was produced with
Sequence Demarcation Tool version 1.2 [23].

A confirmation PCR was used to verify a point muta-
tion in NS1 coding sequence. Primers (Table 3) were de-
signed using Primer3 [24]. PCRs were performed using
HotStarTaq Plus Master Mix (Qiagen, Hilden, Germany)
and conditions were as follows: a denaturation step at
95 °C for 5 min, followed by 45 cycles of 95 °C for 20 s,
55 °C for 45 s, 72 °C for 2 min, and final elongation
5 min at 72 °C. Sanger sequencing of the amplicons was
performed by GATC Biotech (Konstanz, Germany).

Besides, primers were designed (Table 3) to amplify
the genome of a feline bocavirus identified in the brain
of one cat by next-generation sequencing. PCR/sequen-
cing conditions were as described for panleukopenia
virus.
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Competing interests
The authors declare that they have no competing interest.

Authors’ contributions

MG, GG, SJ, CB, TC, KG, TF, AM, EL, DC, DP and LP participated in the sample
collection and experimental part. MG, LP and DD designed the study and
drafted the manuscript. All authors read and approved the final manuscript.

Acknowledgements
We thank Jéréme Wayet and Michaél Sarlet for excellent technical support.

Author details

'Department of Morphology and Pathology, University of Liége, Liége,
Belgium. “Department of Clinical Sciences, University of Liége, Liége,
Belgium. *Department of Infectious and Parasitic Diseases, Centre for
Fundamental and Applied Research for Animals & Health, Faculty of
Veterinary Medicine, University of Liége, Liége, Belgium. “Laboratory of
Anatomy, Biomechanics and Organogenesis, Faculty of Medicine, Free
University of Brussels, Brussels, Belgium.

Received: 18 September 2015 Accepted: 15 February 2016
Published online: 19 February 2016

References

1. Allison AB, Kohler DJ, Ortega A, Hoover EA, Grove DM, Holmes EC, Parrish CR.
Host-specific parvovirus evolution in nature is recapitulated by in vitro
adaptation to different carnivore species. PLoS Pathog. 2014;10, €1004475.

2. Siegl G, Bates RC, Berns K, Carter BJ, Kelly DC, Kurstak E, Tattersall P.
Characteristics and taxonomy of Parvoviridae. Intervirology. 1985,23:61-73.

3. Parrish CR, O'Connell PH, Evermann JF, Carmichael LE. Natural variation of
canine parvovirus. Science. 1985;230:1046-8.

22.

23.

24.

25.

Page 9 of 9

Berns KI. Parvovirus replication. Microbiol Rev. 1990;54:316-29.

Deleu L, Pujol A, Faisst S, Rommelaere J. Activation of promoter P4 of the
autonomous parvovirus minute virus of mice at early S phase is required for
productive infection. J Virol. 1999;73:3877-85.

Resibois A, Coppens A, Poncelet L. Naturally occurring parvovirus-associated
feline hypogranular cerebellar hypoplasia— A comparison to experimentally-
induced lesions using immunohistology. Vet Pathol. 2007,44:831-41.
Poncelet L, Heraud C, Springinsfeld M, Ando K, Kabova A, Beineke A, Peeters D,
Op De Beeck A, Brion J-P. Identification of feline panleukopenia virus proteins
expressed in Purkinje cell nuclei of cats with cerebellar hypoplasia. Vet J. 2013;
196:381-7.

Url A, Truyen U, Rebel-Bauder B, Weissenbock H, Schmidt P. Evidence of
parvovirus replication in cerebral neurons of cats. J Clin Microbiol. 2003;41:
3801-5.

Kilham L, Margolis G, Colby ED. Congenital infections of cats and ferrets by
feline panleukopenia virus manifested by cerebellar hypoplasia. Lab Invest.
1967;17:465-80.

Pedersen NC. Feline panleukopenia virus. In: Appel MJG, editor. Virus
infection of carnivores. New York: Elsevier Science Publishers; 1987.

p. 247-54.

Poncelet L, Springinsfeld M, Ando K, Heraud C, Kabova A, Brion J-P.
Expression of transferrin receptor 1, proliferating cell nuclear antigen,
p27(Kip1) and calbindin in the fetal and neonatal feline cerebellar cortex.
Vet J. 2013;196:388-93.

Csiza CK, Scott FW, De Lahunta A, Gillespie JH. Respiratory signs and central
nervous system lesions in cats infected with panleukopenia virus. A case
report. Cornell Vet. 1972,62:192-5.

Url A, Schmidt P. Do canine parvoviruses affect canine neurons? An
immunohistochemical study. Res Vet Sci. 2005;79:57-9.

Miyazawa K, Himi T, Garcia V, Yamagishi H, Sato S, Ishizaki Y. A role for p27/
Kip1 in the control of cerebellar granule cell precursor proliferation. J
Neurosci. 2000;20:5756-63.

Frade JM, Ovejero-Benito MC. Neuronal cell cycle: the neuron itself and its
circumstances. Cell Cycle. 2015;14:712-20.

Luo Y, Kleiboeker S, Deng X, Qiu J. Human parvovirus B19 infection causes
cell cycle arrest of human erythroid progenitors at late S phase that favors
viral DNA replication. J Virol. 2013;87:12766-75.

Poole BD, Zhou J, Grote A, Schiffenbauer A, Naides SJ. Apoptosis of liver-
derived cells induced by parvovirus B19 nonstructural protein. J Virol. 2006;
80:4114-21.

Op De Beeck A, Sobczak-Thepot J, Sirma H, Bourgain F, Brechot C,
Caillet-Fauquet P. NS1- and minute virus of mice-induced cell cycle
arrest: involvement of p53 and p21(cip1). J Virol. 2001;75:11071-8.
Saxena L, Kumar GR, Saxena S, Chaturvedi U, Sahoo AP, Singh LV, Santra L,
Palia SK, Desai GS, Tiwari AK. Apoptosis induced by NST gene of Canine
Parvovirus-2 is caspase dependent and p53 independent. Virus Res. 2013;
173:426-30.

Lau SKP, Woo PCY, Yeung HC, Teng JLL, Wu Y, Bai R, Fan RYY, Chan K-H,
Yuen K-Y. Identification and characterization of bocaviruses in cats and dogs
reveals a novel feline bocavirus and a novel genetic group of canine
bocavirus. J Gen Virol. 2012;93(Pt 7):1573-82.

Decaro N, Elia G, Martella V, Desario C, Campolo M, Trani LD, Tarsitano E,
Tempesta M, Buonavoglia C. A real-time PCR assay for rapid detection and
quantitation of canine parvovirus type 2 in the feces of dogs. Vet Microbiol.
2005;105:19-28.

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: Molecular
Evolutionary Genetics Analysis version 6.0. Mol Biol Evol. 2013;30:2725-9.
Muhire BM, Varsani A, Martin DP. SDT: a virus classification tool based on
pairwise sequence alignment and identity calculation. PLoS One. 20149,
e108277.

Untergasser A, Cutcutache |, Koressaar T, Ye J, Faircloth BC, Remm M, Rozen SG.
Primer3-new capabilities and interfaces. Nucleic Acids Res. 201240, e115.

The Parliament of Wallon region of Belgium. 29 mai 2013 - Arrété royal
relatif a la protection des animaux d'expérience (M.B. 10.07.2013) + erratum
26.07.2013 + erratum 21.01.2014 [http://environnement.wallonie.be/legis/
bienetreanimal/bienetre008.html]


http://environnement.wallonie.be/legis/bienetreanimal/bienetre008.html
http://environnement.wallonie.be/legis/bienetreanimal/bienetre008.html

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Discussion
	Conclusions
	Methods
	Sample collection and real time PCR
	Immunohistochemical staining
	Next-generation sequencing, confirmation PCRs and sequence analysis
	Ethical consideration

	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



