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Abstract

In 2013, several Austrian piglet-producing farms recorded outbreaks of action-related repetitive myoclonia in new-
born piglets (“shaking piglets”). Malnutrition was seen in numerous piglets as a complication of this tremor syndrome.
Overall piglet mortality was increased and the number of weaned piglets per sow decreased by more than 10% due
to this outbreak. Histological examination of the CNS of affected piglets revealed moderate hypomyelination of the
white substance in cerebellum and spinal cord. We detected a recently discovered pestivirus, termed atypical porcine
pestivirus (APPV) in all these cases by RT-PCR. A genomic sequence and seven partial sequences were determined
and revealed a 90% identity to the US APPV sequences and 92% identity to German sequences. In confirmation with
previous reports, APPV genomes were identified in different body fluids and tissues including the CNS of diseased
piglets. APPV could be isolated from a “shaking piglet’, which was incapable of consuming colostrum, and passaged
on different porcine cells at very low titers. To assess the antibody response a blocking ELISA was developed target-
ing NS3. APPV specific antibodies were identified in sows and in PCR positive piglets affected by congenital tremor
(CT). APPV genomes were detected continuously in piglets that gradually recovered from CT, while the antibodly titers
decreased over a 12-week interval, pointing towards maternally transmitted antibodies. High viral loads were detect-
able by gRT-PCR in saliva and semen of infected young adults indicating a persistent infection.

Introduction

Congenital tremor (CT) of piglets is a common phenom-
enon characterized by a generalized shaking involving
the whole musculoskeletal apparatus. CT is generally
classified in two types of disease. While histopathologi-
cal lesions are missing in type B, the type A is associated
with variable hypomyelination of brain and spinal cord.
These histological lesions are found as inherited genetic
defects in male Landrace pigs in type A-III [1] and in
Saddleback pigs in type A-IV [2]. Other causes of CT
occurrence are infections with viral agents like Classical
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swine fever virus (CSFV), responsible for type A-I [3].
CT of type A-1I is prevalent in piglets worldwide, occurs
as a sporadic disease affecting single litters, as an out-
break over several weeks affecting a high proportion of
farrowing’s or as an ongoing problem frequently affecting
gilt litters [4]. Viral agents responsible for CT A-II were
sought for decades. In 2015, the novel divergent porcine
pestivirus strain “atypical porcine pestivirus (APPV)”
was identified in North America and subsequently also
detected in Europe [5-7]. Other closely related strains
were termed congenital tremor virus (CTV), because
they were detected in piglets clinically affected by CT,
creating a synonymous name for the same viruses. Serum
of affected piglets was used to inoculate pregnant sows
to establish the link between APPV and congenital dis-
ease. This infection study could reproduce congenital
disorders in the offspring [8]. However, Koch’s postulates
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remain to be proven for APPV. Recently, a first success-
ful cell culture isolation of APPV was reported [5], which
might be the key for infection experiments with a defined
inoculum.

It is known that pestiviruses may induce various clini-
cal symptoms depending on virus species and strain, as
well as on age and immune status of the respective hosts.
Beside acute hemorrhagic disease, as documented for
CSEV or highly virulent strains of Bovine viral diarrhea
virus II (BVDV-II), an infection with most pestiviruses
yields mild or subclinical disease in the immune-com-
petent host [9]. Pestiviral infections during gestation
may have a detrimental effect on the embryo or fetus,
causing stillbirth, neurological defects or malformations
[10]. Dysmyelination or hypomyelinogenesis is a charac-
teristic neural lesion in ovine fetuses infected with Bor-
der disease virus (BDV) in the late gestation period [11]
and such lesions are frequently associated with CT [12].
The clinical signs and histopathological lesions of the
so-called “hairy shaker” lambs substantially improve in
a few weeks [13, 14], but the exact mechanisms respon-
sible for congenital hypomyelination after in utero infec-
tion have not been discovered to date. Historically, CSFV
was the only pestivirus known to cause natural infections
with clinical significance in swine [15] usually resulting
in different clinical symptoms with high morbidity and
mortality. CT is a frequent symptom of congenital CSFV
infections of piglets. A first novel “atypical pestivirus”
(Bungowannah virus) was found in Australian pigs in
2003 but no link to CT was given. Instead, Bungowannah
virus caused stillbirth and sudden death of young piglets
[16]. The Bungowannah virus is still circulating at the site
of initial discovery, but this virus or relatives were never
found at other locations [17].

Here we report on the identification and characteriza-
tion of atypical porcine pestiviruses in seven Austrian
farms affected by CT. Clinical symptoms and the course
of disease in single litters were followed up over several
parities. Histopathological examination showed that clin-
ical symptoms were linked to characteristic hypomyelina-
tion in the CNS. APPV could be isolated and propagated
on porcine cell lines and the infection was visualized by
immunofluorescence. Prevalence of APPV was analyzed
by RT-PCR and APPV specific antibodies were deter-
mined with a novel NS3 based blocking ELISA to get
insights into APPV epidemiology. Monitoring naturally
APPV infected and CT affected piglets over a period of
24 weeks gives evidence for a persistent infection. The
first documentation of virus shedding via semen in a
meanwhile clinically unsuspicious boar, which had been
a shaking piglet before, is of special importance with
regard to the epidemiology of APPV in the field.
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Materials and methods

Sample collection

All animal use protocols employed in this study are
approved by the institutional ethics and animal wel-
fare committee and the national authority according
to §§26ff (Animal Experiments Act from 2012; BMWE-
68.205/0188-WF/V/3b/2015). All APPV strains and
sequences analyzed in this study originate from these
Austrian field cases. In 2015 and 2016, we investigated the
pathogens in five Austrian piglet-producing farms, which
were experiencing problems with CT and subsequent
growth retardation in rearing piglets (Table 1). These
cases of CT were brought to our attention by the respon-
sible veterinarians, which reported on several additional
cases distributed all over Austria. None of the farms had
used vaccines against CSFV according to the Austrian
legislation. Veterinarians of the University Clinic for
Swine in Vienna conducted the clinical examination and
collected samples for diagnostic evaluation. Furthermore,
we included a retrospective evaluation of clinical samples
from two previous outbreaks, which occurred in 2013 in
farms in lower and upper Austria. The clinical examina-
tions in the affected farms only gave a snap shot of the
signs and course of disease in some farms. A continu-
ous monitoring of production performance, mortality
and pathogen prevalence was not possible in all farms,
since the cases occurred in regular commercial breed-
ing farms. To present a typical example, we investigated
the outbreak in farm A in detail regarding production
losses, clinical symptoms and pathological findings over
a 6 month period. Available data about piglet production
before and during the occurrence of clinical signs of CT
in the other farms is summarized in Table 2.

Farm A

Farm A is a piglet production site located in the north-
western part of Upper Austria. 105 Large-white x Lan-
drace crossbred sows are managed in a 3-week
batch-farrowing interval in seven groups consisting of 15
sows each. Gilts are obtained from a gilt producer. Two
teaser boars are kept on site for sow stimulation during
artificial insemination. Before entering the production
cycle, gilts are housed in a separately managed isolation
unit for three to nine weeks, which is managed sepa-
rately. Here, all gilts are vaccinated against parvovirosis
and erysipelas (Parvoruvac®, Merial SAS, Lyon, France)
and treated alternately with fenbendazole (Panacur
4%, Intervet, Vienna) and ivermectine (Ivomec, Merial
SAS) to prevent introduction of sarcoptic mange and
round worms. Serum samples of all gilts are screened for
PRRSV antibodies before integration into the sow herd.
This herd was free of PRRSV before and after occurrence
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Table 1 Synopsis of farms participating in the study
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Farm  Year of CT outbreak Location # of piglets in pathological examinations Data generated in the respective farm

A 2015 Upper Austria 10 Exemplary description and prevalence studies

B 2016 Upper Austria

@ 2016 Upper Austria 3 Genomic APPV sequence and long-term monitoring
D 2016 Upper Austria

E 2016 Upper Austria

F 2013 and 2016 Lower Austria 2 (in 2013) Virus isolation

G 2013 Upper Austria 2 (in 2013)

Table 2 Impact of CT occurrence on piglet production, piglet mortality and the splay legs syndrome

Farm WP/S/Y before OCT ~ WP/S/Y during OCT  Mortality of CT-affected piglets  Splay legs observed in CT-affected piglets
A 25.5-26.5 2357 Up to 30% Yes

B 24.5 17.2-19.6 id. No

C 25.6 22.8-24.0 id. Yes

D 26.2 26.0 0.6% No

E 26.5 23.45-23.86 Up to 25% Yes

F2013%(2016) id.(24.1) i.d. (24.0-24.05) id. (<0.6) i.d. (no)

G id. id. id. id.

WP/S/Y: weaned piglets per sow and year; OCT: occurrence of congenital tremor; CT: congenital tremor; i.d.: indeterminate, due to inexistent or inconsistent records.

@ Material was investigated retrospectively and therefor no accompanying data available.

of CT. An average of 26.0 piglets was weaned per sow and
year in farm A before CT symptoms occurred.

Pathology

A complete necropsy was performed on ten piglets of
farm A and seven affected piglets from the other farms.
Here, we describe the findings from five clinically affected
piglets from farm A and five littermates without symp-
toms. The piglets were euthanized, a gross pathological
examination was performed and samples were taken. For
histological examination brain, spinal cord, and organ
samples of all piglets of farm A and a healthy control ani-
mal from a farm without CT problems were fixed in 10%
neutral buffered formalin. Formalin fixed brains were cut
into coronary sections of 2—3 mm thickness and embed-
ded in paraffin wax. Organ samples and coronary and
longitudinal sections of cervical, thoracic and lumbar
spinal cord were cut and embedded in paraffin wax, too.
Of all embedded organs 1.5 um thick sections were cut
and stained with hematoxylin and eosin (HE). Further-
more, brain and spinal cord samples were stained with a
combination of luxol fast blue and HE (LFB-HE) to deter-
mine the extent of myelination. Immunohistochemical
investigations using a primary antibody (ab109186, dilu-
tion 1:1000; Abcam, Cambridge, UK) for determination
of olig-2, a marker for oligodendroglial cells, were per-
formed automatically on an autostainer (Lab Vision AS

360, Thermo Fisher Scientific, Waltham, USA). Briefly,
2 um paraffin-embedded sections of the piglets’ brains
and spinal cords were placed on coated slides and dried
to enhance tissue adherence. Antigen retrieval was per-
formed on deparaffinized and rehydrated sections by
heating in citrate buffer (pH 6). Endogenous peroxidase
activity was blocked by incubation in H,O,. After appli-
cation of the primary antibody a polymer detection sys-
tem (UltraVision LP Large Volume Detection System;
Thermo Fisher Scientific), consisting of a universal sec-
ondary antibody formulation conjugated to an enzyme-
labeled polymer was used. The polymer complex was
then visualized with an appropriate substrate/chromogen
(diaminobenzidine [DAB]; Labvision/Thermo Fisher Sci-
entific). Subsequently, all sections were counterstained
with hematoxylin, dehydrated and mounted.

For transmission electron microscopy, samples of cer-
ebellar white matter, cerebellar peduncles, and medulla
oblongata of one clinically affected piglet and one pig-
let without symptoms from farm A were cut in 1 mm?
cubes and fixed in 2.5% neutral buffered formalin and
2.5% glutaraldehyde (Merck, Darmstadt, Germany) in
0.1 M phosphate buffer (Sigma-Aldrich, Vienna, Aus-
tria), pH 7.2, at 4 °C for 3 h. Afterwards samples were
post-fixed in 1% osmium tetroxide (Merck) in the same
buffer at 4 °C for 2 h. After dehydration in an alcohol
gradient series and propylene oxide (Merck), the tissue
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samples were embedded in glycid ether 100 (Serva, Hei-
delberg, Germany). The ultrathin sections were cut on
a Leica Ultramicrotome (Leica Ultracut S, Vienna, Aus-
tria) and stained with uranyl acetate (Sigma-Aldrich) and
lead citrate (Merck). Ultrathin sections were examined
with a Zeiss TEM 900 electron microscope (Carl Zeiss,
Oberkochen, Germany) operated at 50 kV.

Detection of APPV genomes and sequence analysis

Total RNA was extracted from field serum samples,
semen, saliva or tissue samples using the QIlAamp Viral
RNA Mini Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. RNA was eluted in
60 pL RNase free distilled water and directly used for
RT-PCR or stored at —80 °C for subsequent analysis.
RT-PCR was carried out using the OneTaq One-Step RT-
PCR Kit (NEB, Ipswich, USA) or the One Step RT-PCR
Kit (Qiagen) according to the manufacturer’s instruc-
tions. Several primer pairs (available upon request) that
were hybridizing with highly conserved regions in differ-
ent pestivirus species (BVDV, BDV, CSFV, Bungowan-
nah, and APPV) were designed according to published
sequences available in NCBI GenBank. Resulting PCR
amplicons with suitable length were subjected to gel elec-
trophoresis, purified by the peqGOLD Gel Extraction Kit
(Peqlab, Erlangen, Germany), and sequenced by a com-
mercial provider (Eurofins Genomics, Ebersberg, Ger-
many) using the PCR primers. DNA fragments belonging
to APPV were sub-cloned in the pGEM-T easy vector
(Promega, Madison, USA).

Sequences of Austrian APPV strains were submit-
ted to GenBank with the provisional entries KX778725
(AUT-2015_A), KX778726 (AUT-2016_B), KX778724
(AUT-2016_C), KX778727 (AUT-2016_D), KX778728
(AUT-2016_E), KX778729 (AUT-2013_F), KX778730
(AUT-2016_F), KX778731 (AUT-2013_G). First analy-
ses were carried out using NCBI’s Basic Local Alignment
Search Tool for nucleotides (BLASTn). Phylogenetic
pairwise comparison and identity calculations were
carried out with CLC Main Workbench 7.6 (CLCBIO,
Aarhus, Denmark). Alignments and phylogenetic trees
were generated with the software CLC Sequence Viewer
7.6 (CLCBIO) with bootstrap values based on 1000 repli-
cates. For construction of the phylogenetic trees, homol-
ogous sequences of APPV and other pestivirus species
deposited in GenBank were used as indicated.

Quantitative reverse transcription-PCR (qRT-PCR)

For the quantification of viremia and virus burden, viral
RNA was also extracted with QIAamp Viral RNA Kit
(Qiagen) according to the manufacturer’s instructions.
RNA was eluted in 60 pL distilled water and 1.25 pL
was directly used for amplification with the Invitrogen
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One-Step qRT-PCR Kit (Thermo Fisher Scientific) on an
ABI 7500 cycler (Applied Biosystems, Foster City, USA).
The APPV specific primers P1 (5-AGTTCAGAAAT
CCGGTAGCTG-3') and P2 (5-CTACCAGCCTGA
GGTCTTC-3') were used for amplification and the
probe P3 (5-FAM-GTTTCGACACCAAAGCTTGGG
ACACTCA-TAMRA-3') was used for detection. A
recombinant bacterial plasmid harboring the sequence
encoding the NS5B gene of APPV strain AUT 2016
Farm A was purified using the QIAGEN Plasmid Midi
Kit (Qiagen) and spectrophotometrically quantified.
The copy number of recombinant plasmids was calcu-
lated following the formula: N (molecules per pL) = (C
(DNA concentration in pg/uL)/K (fragment size in
bp)) x 185.5 x 10'® (factors derived from DNA weight,
volume and the Avogadro constant). In order to obtain
a standard curve, a tenfold dilution series of cDNA was
included in the qRT-PCR setup. Cycling conditions
were 42 °C 15:00, 95 °C 5:00 and 45 cycles of 95 °C 0:05,
60 °C 0:33 (amplification and fluorescence detection
step). Genome copies were calculated by 7500 System
SDS Software (Applied Biosystems) based on the stand-
ard curve. The genome equivalents from 1.25 pL of the
purified RNA were projected to copies per 1 mL serum
using the multiplication factor 342.9. Sample concentra-
tion during RNA preparation (140/60 puL = 2.3) reduced
the volume projection factor (1000/1.25 pL. = 800) yield-
ing this factor. The copy number per swab was calculated
by multiplying with factor 171.4, because the swab was
washed out in 500 pL of buffer (500/1.25 uL = 400, con-
centration factor 2.3).

Determination of the genomic sequence of an Austrian
APPV strain

The genomic sequence of APPV isolate AUT 2016 Farm
C (GenBank KX778724) was determined employing
primers designed based on an available APPV genome
sequence in GenBank (KU194229.1, primer sequences
available upon request) [8]. Resulting PCR products were
purified, cloned with the help of T-vectors and sequenced
as described in sub-section “Detection of APPV genomes
and sequence analysis” RACE-PCRs were not employed
to determine the ultimate 5'- and 3’-termini.

Recombinant antigens

For expression in E. coli the coding sequence of the NS3
helicase of APPV AUT 2016 Farm C (AA1513-2006) was
amplified by RT-PCR and inserted into a modified petlla
vector (Novagen) with a C-terminal polyhistidine tag
(petNS3H-APPV). After expression via a T7 RNA poly-
merase promoter in E. coli strain Rosetta 2" (Novagen)
the protein was purified by ion metal affinity chroma-
tography (IMAC) using Ni** Sepharose (HisTrap '; GE
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Healthcare). Amount and purity of APPV-NS3H was
accessed by sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS PAGE), and identity was confirmed
by immunoblot analysis with an anti-His antibody. Puri-
fied proteins were further purified by size exclusion chro-
matography (Superdex 200 10/300, GE) and served as
antigen source for ELISA studies. The APPV NS3 heli-
case sequence was sub-cloned in a pcDNA3.1 vector for
eukaryotic expression and immunofluorescence tests
(pcDNAGFP-NS3H).

Monoclonal antibodies against pestiviral proteins

As reported earlier, we generated a panel of monoclonal
antibodies against the nonstructural proteins of CSFV
using heterologous protein expression in the E. coli and
standard technics [18]. Over the last years this panel was
extended to antibodies against the nonstructural proteins
of BVDV [19] and Bungowannah virus (unpublished). In
addition, we generated monoclonal antibodies against
the structural proteins of CSFV [20] and BVDV [21, 22].
Briefly, BALB/c mice were immunized with recombinant
proteins until seroconversion was observed. Spleen cells
were prepared and fused with sp2/0-AG14 myeloma cells
to generate monoclonal antibody producing hybrido-
mas. Finally, secreted mAbs were evaluated using ELISA,
immunoblot and immunofluorescence assays as needed.
Each of these fusion experiments yielded up to 100 dif-
ferent reactive monoclonal antibodies. This extensive
collection of antibodies against all pestiviral proteins is
screened for APPV cross-reactive antibodies using dif-
ferent assays in an on-going project. Until now, we suc-
cessfully screened different anti-NS3-helicase panels and
found two APPV cross-reactive antibodies. Both anti-
bodies were generated by simultaneous immunization
with CSFV and BVDV NS3H.

Serological reagents and ELISA studies

ELISA screening of different hybridoma cell culture
supernatants from our library of cross-reactive mono-
clonal antibodies (mAbs) against pestiviral NS3H was
performed as described previously [23]. Briefly, purified
recombinant APPV-NS3H was dissolved in ELISA coat-
ing buffer (0.1 M sodium carbonate, pH 9.5) and diluted
to a final concentration of 10 pg/mL. 96-well ELISA
plates (Maxisorb"; Nunc) were coated with 0.5 ug of the
APPV-NS3 and blocked with phosphate buffered saline
containing 0.01% Tween 20 and 10% fetal calf serum
(FCS Gold Plus, Bio&Sell, Feucht, Germany). After incu-
bation with hybridoma cell culture supernatant, specific
binding of mAbs was detected with horseradish peroxi-
dase (HRP)-conjugated goat anti-mouse immunoglobulin
(Dianova, Hamburg, Germany) and 3,3',5,5'-tetrameth-
ylbenzidine (TMB; Sigma) substrate. The specificity of
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mAbs was further analyzed in immunoblots and immu-
nofluorescence using the recombinant protein.

The presented indirect ELISA system was modified to
analyze the ELISA blocking activity of serum samples
from APPV infected pigs. After coating with APPV-NS3
the ELISA wells were blocked either with FCS as a mock
control or with the swine sera to be tested. The Cut-off
value at a relative signal intensity of 0.5 was determined
empirically using defined positive and negative sera.
APPV antibody negative sera were obtained from sows
and piglets of unsuspicious farms that never experienced
problems with CT and were tested negative for APPV by
RT-PCR. Defined positive sera originate from sows and
piglets from affected farms with high indirect ELISA
titers. APPV-NS3H specific antibodies from reactive sera
were further characterized in immunofluorescence assays
using BHK cells transient transfected with a pcDNA3.1
vector encoding green fluorescent protein fused to the
NS3 helicase domain of APPV (pcDNAGFP-NS3H).
Reagents suitable for immunofluorescence detection of
APPV infected cultured cells were prepared by affinity
purification of the porcine APPV NS3H specific anti-
bodies from sera. One milligram of recombinant APPV
NS3H was coupled to a NHS-column (HiTrap NHS-
activated HP; GE Healthcare, Chalfont St Giles, UK)
according to the manufacturer’s recommendations. Ten
milliliter of an APPV positive porcine serum was diluted
1:5 in Tris buffer (100 mM, pH: 8.0) and passed over the
APPV NS3H-coated matrix. Unbound antibodies were
removed and the bound antibody fraction was eluted
using a glycine buffer (50 mM, pH: 3.0) and concentrated
by ultrafiltration.

Virus isolation

For virus isolation, 50 puL serum of diseased piglets from
different Austrian farms were used to inoculate 5 x 10°
SK-6 or PK-15 cells in a six-well format. After 3 days, the
infected cells were passaged and a tenth of the cell cul-
ture supernatant was further passaged on the same cell
line. All cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf
serum (FCS Gold Plus, Bio&Sell) and maintained at 37 °C
and 5% CO,. Virus infections and passages were analyzed
by immunofluorescence and qRT-PCR.

Results

Exemplary description of the CT outbreak in farm A

In farm A, the occurrence of CT was first observed in July
2015 in suckling piglets. About 70% of all newborn pig-
lets showed various degrees of trembling or shaking, with
80% of the litters being affected (Table 3). The only symp-
tom visible in most piglets was head shaking, while trem-
bling of the whole body was noticed in severely affected
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Table 3 Course of reproductive performance of sows
(mean weaned piglets per sow and year) of farm A and the
percentage of CT affected piglets in each farrowing batch

Farrowing Date of % of piglets Mean #
group parturition affected of weaned
by CT piglets per sow

2 16.07.2015 70 1143

3 07.08.2015 80 10.73

4 28.08.2015 20 9.07

5 18.09.2015 80 833

6 10.10.2015 30 9.92

7 29.10.2015 25 10.93

1 21.11.2015 30 11.00

2 09.12.2015 0.8 9.13

3 01.01.2016 30 9.71

4 22.01.2016 0 11.20

5 11.02.2016 0 11.64

6 03.02.2016 7 10.64

animals (Additional file 1). Stress factors induced or
increased shaking symptoms significantly, while no shak-
ing or solely minor tremor was observed during relaxa-
tion or sleep. Severely affected newborn piglets were
incapable of sucking milk resulting in mortalities of up to
30%. In single piglets a fatal combination of CT and splay
legs was observed. During the outbreak of CT between
July 2015 and January 2016 productivity dropped from
25.5-26.5 to 23.57 weaned piglets per sow and year. After
the outbreak had ceased, productivity levels returned to
25.5-26.5 weaned piglets per sow and year.

Pathology

Ten animals of farm A, five clinically affected and five
clinically healthy littermates, were examined and com-
pared to a healthy control animal from a farm without
CT problems. On gross examination the piglets showed
no severe lesions. Excoriations of the legs, alveolar lung
edema and emphysema were present frequently. Four
animals out of ten—two affected, two not affected—
showed scattered petechiae in the renal cortex. In all ani-
mals, brain and spinal cord showed no obvious lesions on
gross examination. In the majority of clinically affected
animals (n = 4/5) few vacuoles were present in the white
matter of the cerebellum in LFB-HE-staining, while in
the unaffected littermates vacuoles were extremely rare
or absent (Figures 1A and B). In the healthy control ani-
mal no vacuoles were found (Figure 1C). There were no
detectable differences regarding myelination of cerebral
and cerebellar white matter in affected and unaffected
animals compared to a healthy control (Figures 1A-C).
However, hypomyelination was evident in the white
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matter of the spinal cord of affected animals compared
to unaffected littermates and a healthy control (Fig-
ures 1D-F). Affected animals showed a clear reduction in
the thickness of the myelin sheaths. In one affected ani-
mal few dilated myelin sheaths and vacuoles in the white
matter of medulla oblongata and spinal cord were found.
Unaffected animals did not show any lesions in medulla
oblongata or spinal cord. Two affected piglets and one
unaffected animal showed mild, partially perivascular,
focal gliosis in brain and spinal cord. In the CNS and
the kidneys small foci of extravasation were present in
affected and unaffected animals from farm A.

Nuclei of oligodendrocytes were labeled in the white
matter of affected and unaffected animals as well as
the control animal by immunohistochemistry. Neither
affected nor unaffected piglets showed reduced numbers
of oligodendrocytes compared to the healthy control.
In contrast staining intensity of oligodendrocytes was
slightly increased in affected animals compared to the
healthy control (Figures 1G-I).

For transmission electron microscopic examination
two piglets from farm A (one affected, one clinically
unaffected) were used. Tissue samples from the cer-
ebellar white matter, cerebellar peduncles and medulla
oblongata of both piglets revealed ultrastructural defects
such as alterations of myelin and a variety of membrane-
bordered vacuoles or spaces in the cytoplasm of glial
cells and within axons. In the cerebellar white matter and
medulla oblongata samples of the clinically affected pig-
let, mild hypomyelination accompanied by myelin break-
down and disruption could be found (Additional files
2A and B). There was also multifocal general separation
and severe decompaction of myelin lamellae, formation
of myelin balloons and degeneration of axons (Additional
files 2A-C). Additionally, intramyelinic vacuoles contain-
ing membranous debris, which may represent degenerat-
ing dendrites or neuronal cell bodies, were evident. In the
cerebellar and medulla oblongata samples of the unaf-
fected littermate only mild ultrastructural alterations,
such as vacuole formation, hypomyelination and patho-
logical changes in the myelin sheath could be observed.

Detection of APPV

Using conventional RT-PCR and qRT-PCR targeting
the NS5B region we diagnosed the presence of APPV in
two retrospective cases (2013) and in six current cases
(2015-2016) of CT A-II in Austria. One case occurred
2016 in farm F that had already experienced problems in
2013. More than twenty clinical samples (serum, saliva
and CNS material) of healthy pigs from Austrian pig
farms, which had never experienced problems with CT,
were negatively tested for APPV RNA. APPV was con-
sistently detectable in serum and saliva of CT affected
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CT-affected piglet
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Figure 1 Histological lesions in a CT-affected animal compared to a healthy littermate and a healthy control. Vacuoles in cerebellar
white matter in affected animal (A), normal white matter in littermate (B) and control (C), LFB-HE, bar = 150 um. Hypomyelination in white matter
of the thoracic spinal cord in affected animal (D), normal myelination in littermate (E) and control (F), LFB-HE, bar = 40 um. Detection of oligoden-
drocytes, increased staining intensity in affected animal (G), less intense staining in littermate (H) and control (1), Olig2-IHC, bar = 40 um.

Control animal
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piglets. All sampled organs of two three-week old piglets
were positive in conventional RT-PCR, except for the
spleen. Serum samples of all sows and boars of farm A
were tested negative for the presence of APPV nucleic
acid by RT-PCR. In a different farm (farm F), we obtained
positive RT-PCR results in the saliva of one sow shortly
after farrowing of shaking piglets that were APPV posi-
tive. These nucleic acids most likely represent viral con-
taminations of the sow’s oral cavity obtained from their
infected offspring, as the same animal was negatively
tested after weaning.

Characterization of APPV sequences

Initial genetic typing of the field strains was done on the
basis of a 770 bp fragment of the NS5B genes. All Aus-
trian strains, except one, were closely related to each
other (>99% sequence identity, Figure 2A). Only the

APPV strain originating from farm G was more distant,
clustering with the corresponding NS5B fragment of an
APPV strain from Germany (94% sequence identity, Fig-
ure 2A). Interestingly, one farm already clinically affected
in 2013 (AUT-2013-Farm F) experienced another out-
break in 2016 (AUT-2016-Farm F) with a very closely
related strain (one nt exchange). Significant differences
to APPV sequences originating from the US (<91%
sequence identity, Figure 2A) were observed. A total of
11.535 nucleotides (nt) were determined for APPV strain
AUT 2016 Farm C consisting of 360 nt of the 5’NTR, 268
nt of the 3’'NTR and 10908 nt of the coding region (ORF).
The 5/-NTR misses 10 nt at the 5’-end compared to the
APPV from Iowa ISDVDL2014016573 (KU1942299).
The open reading frame contains 3635 codons, as for all
other available APPYV full-length sequences, and yields an
amino acid identity of 97.2% (nucleotide identity 93.3%)
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with the Bavarian strain S5_9 (20), 95.7% (nucleotide
identity 89.8%) [5], 94.3% (nucleotide identity 87.2%)
with the APPV strain from Kansas, and 95.6% (nucleo-
tide identity 90.0%) with the APPV strain from Iowa. As
already reported by others, the distance to the classical
pestivirus species (Figure 2B) is considerable with less
than 50% nucleotide identity.

Serological reagents and APPV NS3 blocking ELISA

A panel of 120 cross-reactive NS3H specific mAbs,
which were established earlier (unpublished data) using
recombinant helicase domains of different pestivirus spe-
cies (CSFV, BVDV-1, BVDV-2, and Bungowannah), was
tested for reactivity against the recombinant APPV NS3
helicase (Figure 3A). The NS3H specific antibodies were
screened for cross-reactivity using an indirect ELISA.
Several antibodies were identified that reacted with the
APPV NS3 helicase. The specificity of antibodies WLAP-
PV3H1 (1B3) and WLAPPV3H2 (7C10) was confirmed
in western blot analysis using crude bacterial lysates.
Reactivity with specific protein bands at about 60 kDa
after induction of NS3 expression is shown in Figure 3B.
Unfortunately, neither of these antibodies was suited for
the detection of APPV infection by immunofluorescence.
Recombinant APPV GFP-NS3H expressed in BHK cells
served as positive control but was not recognized (data
not shown). We also tried to use APPV GFP-NS3H
expressing cells for the screening of porcine sera for the
presence of APPV antibodies. This approach failed due to
strong unspecific binding of porcine serum antibodies to
BHK cells.

We applied the recombinant APPV NS3H to test dif-
ferent swine sera in an indirect antibody ELISA setup.
Sera of RT-PCR negative sows, which had given birth
to clinically affected RT-PCR positive piglets, showed
strong ELISA signals, while sera of swine originating
from unsuspicious farms demonstrated a weak reactivity.
Nevertheless, the specificity and sensitivity of the indi-
rect ELISA was insufficient for further use. To set up a
more robust assay, the NS3 specific antibodies 7C10 and
1B3 were employed to establish an APPV NS3H block-
ing ELISA. Only mAb 1B3 gave satisfactory results with
regard to sensitivity and specificity when applied in this
type of assay. Using the APPV antibody blocking ELISA
we analyzed the prevalence of APPV antibodies in farm
A (Figure 4). Sows that had given birth to tremor-affected
piglets and had a strong reactivity in the indirect ELISA
were used as reactive controls. In addition, we included
CT affected piglets with high OD values in indirect ELI-
SAs as reactive controls. All of these sows and piglets
were highly positive (OD 0.05-0.3) in the NS3H block-
ing ELISA. Among the 168 sows and two boars of herd
A that were tested, 59 sows and one boar displayed
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reactivities lower than the threshold (OD 0.5) giv-
ing a rate of 35.3% APPV NS3H antibody positive pigs.
In addition, we found that sows that had given birth to
CT piglets displayed a higher blocking activity than the
sows of the affected farm on average. Affinity purified
IgGs from blocking ELISA positive animals yielded clear
signals in immunofluorescence assays using APPV GFP-
NS3H transfected BHK cells as positive control (Addi-
tional file 3).

Isolation and propagation of APPV

The availability of APPV specific antibodies as well as
qRT-PCR assay allowed us to screen for APPV infection
of cultured cells. After initial attempts to isolate APPV
had failed and thus confirmed reports of others [6-8],
we could show the presence of APPV antigen in SK-6
and PK-15 cells after 5 passages by immunofluorescence
(Figure 5) and qRT-PCR. Key to this experiment was the
inoculation of cells with an APPV positive serum sample
(APPV AUT 646/16) that was obtained from a CT piglet
before suckling and hence devoid of colostral antibod-
ies. In contrast to high nucleic acid titers measured in the
samples of APPV positive piglets (>10° GE/mL or swab)
and in the cell culture supernatant (>10° GE/mL), the
infectivity of these samples was minute (10'~10? ffu/mL).
Virus spread of the APPV isolate in cell culture was very
inefficient as indicated by the small size of antigen posi-
tive foci (Figure 5).

Long-term monitoring of APPV infected piglets in farm F

Five RT-PCR positive shaking piglets from one affected
litter at farm F were chosen for detailed analyses of dis-
ease. Three of the piglets were sacrificed at different time
points for storage of organ material. For integration in
the herd, the health status of one female and one male
piglet was assessed over 6 months and consecutive diag-
nostic tests were conducted to determine the risk of virus
shedding and transmission. The piglets showed a mild
tremor most obvious at the ear tips and flank as shown in
the Additional file 1. CT symptoms improved within sev-
eral weeks and disappeared completely until 14 weeks of
age. The course of viremia, virus shedding via saliva and
the APPV NS3H specific antibody titers are presented for
both piglets from week 3 to 14 weeks of age (Figure 6).
Continuously positive qRT-PCR results in serum and
saliva samples demonstrate constant viremia and virus
shedding in both animals over the period of 12 weeks.
APPV NS3H specific antibodies were present after
birth, but vanished in both animals at the age of eight
weeks. One of these piglets became a clinically unsuspi-
cious boar that reached sexual maturity. At 6 months
of age, high levels of APPV genomes were present in
saliva (2.9 x 10® GE/swab) and semen (2.1 x 10° GE/
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(2.0 x 10" GE/mL). The serum APPV genome load of the  tests, while high genome loads could still be observed in
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Discussion

Outbreaks of CT in several piglet producing farms in
Austria between 2013 and 2016 were puzzling as com-
prehensive analyses of non-infectious noxae (mycotox-
ins) and known porcine pathogens (Herpes-, Entero-, and
Sapoviruses) gave negative or inconclusive results. The
discrete histologic lesions present in the spinal cord of
infected animals were consistent with hypomyelination.
These alterations were quite similar to lesions reported
in piglets infected with CSFV [3] and a calf infected with
BVDYV [24]. The mild vacuolization of the cerebellar white
matter of affected animals is in accordance with lesions
reported in piglets with CT due to suspected BVDV-
related pestivirus infection [25]. Immunohistochemi-
cally there was no detectable loss of oligodendrocytes in
the spinal cord of affected animals. There was rather an
increased expression of Olig 2 present in affected piglets.
Furthermore, ultrastructural examination of cerebellar
white matter showed not only hypomyelination but mye-
lin disruption and breakdown in affected animals. This
is in contrast to ultrastructural lesions reported in pig-
lets with classical swine fever [3] and a calf infected with

BVDYV [24]. We therefore conclude that in utero infection
with APPV has a deleterious effect on fetal oligodendro-
cytes, which are present in sufficient numbers. This effect
may have an impact on myelin development and function
or lead to degeneration of the present myelin. Further
research in this regard is crucial to better understand the
pathogenesis of the disease.

We analyzed diagnostic samples of CT-affected pig-
lets employing RT-PCRs using primers deduced from
the NS5B region of a published novel atypical pestivi-
rus sequence shortly after its availability by the end of
2015 [7]. In all tested cases we amplified APPV specific
RT-PCR products that upon sequencing matched well
(about 90%) to the published sequence. Apart from one
sequence obtained from a CT case from 2013 (farm G),
the Austrian isolates show a very high degree of sequence
conservation within the analyzed NS5B fragment (>99%)
and form a distinct cluster compared to isolates from
Germany and the US (Figure 4A). One farm (F) expe-
rienced an outbreak in 2013 and 2016. As the analyzed
NS5B fragments only contain 1 nt exchange but differ
from the isolates of farm A-E in three conserved residues,
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gRT-PCR values of serum samples (red) and oral swabs (blue) are

depicted together with the relative signal intensities of the NS3

blocking ELISA (yellow). The dotted grey line represents the empirical

cut-off value of 0.5. Note the constant presence of APPV genomes

in both animals in serum and saliva over the period of 12 weeks,

whereas APPV specific antibodies could no longer be detected at the

age of 8 weeks indicating maternal origin.

viral persistence in this herd is likely. Due to APPV detec-
tion on two continents, it seems likely that APPV has
a worldwide distribution, especially if one takes into
account that the “non-CSFV” clinical picture of CT A-II
has been known for decades. APPV most likely has been
present in domestic pigs since decades but remained elu-
sive, as diagnostics targeting classical pestiviruses do not
cross-react.

While detection of APPV genomes by PCR is straight-
forward and different RT-PCR protocols have already
been developed targeting conserved sites within NS3 or
NS5B, there is only one report about the establishment
of an E™* based serological assay. Hause et al. determined
antibodies against recombinant bacterially expressed
APPV E™ in 94% of randomly tested animals, while
sera from a specific pathogen free farm yielded no posi-
tive reactions [7]. We established a serological assay on
the basis of NS3 in analogy to NS3 blocking ELISAs rou-
tinely used in CSFV and BVDV serodiagnostic. First indi-
rect ELISA tests with recombinant APPV NS3H coated
to plates were sufficient to discern clearly positive (some
sows that farrowed CT piglets) from clearly negative sera
(non-infected controls from APPV unsuspicious farms)
but a more detailed analysis was not possible. NS3 con-
tains at least two indispensable enzymatic functions, pro-
tease and helicase and functional protein can easily be
produced in E. coli. In previous projects we characterized
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a panel of 120 cross-specific mAbs against NS3 molecules
of various pestiviruses including BVDV-II and Bungow-
annah virus. We screened these mAbs against the bac-
terially expressed APPV NS3 helicase domain (60 kDa)
using ELISA. One mAb proofed suitable for the applica-
tion in a highly specific blocking ELISA. In our survey of
farm A, which had experienced several farrowings with
clinical overt CT in APPV positive piglets, but revealed
no APPV RT-PCR positive adults, the reactivity rate
was 60/170 (35.3%). These results were quite contrasting
the 94% seroprevalence reported earlier in samples ini-
tially taken for a PRRSV survey employing an E™ based
ELISA. E™ is a highly glycosylated protein with several
intramolecular disulfide bonds. Therefore, it is possible
that antigen produced in bacteria may not be optimal for
diagnostic purposes. Beside the test system, the different
APPV strains might vary in their immunological prop-
erties explaining differences in seroprevalence between
Austria and the US. Future studies will have to compare
the reactivities of both ELISA concepts. APPV antigen
detection in infected cells or tissues was difficult and
required the preparation of NS3 monospecific antibodies
extracted from APPV positive pig sera. This procedure
was necessary because the NS3 specific mAbs did not
react in immunofluorescence or immunohistochemistry
applications. The monospecific porcine NS3 antibodies
were reactive with APPV infected cultured cells but were
not applicable in porcine tissues due to high background
caused by the intrinsic presence of porcine IgG. In our
hands in situ hybridization also failed to detect APPV
genomes in tissues. Likely our method is not sensitive
enough and an optimized FISH protocol (as described by
Postel et al. [16]) needs to be applied.

As reported earlier [6, 8, 26], clinical signs of CT can
be dramatic in piglets, but cease over time. The Austrian
cases described in this study were associated with mod-
erately increased piglet mortality. Losses of 2.5 piglets
per sow and year in farm A mainly occurred as severe
tremor interfered with the piglets’ ability to suckle milk.
The farmers also reported on some growers with per-
sistent tremor that decreased the productivity. Not sur-
prising for a newly discovered agent, routes of infection,
epidemiology of APPV and pathogenesis of CT remain
unclear. The evidence for APPV as a causative agent
behind CT is robust but Koch’s postulates have not been
fully fulfilled, yet [8]. Recent infection experiments indi-
cated a trans-placental infection of piglets. Controlled
animal experiments are essential to evaluate the clinic
signs of intrauterine APPV infection, the impact of APPV
on piglet production and the economic importance of
this virus. Nevertheless, virus isolation is key to address
these questions. As we have shown that APPV can be
propagated and persists in porcine cells, animal trials
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to proof Koch’s postulates can now be conducted. Also,
cultured isolates are a basic requirement to address ques-
tions related to the molecular biology of APPV, such as
its low infectivity in vitro or the role of the N-terminal E2
truncation [7].

Up to date we were not able to identify the source of
virus introduction into the affected Austrian farms. We
could show that persistently infected (PI) animals exist,
reach sexual maturity and shed high virus quantities
with their saliva and semen in the absence of any clini-
cal signs or antibody response. It is not clear from our
study, whether the persistence of APPV is a common
phenomenon in CT affected animals. By analogy to other
pestiviruses we assume that immunotolerance and virus
persistence solely occurs after In utero infection within
a defined gestation period yielding a few percent of PI
animals. These animals are a reservoir for APPV and a
threat for APPV naive herds. Also, as we showed high
viral loads in semen of an adult boar formerly affected by
CT, there is a potential for sexual transmission or trans-
mission via artificial insemination. This aspect urgently
needs clarification, as it could severely affect the pig
industry. Usually a farm experiences CT affected farrow-
ings for a few weeks to a few months, depending on the
production scheme, including some sows rearing healthy
litters before the clinical signs completely subside. This is
indicative of a transient infection process that affects only
a few animals clinically in the suitable gestation period,
while the others are subclinically infected and mount
an antibody response. The serological data of our study
at farm A using the NS3H based blocking ELISA show
that the farrowing of CT affected piglets is not necessar-
ily inducing detectable antibody levels as indicated by the
moderate seroprevalence of 35.3%. We can only speculate
on the immunogenicity of our target epitope and it is so
far unclear whether the antibody response is stringent.
The blocking antibody response could also be transient
and vanish within a short period of time. A high preva-
lence of atypical porcine pestiviruses was found in Ger-
man pig herds with no obvious link to CT [5]. However,
within an immune herd APPV might be present in per-
sistently infected animals without inducing clinical signs.
This is in line with the hypothesis that CT in piglets only
occurs when naive sows are infected in a certain gesta-
tion period [8].

The discovery of APPV demonstrates that the diver-
sity among the genus pestivirus was underestimated and
that it is likely that more “atypical” pestiviruses circu-
late in domestic and feral populations of pigs and rumi-
nants. Novel pestivirus sequences were also reported
for rats (Norway rat pestivirus) in North America and
bats (Rhinolophus affinis pestivirus) in China [27, 28],
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which are distantly related to both classical and atypical
porcine pestiviruses. With regard to nomenclature the
proposed terms “atypical porcine pestivirus, APPV” [7]
or “congenital tremor virus, CTV” [8] are misleading as
“atypical” is a more general term already used for other
pestiviruses (e.g. BVDV 3). The same is true for CTV, as
CT has earlier been linked to certain strains of CSFV or
BDV in lambs. As it can be expected that the genus pes-
tivirus will expand in the near future, a more rational ter-
minology would be straightforward. As in herpesviruses
(human herpesvirus 1-8) the host species could be com-
bined with a number. According to this strategy CSFV
could be termed as Porcine pestivirus 1, Bungowannah
virus as Porcine pestivirus 2 and Atypical porcine pesti-
virus as Porcine pestivirus 3 based on the order of first
description. Strict rules for species affiliation regarding
sequence identities would further substantiate the con-
cept. Besides terminology, this would also simplify the
separation of notifiable and non-notifiable livestock dis-
eases caused by pestiviruses. The biology of APPV, con-
sidering its pestivirus-specific traits, such as persistence
or in utero infection, as well as its unique properties,
such as high genome loads in saliva versus lower to non-
detectable levels in serum, points out that there is much
more variety than expected within the genus pestivirus.

Additional files

Additional file 1. Movie of CT-affected piglets of farm A. Note the
tremor most obvious at the ear tips and flank.

Additional file 2. Electron micrographs of the central nervous
system of an affected piglet show severe lesions. (A) Separation and
decompaction of myelin sheaths (white asterisk) as well as intraaxonal
vacuole formation (x) in the cerebellar white matter, bar = 2.5 um. (B)
Axonal degeneration (black arrow), vacuole formation (x) and myelin
balloons (black asterisk) in the medulla oblongata, bar = 2.5 um. (C)
Defects of the myelin lamellae characterized by disruption of lamellae
(black arrowhead) and formation of myelin balloons (black asterisk) in the
medulla oblongata, bar = 250 nm.

Additional file 3. Validation of NS3H blocking ELISA results. BHK
cells expressing GFP-NS3H were incubated with NS3H affinity purified por-
cine sera and stained by Cy3 conjugated goat anti swine serum. Blocking
ELISA positive sows (#1-3) and a negative sow #4 are shown. A brightfield
image of the BHK cells (left panel), the GFP (middle panel) and the Cy3
fluorescence (right panel) are presented. A murine anti GFP antibody is
applied as a positive control.
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