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ABSTRACT Atypical porcine pestiviruses (APPV; Pestivirus K) are a recently discov-
ered, very divergent species of the genus Pestivirus within the family Flaviviridae. The
presence of APPV in piglet-producing farms is associated with the occurrence of so-
called “shaking piglets,” suffering from mild to severe congenital tremor type A-II.
Previous studies showed that the cellular protein DNAJC14 is an essential cofactor of
the NS2 autoprotease of all classical pestiviruses. Consequently, genetically engi-
neered DNAJC14 knockout cell lines were resistant to all tested noncytopathogenic
(non-cp) pestiviruses. Surprisingly, we found that the non-cp APPV can replicate in
these cells in the absence of DNAJC14, suggesting a divergent mechanism of poly-
protein processing. A complete laboratory system for the study of APPV was estab-
lished to learn more about the replication of this unusual virus. The inactivation of
the APPV NS2 autoprotease using reverse genetics resulted in nonreplicative
genomes. To further investigate whether a regulation of the NS2-3 cleavage is also
existing in APPV, we constructed synthetic viral genomes with deletions and duplica-
tions leading to the NS2 independent release of mature NS3. As observed with other
pestiviruses, the increase of mature NS3 resulted in elevated viral RNA replication
levels and increased protein expression. Our data suggest that APPV exhibit a diver-
gent mechanism for the regulation of the NS2 autoprotease activity most likely uti-
lizing a different cellular protein for the adjustment of replication levels.

IMPORTANCE DNAJC14 is an essential cofactor of the pestiviral NS2 autoprotease,
limiting replication to tolerable levels as a prerequisite for the noncytopathogenic
biotype of pestiviruses. Surprisingly, we found that the atypical porcine pestivirus
(APPV) is able to replicate in the absence of DNAJC14. We further investigated the
NS2-3 processing of APPV using a molecular clone, monoclonal antibodies, and
DNAJC14 knockout cells. We identified two potential active site residues of the NS2
autoprotease and could demonstrate that the release of NS3 by the NS2 autopro-
tease is essential for APPV replication. Defective interfering genomes and viral
genomes with duplicated NS3 sequences that produce mature NS3 independent of
the NS2 autoprotease activity showed increased replication and antigen expression.
It seems likely that an alternative cellular cofactor controls NS2-3 cleavage and thus
replication of APPV. The replication-optimized synthetic APPV genomes might be
suitable live vaccine candidates, whose establishment and testing warrant further
research.

KEYWORDS APPV, Atypical porcine pestivirus, Pestivirus K, monoclonal antibody, reverse
genetics, DNAJC14, Jiv, cytopathogenicity, pestiviral biotype, NS3, NS2-3, pestivirus,
biotype, cytopathogenic effect, monoclonal antibodies, reverse genetic analysis

Editor Colin R. Parrish, Cornell University

Copyright © 2022 Reuscher et al. This is an
open-access article distributed under the terms
of the Creative Commons Attribution 4.0
International license.

Address correspondence to Benjamin Lamp,
Benjamin.J.Lamp@vetmed.uni-giessen.de.

The authors declare no conflict of interest.

Received 17 November 2021
Accepted 20 June 2022
Published 19 July 2022

August 2022 Volume 96 Issue 15 10.1128/jvi.01980-21 1

GENOME REPLICATION AND REGULATION
OF VIRAL GENE EXPRESSION

https://orcid.org/0000-0002-2398-4968
https://orcid.org/0000-0002-9668-1896
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1128/jvi.01980-21
https://crossmark.crossref.org/dialog/?doi=10.1128/jvi.01980-21&domain=pdf&date_stamp=2022-7-19


Pestiviruses are the causative agents of many important animal diseases and form a
distinct genus within the family Flaviviridae. A novel and very divergent pestivirus

species of swine was discovered in 2015 and termed “atypical porcine pestivirus”
(APPV) (1). Since then, APPV has been detected in the domestic pig population all over
the world, including many countries of the Americas (2–8), Europe (9–19), and Asia (12,
20–31). RNA of the pathogen was found in preserved samples predating the preva-
lence of APPV in Europe to 1986 (16). The APPV was also detected in wild boar samples
(17, 32–34), indicating an established virus reservoir in the wild. In 2017, the International
Committee on Taxonomy of Viruses (ICTV) accepted APPV as a novel pestivirus species
and named it Pestivirus K (35). APPV encodes the characteristic pestiviral proteins Npro and
Erns. However, in direct comparison to the other members of the genus, the nucleotide
and amino acid sequences of APPV are highly divergent (36, 37). The polyprotein of APPV
has only about 40% amino acid identity to the polyproteins of the classical pestiviruses
species bovine viral diarrhea virus (BVDV-1 and -2; Pestivirus A and B), classical swine fever
virus (CSFV; Pestivirus C), and border disease virus (BDV; Pestivirus D) (1).

Classical pestiviruses are able to cross the placental barriers and cause serious fetal
disease. Fetal infections with noncytopathogenic (non-cp) BVDVs during the first trimes-
ter of gestation (day 0 to 125) may result in abortion, in mummification and stillbirth, or
in malformation of the fetus, including cerebellar hypoplasia, skeletal malformation,
hypotrichosis, and general growth retardation (38). However, surviving fetuses, which
may also be clinically inconspicuous, become persistently infected (PI) and remain vire-
mic throughout their lives. The establishment of persistent infections is limited to the
maturation phase of lymphocytes, when T cells reactive against the body's own proteins
are eliminated in the thymus (negative selection) to establish the so-called self-tolerance.
If viral antigens are present in this sensitive phase of development, they are also recog-
nized as “self.” Hence, PI animals show no adaptive immune response against the pestivi-
rus, remain seronegative, and serve as a major virus reservoir (39). The detection and
elimination of immunotolerant PI animals have been key to the control and eradication
of BVDV in animal pest control programs in many European countries (40–42). APPV can
establish diaplacental infections similar to the classical pestiviruses (43–46). A link
between APPV in utero infections and the occurrence of congenital tremor (CT) type A-II
in newborn piglets was established in epidemiological and clinical investigations (9, 10,
14, 47). The clinical picture of APPV CT A-II was experimentally reproduced using an
APPV-containing piglet serum as an inoculum for the infection of gestating sows.
Inoculation of gravid sows as well as experimental in utero infections of fetuses yielded
neonatal piglets with detectable APPV loads in the serum and, in some cases, typical CT
A-II symptoms (9, 47). The CT manifests as involuntary contractions of the skeletal
muscles of variable intensity in these so-called “shaking piglets.” The disease pattern
weakens as the piglets grow up, resulting in healthy-appearing adult pigs. In severe
cases, the shaking piglets cannot suck milk from the teat and starve to death, resulting
in economic losses in piglet production (48). Different studies suggested that APPV can
establish persistent infections after these vertical transmission events, but despite strong
evidence, definitive proof of APPV-immune tolerant piglets has not been established so
far (14, 18).

The ability to evade the host's innate immune response is the prerequisite for viral
persistence. Pestiviruses prevent stimulation of the innate immune response in several
ways. They express two characteristic proteins that hinder the induction of the inter-
feron system. The N-terminal autoprotease Npro binds to interferon regulatory factor 3
(IRF3), prevents its binding to DNA, and promotes polyubiquitination and subsequent
degradation (36, 49, 50). The secreted viral glycoprotein Erns is an active enzyme that
binds and degrades ssRNA with high efficiency. It was shown that Erns also degrades
double-stranded RNAs (dsRNAs) as well as highly structured single-stranded RNAs
(ssRNAs) with lower efficiency, thus preventing the ssRNA- and dsRNA-induced type I
interferon response in the infected cells (37, 51, 52). In addition, strict regulation of
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replication is necessary for the establishment of persistent infections to prevent cellular
damage and not to kill the PI host.

The regulation of classical pestiviruses depends on a cellular cofactor of the NS2
autoprotease restricting the maturation of NS3 (53, 54). NS3 is a multifunctional viral
protein with protease, helicase, and NTPase activities (55–57). While the mature NS3 is
involved in genome replication, its uncleaved precursor, NS2-3, is essential for particle
formation (58). An autoprotease activity located within the C-terminal domain of NS2
mediates the NS2-3 processing. The protease is activated by the cellular cofactor
DNAJC14, also termed Jiv (J-domain protein interacting with viral protein) (53). After ef-
ficient NS2-3 processing at the onset of infection, the autoprotease activity of NS2 is
restrained by the available cellular Jiv levels. This mechanism results in stably low viral
replication, which characterizes the non-cp biotype of pestiviruses (54). Overexpression
of Jiv in cultured cells deregulates the replication of non-cp pestiviruses and results in
death of the infected cells.

A similar dysregulation is observed in the naturally occurring cytopathogenic (cp)
biotype of pestiviruses. Some virus strains provide the Jiv cofactor themselves after
integration of the cellular gene into the viral genome (59). Several other genetic altera-
tions that cause increased release of mature NS3 have been identified, commonly lead-
ing to the emergence of cp strains. Prominent examples are autoactivating mutations
within the NS2 protease, as well as deletions and duplications within the genome (45).
Of particular interest are “defective interfering subgenomes” (DIs) with larger deletions,
which rely on helper viruses for genome packaging (60–62). Pestiviral genomes with
functional duplications of the NS3 gene usually produce NS2-3 and mature NS3 con-
currently and form infectious particles independently. cp pestivirus genomes regularly
emerge after natural mutation and selection in BVDV PI animals. The emergence of cp
genomes leads to the death of the respective PI host due to a clinical syndrome called
mucosal disease. However, the cp strains are unable to establish persistent infections
and thus quickly disappear from the host population. Recent studies employed the
CRISPR/Cas9 gene knockout technology to generate DNAJC14 gene knockout cell
lines. These DNAJC14-deficient cells were resistant against the infection with non-cp
strains of all tested pestivirus species, demonstrating that DNAJC14 is indeed an essen-
tial and universal cofactor of the pestiviral replication machinery (63).

Unlike the other pestiviruses, APPVs can be isolated and propagated in primary por-
cine cells and cell lines only with great difficulty. Despite these challenges, great pro-
gress has been made in the establishment of laboratory systems for the study of APPV
in recent years. A first molecular clone of APPV allowing artificial infections and mono-
clonal antibodies (MAbs) against APPV NS3, which enables identification of the infected
cells, has already been presented (64, 65). Furthermore, single strains of APPV have been
adapted to continuous porcine cell lines. A recent study on such a cell culture-adapted
APPV strain uncovered CD46 as a cellular receptor of APPV (66). The dependence on (co)
receptors and cofactors might have been reduced or overcome by serial passages of the
virus, because several amino acid changes occurred during cell culture adaptation. In
addition to receptor binding and infection, replication of APPV in culture cells might also
be adapted, as mutations were also present in the nonstructural proteins, especially in
NS2 (66). Cultured cells might lack certain important host factors, or these factors might
be present in insufficient amounts in comparison to viral target cells in the host animal,
e.g., in the salivary glands or in fetal cells. In this study, we investigated the replication of
APPV after transfection of synthetic RNA and tested the hypothesis that insufficient lev-
els of DNAJC14, a conserved pestiviral host cell factor, could limit the propagation of
APPV in cell culture.

RESULTS

The synthetic APPV genomes used in this study are depicted in Fig. 1.
Monoclonal antibody N6 anti-APPV NS3. We raised MAbs against APPV NS3 to

unambiguously detect APPV infections of single cells in tissue culture. After immunization
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of mice with His-APPV-NS3H (14), cell fusion, and hypoxanthine-aminopterin-thymidine
medium (HAT) selection, the supernatants of hybridoma cell clones were screened by an
indirect enzyme-linked immunosorbent assay (ELISA). Hybridoma clone N6 was identified,
secreting the ELISA-reactive anti-APPV NS3 MAb N6. MAb N6 was further characterized by
immunoblotting using noninduced and induced cultures of Escherichia coli producing the
His-tagged APPV NS3 helicase. MAb N6 detected a single protein band with an apparent
molecular weight of 60 kDa in the induced culture (Fig. 2A). The anti-His-tag antibody
10B6 showed comparable reactivity in the control experiment (Fig. 2B). A green fluores-
cent protein (GFP)-tagged APPV NS3 (pcDNAGFP-NS3H) was used for immunofluorescence
tests as described earlier (14). After transfection and expression of pcDNAGFP-NS3H in
293T cells, we tested MAb N6 using a Cy3-labeled goat-anti-mouse IgG for detection. We
found a close correlation between GFP signals and the Cy3 immunostaining signals of
MAb N6 in the transfected cells (Fig. 3). MAb N6 staining was more intense than GFP fluo-
rescence, and therefore, it showed more antigen-positive cells. In nontransfected controls,
neither green fluorescence nor red Cy3 staining was observed. To produce high-quality
recombinant IgG, we determined the nucleic acid sequence of the complete mRNAs via
reverse transcription-PCR (RT-PCR) and random amplification of cDNA ends-PCR (RACE-
PCR) as previously described (67). The recombinant murine MAb N6 was produced from
optimized genes using a pcDNA3.1 vector, T2A separation, and 293T cells. The IgG1 was
purified from the cell culture supernatant and used for the experiments.

FIG 1 Scheme of the genome organization of the synthetic APPV genomes used in this study. NTR at the 59 and 39 ends of the genome and the mature
processing products of the polyproteins are indicated. The labeled bars represent the N-terminal autoprotease (Npro), capsid protein (Core), glycoproteins
(Erns, E1, and E2), and nonstructural proteins (p7 and NS2, -3, -4A, -4B, -5A, and -5B). A cDNA copy of an APPV field strain was cloned in a plasmid
backbone and amplified by PCR, and infectious RNA was transcribed, generating recAPPV-wt. A nonreplicative subgenome was generated using a
truncated PCR template. This negative control is lacking the NS5B gene sequence and the 39 NTR and was named recAPPV-wtDNS5B. To generate a
replicative APPV-DI, we replaced the genes encoding Npro to NS2 with a ubiquitin gene (Ubi*). Expression of mature NS3 in a complete genomic APPV was
achieved by inserting Ubi* into NS5B gene sequences from the APPV-DI in frame with the truncated NS4 (NS4B*), resulting in APPV-Ubi*. The mutations
H1237A and C1280A were introduced to inactivate the NS2 autoprotease.

DNAJC14-Independent Cleavage of APPV NS2-3 Journal of Virology

August 2022 Volume 96 Issue 15 10.1128/jvi.01980-21 4

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01980-21


Molecular clone of an APPV field strain. SK-6 cells persistently infected with the
APPV field strain AUT-2016_C were selected using MAb N6. The cells were expanded
and served as a source of viral RNA for our cloning attempts and as a positive control
(APPV-wt). We amplified the complete genome of AUT-2016_C from total cellular RNA
by RT-PCR. The genome was inserted in a pBR322 plasmid backbone containing a SP6
promoter in front of the first nucleotide of the APPV 59 nontranslated region (NTR) and
a MluI restriction enzyme cleavage site behind the genomes 39 end. The clonal viral
sequence was stable after passage of the plasmid as analyzed by high-throughput
sequencing. Virus rescue was performed using PCR templates and SP6 mediated RNA
transcription generating the infectious genomic RNA of the APPV wild-type (recAPPV-
wt). A subgenomic RNA lacking the RNA-dependent RNA polymerase (RdRp) gene and
the 39 NTR was produced from a truncated cDNA and used as a negative control
(recAPPV-wtDNS5B). Transfection of the synthetic APPV RNA genomes in SK-6 cells
using electroporation resulted in viral replication and antigen expression, as demon-
strated by qRT-PCR and indirect immunofluorescence. Immunofluorescence signals of
MAb N6 in recAPPV-wt-transfected cells (Fig. 4, recAPPV-wt) had low intensities but were

FIG 3 Reactivity of MAb N6 to APPV NS3 against recombinant GFP-NS3 expressed in 293T cells. A pcDNA3.1 plasmid
encoding GFP-NS3 was transfected into 293T cells. Transfected and mock-transfected control cells were fixed, permeabilized,
and probed with MAb N6 against APPV NS3. Binding of the MAb was visualized with a Cy3-labeled secondary antibody. A
close correlation between Cy3 signals and GFP fluorescence was observed in the transfected cells, as demonstrated in the
overlay picture with dominant yellow staining. No signals occurred in the mock-transfected cells. Cellular nuclei were
localized with a DAPI stain. Bars, 100 mm.

FIG 2 Reactivity of MAb N6 anti-APPV NS3 against recombinant NS3H expressed in E. coli. Total protein
of noninduced (n.i.) and induced (i.) cultures of E. coli transfected with a pet11a vector encoding His-
APPV-NS3H were resolved by SDS-PAGE and blotted onto a nitrocellulose membrane. The membranes
were probed with MAb N6 anti-APPV NS3 (A) and MAb 10B6 anti-His (B). Both MAbs reacted with a
single protein species with an apparent molecular weight of about 60 kDa (NS3H). The bands of a
protein ladder are indicated on the left, in kilodaltons.
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slightly stronger than the signals in persistently APPV-wt-infected SK-6 cells (Fig. 4,
APPV-wt). Transfection of the nonreplicative genome recAPPV-wtDNS5B resulted in no
antigen-positive cells (Fig. 4, recAPPV-wtDNS5B).

Production of infectious viruses was analyzed by titration of sterilely filtered, cell-
free culture supernatants in an endpoint dilution assay (EPDA) using naive SK-6 cells.
As expected for an APPV wild-type genome, viral titers, measured as 50% tissue culture
infectious doses (TCID50), were very low and never exceeded 10 TCID50/mL in both per-
sistently APPV-wt-infected and recAPPV-wt-transfected cells. Infection experiments
with the supernatant of persistently infected cells yielded 1 to 5 infected cells per mL,
while the supernatant of recAPPV-wt transfected cells yielded 8 to 10 infected cells.

APPV replicates efficiently in DNAJC14 knockout cells. The transfection experi-
ment clearly showed that electroporation of synthetic RNA initiates the replication
cycle of APPV and that there is no principal resistance of the cells. However, it must be
considered that large amounts of RNA are introduced into the cells in this experiment,
so that the process differs considerably from natural virus infection. We wanted to
investigate whether an increased dependence on the cellular cofactor DNAJC14 hin-
dered APPV infection/propagation in cell culture. Our hypothesis was that DNAJC14
levels present in cultured cells were insufficient to initiate replication of a single RNA
molecule after virus infection but sufficient to initiate replication after artificial transfec-
tion. Therefore, we used the synthetic RNA of recAPPV-wt to transfect the DNAJC14-de-
ficient SK-6 knockout cell lines, as well as the DNAJC14 knockout/knock-in counterparts
overexpressing highly active or inactive DNAJC14 variants. After transfection of
recAPPV-wt RNA, we monitored viral replication by indirect immunofluorescence
assays. Recombinant RNA of CSFV (strain Alfort-Tuebingen) was used in a control
experiment. The CSFV replicated efficiently in the parental SK-6 cell line but showed no
replication in the DNAJC14 knockout cells and in inactive Jiv90 W29A variant knock-in
cells (Fig. 5), as described previously (63). Surprisingly, the transfection of recAPPV-wt
RNA led to viral replication, antigen expression, and immunofluorescence signals of
APPV in DNAJC14 knockout and knock-in cell lines. Comparable immunofluorescence
signals of MAb N6 were apparent in parental SK-6 cells, DNAJC14 knockout SK-6 cells,
and Jiv90 cells as well as Jiv90 W29A knock-in cells after transfection (Fig. 6). APPV NS3
antigen was not detectable in the immunostaining using MAb N6 of the mock-transfected
cells (Fig. 7). This indicates that the APPV replication is independent of the availability of

FIG 4 Molecular clone of an APPV field strain. SK-6 cells were transfected with synthetic RNA of
recAPPV-wtDNS5B (negative control) and recAPPV-wt by electroporation. SK-6 cells persistently infected
with APPV field strain AUT-2016_C (APPV-wt) served as a positive control. After an incubation time of
48 h, the cells were fixed, permeabilized, and probed with MAb N6 anti-APPV NS3. A Cy3-labeled goat
anti-mouse IgG was used for detection and a DAPI counterstain for nucleus localization. Dividing
antigen-positive cells with characteristic cytoplasmic NS3 staining appeared in recAPPV-wt-transfected
cells, and all cells were antigen positive in the persistently APPV-wt-infected cell line. Bars, 100 mm.
Note the weaker and more focal staining in the persistently infected cells.
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DNAJC14, at least in the cell culture model. As expected, the CSFV replicated with a cp
phenotype in the SK-6 knock-in cells that overexpressed the highly active DNAJC14 variant
Jiv90, as was clearly visible at 10 days after transfection by the complete destruction of all
host cells (Fig. 8). In contrast, the transfection of recAPPV-wt RNA in SK-6 knock-in cells

FIG 5 DNAJC14 dependency of CSFV. Transfection of synthetic RNA of CSFV (strain Alfort-Tuebingen) in
SK-6 cells, SK-6 DNAJC14 knockout cells (SK-6 DDNAJC14), and SK-6 DDNAJC14 cells with knock-in of
active Jiv90 (1 Jiv90) or inactive Jiv90 W39A (1 Jiv90 W39A). Transfection was done side by side with APPV
RNAs as a control experiment (Fig. 6). At 48 h postelectroporation, the cells were fixed, permeabilized, and
probed with MAb 8.12.7 against CSFV NS3. A Cy3-labeled goat anti-mouse IgG was used for detection and
a DAPI counterstain for nucleus localization. Bars, 100 mm. CSFV antigen was detectable after transfection
of RNA into SK-6 and SK-6 DDNAJC14 1 Jiv90 cells. Note the strong antigen expression in SK-6
DDNAJC14 1 Jiv90 and the induction of cytopathic effects. As described earlier, (63) the SK-6 DDNAJC14
and SK-6 DDNAJC14 1 Jiv90 W39A were resistant to CSFV infection and showed no antigen expression.

FIG 6 DNAJC14-independent replication of APPV. Transfection of synthetic RNA of recAPPV-wt in SK-6
cells, SK-6 DDNAJC14 cells, and SK-6 DDNAJC14 cells with knock-in of active Jiv90 or inactive Jiv90
W39A. At 48 h postelectroporation, the cells were fixed, permeabilized, and probed with MAb N6
against APPV NS3. A Cy3-labeled goat anti-mouse IgG was used for detection and a DAPI counterstain
for nucleus localization. Bars, 100 mm. APPV antigen was detectable in all cell lines after transfection of
recAPPV-wt RNA. Note that no CPE is visible in SK-6 DDNAJC14 1 Jiv90 cells.
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that overexpressed the highly active DNAJC14 variant Jiv90 led to viral replication in the
absence of visible cellular damage even after 10 days posttransfection.

APPV replication levels are increased in response to expression of mature NS3.
Since DNAJC14 seems to be not essential for the replication of APPV, the question of
whether NS2-3 cleavage is important for APPV arises. First, we wanted to know
whether inactivation of the NS2 autoprotease by replacement of the active site resi-
dues affects the replication of APPV. We inserted the mutations C1280A and H1237A into

FIG 7 APPV NS3 is not detectable in mock-transfected cells (control experiment). SK-6 cells, SK-6 DDNAJC14
cells, and SK-6 DDNAJC14 cells with knock-in of active Jiv90 or inactive Jiv90 W39A were fixed, permeabilized,
and probed with MAb N6 against APPV NS3. A Cy3-labeled goat anti-mouse IgG was used for detection and
a DAPI counterstain for nucleus localization. Bars, 100 mm.

FIG 8 The recAPPV-wt genome replicates in SK-6 DDNAJC14 cells with knock-in of active Jiv90 without visible CPE. SK-6
DDNAJC14 cells with knock-in of active Jiv90 were transfected with CSFV (strain Alfort-Tuebingen) or recAPPV-wt or mock
infected. An aliquot of the cells was stained at 24 h posttransfection using MAb 8.12.7 (CSFV), MAb N6 (APPV), or MAb 8.12.7
and N6 (Mock) to verify the success of the transfection. A Cy3-labeled goat anti-mouse IgG was used for detection and a
DAPI counterstain for nucleus localization. Bars, 100 mm. Another aliquot of the cells was passaged and documented in a
bright-field image at day 10 posttransfection. Note that the cellular monolayer is completely destroyed in CSFV-infected SK-6
DDNAJ-C14 1 Jiv90 cells, while no obvious changes are visible in recAPPV-wt transfections in comparison with the mock
infection control.
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the putative protease domain of NS2, generating recAPPV-wtC1280A and recAPPV-
wtH1237A (Fig. 9). After transfection of both NS2 mutants, no antigen-positive cells were
detected by MAb N6 staining (Fig. 10). Consequently, it can be assumed that the iden-
tity of the two amino acids in the active site of the NS2 protease is essential for APPV
replication.

We further generated a mutant genome with duplicated viral sequences that pro-
duce mature NS3 independent of the NS2 autoprotease and also inserted the NS2-
inactivating mutations C1280A and H1237A as a control, which showed strong antigen
signals. To directly compare the antigen expression of NS2-3- and NS3-expressing
genomes, we electroporated synthetic RNAs of recAPPV-wt, an APPV-DI, and APPV-
Ubi* (Fig. 11) side by side. While weak fluorescence signals were observed after trans-
fection of the recombinant APPV-wt RNA and MAb N6 staining, stronger signals were
present in the cells transfected with the subgenomic APPV-DI, APPV-Ubi*. Surprisingly,
no cytopathogenic effects (CPE) appeared in APPV-DI and APPV-Ubi* transfected cells,
which is usually observed in DIs and free NS3 expressing strains of pestiviruses. Cells
with ongoing replication of (sub)genomes of APPV, which express mature NS3, could
readily be passaged (Fig. 12). The only striking feature in the case of subgenomic
APPV-DI that could indicate a noxious effect was that the number of antigen-positive
cells slowly decreased in control staining with MAb N6. However, remaining foci of
antigen-positive cells indicated ongoing cellular proliferation. In contrast, in the case of
APPV-Ubi*, a constant number of antigen-positive cells was observed, which instead

FIG 9 Alignment of pestiviral NS2 sequences. The NS2 sequences of APPVs (strain AUT-2016_C and 000515), BVDV-1 (strain NCP7), CSFV (strain Alfort/Tuebingen),
and HCV (strain BC) were aligned using the program CLC Workbench with default settings. The proposed active-site residues of the NS2 autoprotease C1280 and
H1237 are highlighted in red. Amino acids are labeled with polarity colors to display homologies between the sequences. A consensus sequence is displayed using
the “majority” setting and an X as symbol for ambiguous residues. Note the poor homologies and similarities between the sequences, which are almost
exclusively restricted to the C-terminal protease domain.
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increased from passage to passage (Fig. 13). This could be correlated with the (minimal)
release of infectious particles into the supernatant by APPV-Ubi*, which is absent in the
case of the subgenomic DI. However, the production of infectious virus progeny in cell
cultures increased only minimally in the APPV-Ubi* within 3 passages, progressing from
0 TCID50/mL (P1) to values not exceeding 20 TCID50/mL (P3). It can be assumed that
genetic adaptations to the imbalance between NS2-3 and free NS3 led to the increase in

FIG 10 The single-amino-acid changes C1280A and H1237A completely abolish the replication ability of
recAPPV-wt, while APPV-Ubi* is not affected. SK-6 cells were transfected with synthetic RNA of recAPPV-
wtC1280A and APPV-Ubi*C1280A (top rows) as well as recAPPV-wtH1237A and APPV-Ubi*H1237A (bottom
rows) by electroporation. The cells were fixed, permeabilized, and probed with MAb N6 against APPV
NS3 after an incubation of 48 h. A Cy3-labeled goat anti-mouse IgG was used for detection and a DAPI
counterstain for nucleus localization. Bars, 100 mm. No antigen-positive cells appeared in the recAPPV-
wtC1280A and recAPPV-wtH1237A images, while APPV-Ubi*C1280A and APPV-Ubi*H1237A were not affected
by the mutation. The experiment indicates a functional relevance of these residues for NS2-3 cleavage
and the importance of NS3 release for APPV.

FIG 11 APPV genomes expressing mature NS3 independently of the NS2 autoprotease. SK-6 cells
were transfected with synthetic RNA of recAPPV-wt, APPV-DI, and APPV-Ubi* by electroporation. The
cells were fixed, permeabilized, and probed with MAb N6 anti-APPV NS3 after an incubation of 48 h.
A Cy3-labeled goat anti-mouse IgG was used for detection and a DAPI counterstain for nucleus
localization. Bars, 100 mm. Very intense staining of dividing cells was observed for subgenome and the
genome with duplicated NS3 sequences, while a weaker staining is visible in the wild-type genome.
Note that no CPE is visible in antigen-positive cells transfected with APPV genomes expressing mature
NS3 independently of NS2 autoprotease.
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titers, since the NS2 mutations in APPV-Ubi*C1280A and APPV-UbiH1237A already released
infectious particles at passage 1, also producing no more than 20 TCID50/mL.

A Western blot assay using a polyvalent mouse antiserum demonstrated the expres-
sion of NS2-3 (apparent molecular weight of 120 kDa, calculated molecular weight
112.5 kDa) and mature NS3 (apparent molecular weight of 80 kDa, calculated molecular
weight of 77 kDa) in APPV-Ubi* (Fig. 14). It also showed the NS2-3 of recAPPV-wt and of
APPV-wt (apparent molecular weight of 120 kDa). However, we could not detect the
mature NS3 of wild-type APPVs with confidence. A very weak Western blot band could
represent NS3, but a background band was detected at the same time in the lysate of
naive SK-6 cells. However, the detectable amounts of NS2-3 and mature NS3 in the
APPV-wt-infected cells were weak in comparison to the APPV-Ubi* amounts, in accord-
ance with the weaker signals seen in the immunofluorescence assays.

FIG 12 APPV-DI is not cytopathogenic. SK-6 cells were transfected with synthetic RNA of APPV-DI by
electroporation. Aliquots of the transfected cells were fixed at 48 h posttransfection as well as after
passages 1 and 2 of the cells. After permeabilization, the cells were probed with MAb N6 against APPV
NS3 and a Cy3-labeled goat anti-mouse IgG. A DAPI counterstain was used for nucleus localization. Bars,
500 mm. A smaller magnification had to be chosen to show the formation of foci and to show their
decreasing number. Note that cells transfected with the DI continue to divide and form multicellular foci.

FIG 13 APPV-Ubi* is not cytopathogenic. SK-6 cells were transfected with synthetic RNA of APPV-Ubi*
by electroporation. Aliquots of the transfected cells were fixed at 48 h posttransfection as well as after
passages 1 and 2 of the cells. After permeabilization, the cells were probed with MAb N6 against APPV
NS3 and a Cy3-labeled goat anti-mouse IgG. A DAPI counterstain was used for nucleus localization.
Bars, 100 mm. Note that the cells transfected with APPV-Ubi* still appear healthy in the cell passages
and that their number remains constant.
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Since viral protein expression levels indicated a difference in the RNA replication of
the APPV-wt and the mutant genome APPV-Ubi* encoding mature NS3, we decided to
measure the viral RNA replication of these genomes within the transfected cells. In a
direct comparison between the nonreplicative subgenome APPV-wtDNS5B, in which the
levels of intracellular synthetic RNA constantly declined and fell below the detection limit

FIG 14 Analysis of NS2-3 processing of APPV-wt and APPV-Ubi* using immunoblotting. Mock-infected
SK-6 cells, cells transfected with RNA of recAPPV-wt, persistently infected cells, and APPV-Ubi*-transfected
cells were harvested at 48 h posttransfection. Cellular proteins were extracted by detergent lysis buffer,
concentrated using ultrafiltration, mixed with loading buffer, and resolved by SDS-PAGE. The proteins
were blotted on a nitrocellulose membrane and probed with a polyvalent mouse antiserum against APPV
NS3. Nonspecific background reactions can be identified in the mock-infected SK-6 cells at about 80 kDa.
An 80-kDa band is also seen in the cells transfected with the recAPPV-wt and in the persistently infected
cells, but the intensity is only slightly stronger than in the mock infection control. A strong band appears
at approximately 80 kDa in the APPV-Ubi*-transfected cells, which can be assigned to mature NS3 with
confidence. Another band appears in the APPV-Ubi*- and APPV-wt-transfected cells as well as in the
persistently infected cells at approximately 120 kDa. This band can be assigned to the NS2-3 precursor
protein and could additionally contain uncleaved NS2-3-4A precursors. A protein band at about 55 kDa
might represent a helicase fragment of the NS3, which has been described for CSFV and many other
flaviviruses. On the left, the protein size standard (in kilodaltons) is included for direct comparison.

FIG 15 Replication of synthetic RNAs of recombinant APPV genomes. SK-6 cells were transfected with
synthetic RNA of recAPPV-wt, recAPPV-wtDNS5B (negative control), APPV-DI, or APPV-Ubi*. One half
of each transfection reaction was seeded into a separate well of a 6-well plate. After the cells had
settled, one of these wells was washed and harvested, providing the 0-h value. The other well was
further incubated and trypsinized every 48 h. The cells were split in a 1:2 ratio. One half of the cells
was reseeded, while the other half was harvested for analysis. Extracellular synthetic RNAs and DNAs
were removed from the harvested cells by Benzonase treatment. RNA was extracted and measured in
an APPV-specific RT-qPCR assay. Genome equivalent values were calculated based on a standard
curve of purified synthetic RNA. Detectable amounts of nucleic acids from the nonreplicative
subgenome APPV-wtDNS5B were present until 144 h posttransfection. In direct comparison of the
curves, active replication of APPV-DI and APPV-Ubi* became apparent at 48 h, while the APPV-wt
needed 96 h to exceed the background of synthetic RNA. Elevated RNA levels were documented for
APPV-DI and APPV-Ubi*.
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at 192 h, replication of the APPV-wt genome became evident at 144 h posttransfection
(Fig. 15). In a further comparison, we observed approximately 100-fold-higher intracellu-
lar RNA levels at 144 h and 1,000-fold higher RNA levels at 192 h posttransfection in
APPV-Ubi* genome-transfected cells. A similar curve was obtained from APPV-DI, where
intracellular RNA levels remained relatively constant after transfection but then began to
decrease at 144 h posttransfection. Similarly, a decrease in the number of antigen-positive
cells was observed in the control immunofluorescence staining as presented above.

We further compared the intracellular RNA levels of the recAPPV-wt in DNAJC14
knockout SK-6 cells and the Jiv90 knock-in counterparts (Fig. 16). Using aliquots of a
single RNA synthesis reaction, we obtained very similar curves showing a clear increase
in RNA levels at 192 h posttransfection. The curves also correspond nicely to the repli-
cation curve obtained before from the recAPPV-wt replicating in the genetically
unmodified SK-6 cell line (Fig. 15).

Secreted RNAs of recAPPVs lack infectivity. Using our reverse genetics system, we
found no evidence of restriction of APPV genome replication in the cultured Sk-6 cells.
However, we could barely detect infectivity secreted by the cells transfected with
recAPPV-wt in our cell culture model. We now wanted to determine whether viral mor-
phogenesis or viral infection was impeded in the cultured cells. Therefore, we quantified
the amount of secreted RNAs after transfection in the cell culture supernatant (Fig. 17).

FIG 16 Replication of synthetic RNAs of recAPPV-wt in SK-6 DDNAJC14 and SK-6 DDNAJC14 with
knock-in of active Jiv90. Cells were transfected with synthetic RNA of recAPPV-wt by electroporation.
One half of each transfection reaction was seeded into a separate well of a 6-well plate. After the
cells had settled, one of these wells was washed and harvested, providing the 0-h value. The other
well was further incubated and trypsinized every 48 h. The cells were split in a 1:2 ratio. One half of
the cells was reseeded, while the other half was harvested for analysis. In a direct comparison of the
curves, no significant differences in APPV genome replication between SK-6 DDNAJC14 and SK-6
DDNAJC14 with knock-in of active Jiv90 is visible.

FIG 17 Measurement of viral RNA in the cell culture supernatant. Cells were transfected with synthetic
RNA of recAPPV-wt, the nonreplicative subgenome APPV-wtDNS5B, and APPV-Ubi* by electroporation.
Samples from the cell culture supernatant were taken at the indicated time points and after passages 1
and 2 of the transfected cells. Accessible RNAs and DNAs were removed from the harvested
supernatant by Benzonase treatment. In a direct comparison of the curves, no significant differences in
APPV genome equivalent numbers are visible between recAPPV-wt, the nonreplicative subgenome
APPV-wtDNS5B, and APPV-Ubi* before passage 2. Note the significant amount of secreted viral RNA in
passage 2.
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Because of the large amounts of synthetic input RNA, we decided to digest free nucleic
acids in the supernatant by Benzonase treatment before RNA extraction. However, we
could not detect the secretion of viral RNAs over the synthetic RNA background without
passaging the transfected cells twice. Even after passaging once using trypsinization and
fresh medium, no difference was detectable between the nonreplicative subgenome
(APPV-wtDNS5B) and recAPPV-wt or APPV-Ubi*. Electroporation appeared to produce
Benzonase-resistant RNA-protein complexes or slowly released, cell-associated RNA-containing
membrane vesicles. Not until cell passage 2 was the background of the APPV-wtDNS5B non-
replicative subgenome below the detection limit, whereas both recAPPV-wt and APPV-Ubi*
produced approximately 106 secreted genome equivalents per mL, which were protected
against Benzonase digestion. The release of viral RNA was measured previously in the super-
natant of APPV-infected cultures and in the sera of infected animals, which also showed
hardly any infectivity (14). Our data may be taken as evidence of functional viral morphogen-
esis and virus shedding, because low doses of infectivity were found, while considerable
amounts of RNA were released into the supernatant. Thus, the lower infectivity of APPV par-
ticles more likely results from problems with attachment, receptor-mediated endocytosis,
membrane fusion, or uncoating. Future studies will address these issues.

DISCUSSION

APPV can be unambiguously assigned to the genus Pestivirus based on many differ-
ent criteria. In addition to the typical genome organization with the conserved NS3
protease cleavage sites in the nonstructural-protein region, it encodes the characteris-
tic proteins Npro and Erns, which are unique to pestiviruses. Host preference and disease
pattern also perfectly match, because APPV is able to cause diaplacental infections in a
cloven-hooved animal species, leading to neurological disorders (9, 10, 14, 47). However,
there are also a number of features that distinguish this atypical porcine pestivirus from
the other known species. Apart from a truncated receptor-binding envelope protein (E2),
a very large overall sequence divergence must be noted. It is also unusual that propaga-
tion of the pathogen in cultured cells seems to be possible only after adaptation, since
the other known pestiviruses grow without an adaptation in primary and many different
permanent cell lines of their respective host species.

In this study, we established and used a complete laboratory system for APPV to
investigate the replication of this unusual pestivirus in cell culture. The detection of vi-
ral protein expression in the host cells is pivotal for any virological study, to allow
quantification of infectious loads and to monitor the infection process at the single-cell
level. Polyvalent porcine sera against APPV obtained from recovered pigs have been
used in multiple studies (66), but in our hands, these led to rather weak specific signals
and high background levels. Such sera could be purified by affinity chromatography
using recombinant viral proteins, as demonstrated earlier by our group (14). However,
isolation of specifically binding polyclonal antibodies from antisera by affinity chroma-
tography is laborious, requires extensive characterization of the individual batches,
and yields limited quantities of these reagents. Hence, we decided to generate NS3-
specific mouse antisera and MAbs to overcome these limitations and reliably detect
APPV infections of our cultured cells. MAb N6 anti-APPV NS3 was extensively character-
ized, including by ELISA, immunofluorescence assays, Western blotting, sequence
determination and recombinant production. Although similar reagents have been pre-
sented before by others (65), we can now offer MAb N6 as a reagent with broad
applicability.

Because APPVs do not grow in cell culture without an adaptation, the transfection
of synthetic RNA was chosen as an elegant way to study replication of a nonadapted
APPV wild-type genome. The nucleotide sequence of APPV strain AUT-2016_C (GenBank
no. KX778724) obtained from an infected piglet was presented earlier (14). Only single
nucleotide changes became apparent when comparing this published consensus
sequence with the sequence of the clonal cDNA copy generated in this study (GenBank
no. OK564403). The virus used for molecular cloning was isolated from a different animal,
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and errors that may exist in the previously published consensus sequence cannot be
excluded or evaluated on a hypothetical basis. Hence, we now consider the sequence of
the molecular clone as authoritative for strain AUT-2016_C because it has a proven func-
tionality. Electroporation of the RNA into susceptible host cells resulted in antigen
expression detectable in immunofluorescence, genome replication measurable by qRT-
PCR, and production of (few) infectious progeny virus. Future studies will investigate ad-
aptation of the recombinant virus strain to cell culture using recloning of genome
fragments.

We found that APPV can replicate independently of the host cell factor DNAJC14.
The replication of classical pestiviruses in their host cells is limited by the availability of
this cellular cofactor, which controls the release of NS3 and thus the maturation of
active proteins (53, 54). A stable, low viral replication level is the characteristic of the
non-cp biotype of pestiviruses. These regulatory mechanisms can be overcome by dif-
ferent mutations resulting in cofactor-independent NS3 release. Such genomes repli-
cate unrestrained and form the cp biotype of pestiviruses, which causes host cell death
after infection (54). Some naturally occurring cp pestivirus strains provide the DNAJC14
cofactor themselves after an integration of the cellular mRNA into their viral genome
(59). Overexpression of DNAJC14 in cultured cells deregulates the replication of all
“classical” non-cp pestiviruses in a similar way by activating the NS2 autoprotease,
resulting in large amounts of mature NS3, enhanced RNA replication and cytopathoge-
nicity. Recent studies employed the CRISPR/Cas9 gene knockout technology to gener-
ate bovine and porcine DNAJC14 gene knockout cell lines. These DNAJC14-lacking
cells were resistant against infection with non-cp strains of all tested pestivirus species,
demonstrating that DNAJC14 is an essential and universal cofactor of the pestiviral repli-
cation machinery (63). cp strains of pestiviruses, on the other hand, were able to replicate
in the DNAJC14-lacking cell lines because they generate mature NS3 independently of this
host factor.

To investigate whether DNAJC14-dependent processing of the NS2-3 precursor is
also important for APPV replication, we used the established DNAJC14 knockout SK-6
cells in APPV RNA transfection experiments. After electroporation of recAPPV-wt RNA
into the DNAJC14 knockout cell line, we detected regular replication and protein
expression. The expression of APPV NS3 was visualized by indirect immunofluores-
cence, and RNA replication was demonstrated by RT-PCR. Importantly, no replication
of CSFV was seen in control experiments with the DNAJC14 knockout cells. The replica-
tion in the absence of DNAJC14 indicates a fundamental difference in the regulation of
NS2-3 cleavage of APPV in comparison to all other pestiviruses. The independence of
APPV from DNAJC14 as a host cell factor was further substantiated by the use of the
control knock-in cells, which overexpressed a highly active 90-amino-acid fragment of
DNAJC14, called Jiv90 (53). The overexpressed Jiv90 activates the NS2 autoprotease
and accelerates the replication of non-cp pestiviruses to cytopathic levels, as demon-
strated by visible CPE in a CSFV control experiment. In contrast, replication of recAPPV-wt
RNA was not enhanced by Jiv90 overexpression, and no CPE appeared in the transfected
cells.

To increase our knowledge about the regulation of APPV replication, we introduced
several mutations. First, we prepared a nonreplicative subgenomic viral RNA lacking
the RdRp-encoding gene and the 39 NTR as a negative control. This control showed
that antigen expression of a nonreplicative synthetic APPV RNA remained below the
detection limit of our immunofluorescence assays. Therefore, in immunofluorescence-
positive cells, active genome replication can be inferred. We further used this control
RNA in our qRT-PCR assays and found that active replication of recAPPV-wt genomes
after transfection of synthetic RNA was rather difficult to measure directly. After trans-
fection, synthetic nonreplicative RNAs and/or contaminating cDNA remnants from the
transcription reaction produced a background in the quantitative RT-PCR (RT-qPCR)
assays that dropped below the detection limit only after passage and several days of
culture. The high background due to synthetic input RNA occurred in both intracellular
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RNA and secreted RNA measurements and could not be eliminated by Benzonase
treatment of the cell culture supernatant. We suspect exocytosis of RNA-containing
vesicles that might be formed as part of repair processes after electroporation.

We further tested the importance of NS2-3 cleavage for APPV replication and individ-
ually mutated the two proposed active-site residues of the NS2 autoprotease to alanine.
As transfection of recAPPV-wtC1280A and recAPPV-wtH1237A mutants did not lead to anti-
gen-positive cells, we can conclude that the identity of the residues and the activity of
the NS2 autoprotease are pivotal for APPV replication. In addition, we found strong evi-
dence that the two amino acids are located in the active site of the autoprotease and
catalyze the proteolytic reaction, as shown in the sequence alignment (Fig. 9) and previ-
ously inferred from homology to classical pestiviruses by others (1).

In addition to an integration of the DNAJC14 gene, several other genetic alterations
that cause increased release of mature NS3 lead to the emergence of the cp biotype of
classical pestiviruses. Of importance are activating mutations within the NS2 autoprotease,
as well as deletions and duplications within the genome. Some replication-competent de-
fective interfering subgenomes exhibit the loss of genes located at the 59 end of the ge-
nome, rely on helper viruses for genome packaging, and cause CPE, because the NS2
gene is deleted. Pestiviral genomes with functional duplications of the NS3 gene provide
both NS2-3 and mature NS3 in parallel and can independently form infectious particles.
We investigated whether APPV is also capable of this biotype switch typical for the other
pestiviruses. We generated an APPV subgenome using the cp BVDV DI subgenome DI-9 as
a template. We fused the 59 NTR of APPV directly to a ubiquitin-coding cassette, which
was followed by the nonstructural genes NS3-NS4A-NS4B-NS5A-NS5B and the 39 NTR. We
further constructed APPV-Ubi*, a replication- and packaging-competent genome with a
duplicated NS3 region modeled on the cpBVDV strain CP Rit/4350, in which the processing
of NS3 is uncoupled from the autoprotease activity of NS2. As with other pestiviruses, the
availability of mature NS3 increased the replication levels of APPV RNAs in case of APPV-DI
and APPV-Ubi*. Despite 1,000-fold-increased amounts of viral RNA and significant
increases in viral protein levels in APPV-DI- and APPV-Ubi*-transfected cells, no obvious
effects on the viability of the host cells were observed. The transfection of APPV-DI and
APPV-Ubi* resulted in the generation of persistently infected cells, demonstrating a non-
cp biotype of these genomes. Since replication and protein expression of classical cp pesti-
viruses induce apoptosis, it can only be speculated whether APPV lacks apoptosis-inducing
factors or whether some nonstructural proteins of APPV may have antiapoptotic effects on
the host cell. Future studies could address this question through protein expression to-
gether with apoptosis-inducing compounds.

Interestingly, the NS2-3 cleavage and replication of APPV are independent of the
canonical flaviviral cofactor DNAJC14, which broadly modulates flavivirus replication.
Whereas in pestiviruses, only NS2-3 cleavage depends on the interaction with
DNAJC14, reduced and elevated levels of DNAJC14 result in replication inhibition in
viruses of the genus Flavivirus mediated by membrane modulations during replication
complex formation (68). In the case of APPV, recruitment of a different cellular cofactor
to regulate NS2-3 cleavage and replication seems likely, because we could show that
NS2-3 cleavage is important for APPV replication and our experiments gave evidence
for high-level regulation of NS2-3 cleavage. While the NS2-3 is detectable in cell lysates
of APPV-wt-infected cells, the amounts of mature NS3 are very low and can be reliably
detected by Western blotting only in the APPV-Ubi* mutant. Such a strict regulation of
the polyprotein processing has been described in non-cp BVDVs, where mature NS3 is
not detectable in Western blots. The consistently low replication rates of APPV after
establishment of infection strongly hint at a negative feedback loop or a coupling of vi-
ral replication to the constitutive homeostasis of the cell. The identification of a now
suspected alternative cellular cofactor of the APPV NS2 autoprotease is very complex,
and this needs to be pursued in future studies.

Unfortunately, one key question about APPV could not be addressed in this study. By
using a molecular clone, we were able to bypass the lack of infectivity of APPV-containing
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samples and create a cell culture model, but we were unable to determine the exact cause
of the lack of infectivity. While our studies only suggest that APPV virions are inhibited in
cell culture models at early steps of the infection cycle, other groups have already made
further progress and have been able to characterize cell culture-adapted genomes (66).
Because APPV strains are genetically highly variable, it is difficult to transfer the described
mutations in the viral structural proteins to the genome presented here. We therefore plan
to adapt our molecular clone on the SK-6 cells and confirm the data in an independent
system using a different strain. Of particular interest is the question of the cellular receptor,
since CD46 should in principle be present on all cultured cells.

Although much knowledge is already available on the unusual atypical porcine pes-
tiviruses, many important questions about the biology of APPV remain also to be inves-
tigated. In particular, the question of the induction of immunotolerant PI animals
should be followed. This can be answered with reliability only by controlled infection
studies using gestating sows and long-term follow-up of the diaplacentally infected
offspring using clonal virus genomes from cell culture or defined produced virus stocks
originating from reverse genetic systems. Furthermore, it should be investigated in
detail whether and to what extent the common endemics in farms cause economic
damage in pig production. In this context, the possibility that APPV strains with differ-
ent degrees of virulence exist cannot be excluded, so identification of genetic factors
and measurement of virulence in animal experiments seem necessary. In addition to
the direct negative effects on the animals, indirect effects, such as suppression of the
immune system of affected animals, should also be considered and investigated in
immunological studies. Last but not least, an effective prophylaxis and surveillance
program should be established to prevent introduction of the virus into APPV-free
farms, which has been shown to cause problematic losses.

The findings of this study and our newly developed tools could help to clarify many
of these questions. On the one hand, recombinant antigens, the MAb, and the expres-
sion-optimized viral genomes could be used to establish sensitive serological tests. On
the other hand, the recombinant APPV strains might serve as a platform to analyze the
pathogenicity and virulence of APPV field strains in the natural host. In addition, the
APPV-Ubi* strain presented here could represent a first promising model for an effec-
tive live vaccine. Modeled after the long-used vaccine strain BVDV CP Rit, the APPV-
Ubi* genome is most likely attenuated and will cause a stronger immune response
than unmodified wild-type genomes due to its superior protein expression. Of course,
this would have to be clarified in controlled animal experiments, in which not only
acute infections of adult animals but also diaplacental infections of fetuses would be
evaluated.

MATERIALS ANDMETHODS
Cells, serological reagents, viruses, and RNA transfection. SK-6 cells, a swine kidney cell line (69),

and 293T cells, a human cell line that expresses a mutant version of the SV40 large T antigen (ATTC,
CRL-3216), were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat-
inactivated fetal calf serum (FCS). Cells were maintained at 37°C and 5% CO2. SK-6 cell lines with
DNAJC14 gene knockout (DNAJC14-KO), DNAJC14-KO cells overexpressing Jiv90 (DNAJC14-KO1Jiv90),
and DNAJC14-KO overexpressing the inactive variant Jiv90W39A (DNAJC14-KO1Jiv90W39A) were
described earlier (63) and were maintained as described in this publication (63). The murine anti-APPV
NS3 MAb N6 is presented in this study. A polyclonal mouse anti-APPV NS3 serum was generated (Davids
Biotechnologie, Regensburg, Germany) and used for Western blot detection of APPV NS3 as indicated.
MAb 8.12.7 against pestivirus NS3 is an established antibody and was used for CSFV detection (70). The
molecular clone of CSFV, plasmid p447 (strain Alfort-Tuebingen), was used as a control (71). The APPV
strain AUT-2016_C was chosen for the molecular cloning of an APPV field strain, because a nearly com-
plete genomic sequence and suitable control samples were available (14). Polyprotein amino acid num-
bers throughout this study refer to the sequence of this strain (KX778724). Viruses were rescued from
synthetic infectious RNA as previously described (72). Briefly, SK-6 cells were transfected with 0.1 to 1 mg
of synthetic RNA by electroporation using a single pulse of 950 mF and 0.18 kV in a 0.2-cm cuvette
(Gene Pulser; Bio-Rad, Feldkirchen, Germany).

Generation and characterization of serological reagents against APPV NS3. Murine MAbs and a
polyclonal antiserum against APPV NS3 were generated using a recombinant NS3 antigen (His-APPV-NS3H),
which was presented earlier (14). Briefly, the helicase domain of NS3 (amino acids [aa] 1513 to 2006) was
expressed using the pet11a vector system in the E. coli strain Rosetta 2 (Novagen, Madison, WI, USA). The
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His-tagged NS3 helicase domain with a calculated molecular weight of 57.8 kDa was purified by ion metal af-
finity chromatography (IMAC) using Ni21-Sepharose (HisTrap HP; GE Healthcare, Chicago, IL, USA). Protein
preparations were further purified using size exclusion chromatography (Superdex 200 10/300; GE
Healthcare) and served as antigen sources for immunizations and ELISA screenings.

Immunizations were performed in BALB/c mice (Janvier Labs, Le Genest-Saint-Isle, France) applying
a mild adjuvant (Gerbu MM; GERBU, Heidelberg, Germany) according to the manufacturer's specifica-
tions. All animal use protocols employed in this study were approved by the institutional ethics and ani-
mal welfare committee and the Austrian authority according to paragraphs 26 and following of the
“Animal Experiments Act” from 2012 (permit number BMWF-68.205/0074-WF/V/3b/2017).

After immunizations, hybridoma cell clones were generated using standard methods (73). Freshly
prepared spleen cells were fused with sp2/0-AG14 myelomas with the help of polyethylene glycol (PEG),
seeded, and selected by aminopterin, hypoxanthine, and thymidine medium. Secreted MAbs from crude
cell culture supernatants were characterized by ELISA, Western blotting, and immunofluorescence
assays, leading to the identification of hybridoma cell line N6, secreting MAb N6. The isotype of MAb N6
was determined from cell culture supernatant as IgG1 heavy chain and kappa light chain using the Iso-
Gold rapid mouse monoclonal isotyping kit (Dianova). The mRNAs of IgG1 heavy chain and kappa light
chain were amplified with subtype specific oligonucleotide sets as described previously (67). After 59-
end and 39-end determination by RACE-PCR (FirstChoice; Fisher Scientific, Schwerte, Germany), the
mature mRNAs were cloned in a T vector and sequenced (Microsynth, Balgach, Switzerland). Optimized
synthetic genes were designed, separated by a teschovirus 2A peptide sequence, and commercially
cloned into a single pcDNA3.1 expression vector (BioCat, Heidelberg, Germany). The plasmid was trans-
fected in 293T cells with polyethylenimine (PEI) using standard methods. MAb N6 was harvested from
serum-free cell culture supernatant and purified using protein G affinity chromatography (HiTrap Protein
G HP; Cytiva, Marlborough, MA, USA). The recombinant purified N6 was used for the detection of APPV
NS3 unless explicitly stated otherwise.

Indirect immunofluorescence assay and Western blotting. Indirect immunofluorescence assays
were performed as described earlier (74). Cells were fixed with 4% paraformaldehyde for 20 min at 4°C,
permeabilized with 0.5% (vol/vol) Triton X-100 (Merck, Darmstadt, Germany) in phosphate-buffered sa-
line (PBS), stained using the respective MAbs, and visualized using goat anti-mouse IgG conjugated with
Cy3 (Dianova, Hamburg, Germany) or goat anti-mouse IgG conjugated with fluorescein isothiocyanate
(FITC; Dianova) in PBS with 0.05% (vol/vol) Tween 20 (PBS-T; Invitrogen, Karlsruhe, Germany). Cellular
nuclei were counterstained with DAPI (49,6-diamidino-2-phenylindole; Thermo Fisher Scientific,
Waltham, MA, USA) at a concentration of 1 mg/mL for 5 min at room temperature. Antigen detection
was evaluated on a very sensitive fluorescence microscope (IX70; Olympus, Tokyo, Japan), and photomi-
crographs were taken using a monochromatic camera (DFC3000G; Leica, Wetzlar, Germany). All images
in which information comparing replication rates is provided were taken in the same experiment with
identical microscope settings.

For Western blotting, cells were directly harvested in SDS-PAGE loading buffer and heated at 95°C
for 5 min. Only in the case of Western blot detection of APPV NS3 from infected cells, regular protein
extraction (1% NP-40, 0.5% Triton X-100, 0.1% SDS in PBS) and sample concentration (Sartorius Vivaspin
20; molecular weight cutoff [MWCO], 30 kDa; polyethersulfone) were performed beforehand. Proteins
were separated in 7.5% (wt/vol) polyacrylamide Tricine gels and transferred onto nitrocellulose mem-
branes (Pall, Pensacola, FL, USA). The membranes were blocked with 5% (wt/vol) skim milk (Carl Roth,
Karlsruhe, Germany) in PBS-T. MAbs and sera were used as indicated and detected by peroxidase-
labeled goat anti-mouse IgG (Dianova). ECL-Prime substrate was applied as chemiluminescence reagent
(GE Healthcare), and photon emission was recorded with an imaging system (ChemiDoc; Bio-Rad,
Hercules, CA, USA).

Persistently infected cell cultures. Despite initial infection of single cultured cells, field isolates of
APPV usually show no spread in tissue cultures. Therefore, SK-6 cells persistently infected with isolate
AUT-2016_C were generated using a modified virus isolation technique. A serum sample of an AUT-
2016_C-infected piglet which died before colostrum uptake was used to infect SK-6 cells in suspension.
These cells were incubated for 1 h, diluted in DMEM to a concentration of 10 cells/mL and seeded on
96-well plates using 100 mL per well. After clonal proliferation, the cells were harvested by trypsinization
and split to another corresponding plate. The mirror plates were fixed with formalin after 2 days and
subjected to immunostaining using the APPV NS3 specific antibody N6. Single APPV-infected cell lines
emerged on each plate. The corresponding wells containing APPV-infected SK-6 cell clones were har-
vested and reseeded for proliferation. Persistently infected cell clones were used for the experiments
and stored in liquid nitrogen.

APPV cDNA clones. A culture of the persistently infected SK-6 cells was harvested and RNA was pre-
pared by a QiaCube using the RNeasy kit (Qiagen, Hilden, Germany). Viral loads were measured as ge-
nome equivalents (GEs) using RT-qPCR. Based on the sequence information of APPV-AUT-2016_C (14)
and other available APPV sequences from databases (in particular, strain APPV-NL1; KX929062), we
designed a full-genome RT-PCR protocol. The complete APPV genome was amplified using the OneTaq
one-step RT-PCR kit (New England Biolabs [NEB], Ipswich, MA, USA) with the oligonucleotides APPV-
59_forw and APPV-39_rev (Table 1). The 11,564-bp RT-PCR product was inserted into a pBR322-derived
vector (73). The vector containing the SP6 promoter was amplified by PCR. The PCR product provided
homologous sequence patches for the molecular cloning of the viral cDNA. Q5 polymerase (NEB) was
used for vector amplification together with the oligonucleotides APPV-pBRGA_forw and APPV-
pBRGA_rev. The PCR and RT-PCR products were purified (Monarch DNA gel extraction kit; NEB) and
recombined using a DNA assembly reaction (NEBuilder; NEB) to generate recAPPV-wt_pBR (Fig. 1). The
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plasmid DNA was purified and sequenced after transformation and clonal replication in bacteria (E. coli
strain HB101). Sequencing was repeated after 10 rounds of plasmid DNA purification and retransforma-
tion, proving the stability of the construct. The sequence was compared with the reference sequence of
the APPV strain AUT-2016_C (KX778724).

A subgenomic defective interfering genome (DI) was constructed in analogy to the genomic organiza-
tion of the BVDV defective interfering genome DI9 (60). The Npro gene, the structural protein genes (C, Erns,
E1, and E2), and the nonstructural protein genes p7 and NS2 were replaced in the plasmid by a ubiquitin
gene cassette derived from the BVDV strain CP-Rit (75). The vector was amplified by Q5 PCR using the oli-
gonucleotides APPV-59-NTR_rev and APPV-NS3_forw, while the ubiquitin gene insert was amplified by
One-Taq polymerase and the oligonucleotides APPV-59-NTR-Ubi*_forw and APPV-NS3-Ubi*_rev. The DNAs
were recombined, and the resulting plasmid was named APPV-DI_pBR.

Since genomic duplications turned out not to be stable in the context of a normal plasmid (for
example, pBR322), a different strategy was chosen to generate duplication mutants. Hence, the APPV
clone with a duplication of the NS3-to-NS4B cassette was constructed in a bacterial artificial chromo-
some (BAC) backbone as described for CSFV (74). The BAC backbone (pBeloBac11; NEB) was amplified
using the oligonucleotides SP6-BACGA_rev and APPV-39-BACGA_forw and Q5 polymerase (NEB). The
APPV genome was amplified from recAPPV-wt_pBR as described above and recombined with the BAC
backbone using DNA assembly, resulting in the plasmid recAPPV-wt_BAC. Plasmid recAPPV-wt_BAC was
used for the insertion of the duplicated genes, which were inserted in close analogy to the genome of
BVDV strain CP-Rit. The BAC backbone, including the APPV 59 NTR, Npro, the structural protein genes,
and the nonstructural protein genes of p7, NS2, NS3, and NS4A and of a fragment of NS4B (NS4B*) was
amplified using Q5 polymerase and oligonucleotides APPV-NS4B*_rev together with APPV-39-BACGA_forw. A
subgenomic cassette including the Ubi*-Rit gene, all nonstructural protein genes, and the 39 NTR was ampli-
fied from APPV-DI_pBR using the oligonucleotides APPV-NS4B*-Ubi*_forw and APPV-39_rev. Recombination
of the two PCRs using NEBuilder resulted in plasmid APPV-Ubi*_BAC.

For the generation of single site mutations within the APPV-wt genome, we used the BAC clone
recAPPV-wt_BAC and employed one assembly site for homologous recombination in the chlorampheni-
col acetyltransferase gene (CmRGA_forw and CmRGA_rev) within the vector and complementary over-
lapping oligonucleotides encoding the respective mutations. Two different amino acid changes were
introduced in the recAPPV-wt_BAC and APPV-Ubi*_BAC to inactivate the NS2 autoprotease. The plasmids
recAPPV-wtC1280A_BAC and APPV-Ubi*C1280A_BAC were created with the oligonucleotides APPV-
C1280A_forw and APPV-C1280A_rev, and the plasmids recAPPV-wtH1237A_BAC and APPV-Ubi*H1237A_BAC
were created with the oligonucleotides APPV-H1237A_forw and APPV-H1237A_rev. All mutations were
verified using Sanger sequencing and a commercial provider (Eurofins Genomics, Ebersberg, Germany). An
overview of the synthetic APPV genomes used in this study is given in Fig. 1.

qRT-PCR. An established diagnostic RT-qPCR protocol (16) was adapted for genome equivalent
quantification in cell culture using APPV-qRT_forw, APPV-qRT_rev, and APPV-probe. GEs were calculated
by 7500 System SDS software (Applied Biosystems, Foster City, USA) based on a standard curve of puri-
fied synthetic genomic RNA of recAPPV-wt (as described in “Synthesis of recombinant viral RNA”). The

TABLE 1 Oligonucleotides used in this study

Oligonucleotide Sequence
APPV-59_forw 59-GCATAATGCTTTGATTGGCTGCATTATG-39
APPV-39_rev 59-GGGCCCCCTTGCTTCATCTAGATCAG-39
APPV-pBRGA_forw 59-ATGAAGCAAGGGGGCCCACGCGTTACCTCACTAACGTTC-39
APPV-pBRGA_rev 59-CAATCAAAGCATTATGCTATAGTGTCACCTAAATCGC-39
APPV-59-NTR_rev 59-CATGTTGATAAACAACGGATTTTATAC-39
APPV-NS3_forw 59-GGCCCCGGCAGAATACCAAAGATCAC-39
APPV-59-NTR-Ubi*_forw 59-TGTTTATCAACATGGAAGGAGATGACTATGC-39
APPV-NS3-Ubi*_rev 59-GGTATTCTGCCGGGGCCCCCACCACGAAGTCTCAACAC-39
SP6-BACGA_rev 59-GCCAATCAAAGCATTATGCTATAGTGTCACCTAAATCGTTA-39
APPV-39-BACGA_forw 59-GATGAAGCAAGGGGGCCCTAAATAGCTTGGCGTAATCATG-39
APPV-NS4B*_rev 59-TCTCTTAGCATAGTCATCTCCTTC-39
APPV-NS4B*-Ubi*_forw 59-ATGACTATGCTAAGAGAGAGAATGGCAAAATCAGTCGC-39
CmRGA_forw 59-GTACTGTTGTAATTCATTAAGCATTCTGCCGAC-39
CmRGA_rev 59-GTCGGCAGAATGCTTAATGAATTACAACAGTAC-39
APPV-C1280A_forw 59-CAAAAGGGCATGGCCGGCCTCCCAACTGTAGTACAAAATTTG-39
APPV-C1280A_rev 59- TACAGTTGGGAGGCCGGCCATGCCCTTTTGCAATTCCCCCAG-39
APPV-H1237A_forw 59-ATTATGAAAGCCATGATAGAGAATCCAACTCTCAAGAAG-39
APPV-H1237A_rev 59-TGGATTCTCTATCATGGCTTTCATAATTTTTCTCGGGCTTGAC-39
APPV-qRT_forwa 59-GGGCAGACGTCACYGAGTAGTACA-39
APPV-qRT_reva 59-TCCGCCGGCACTCTATCA-39
APPV-probea FAM-59-TGTAGGGTCTACTGAGGCT-39-MGB
SP6-59_forw 59-CGATTTAGGTGACACTATAG-39
APPV-NS5A-39_rev 59-CAATTTAAGGTGGCTGGCGTATCTTTC-39
aDescribed by Kaufmann et al. (16).
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viral RNA genome replication of different recombinant APPV strains was quantified after transfection
using qRT-PCR. Therefore, the transfected cells were trypsinized every 48 h after electroporation and
split in a 1:2 ratio. One half of the cells was reseeded on a 6-well dish, while the other half was resus-
pended in buffer and digested for 1 h with 1 mL Benzonase at 37°C (.250 IU; Sigma-Aldrich, Taufkirchen,
Germany) to remove extracellular synthetic RNA and DNA. Total cellular RNA was prepared using the
RNeasy minikit (Qiagen). To evaluate the release of viral RNA into the cell culture supernatant, supernatant
samples were taken at regular time intervals after RNA transfection and extracted using the QIAamp viral
RNA minikit (Qiagen).

Synthesis of recombinant viral RNA. Synthetic viral RNA was prepared using SP6 polymerase and
PCR products of the respective plasmids or BACs as the template. Genome-length PCRs were performed
using the pBR based plasmid clones (recAPPV-wt_pBR and mutants) as well as the BAC based clones
(recAPPV-wt_BAC and mutants) using oligonucleotides SP6-59_forw and APPV-39_rev together with Q5
polymerase (NEB). We included a subgenomic PCR as a template generating a nonreplicative negative-
control RNA using oligonucleotides SP6-59_forw and APPV-NS5A-39_rev. This subgenomic negative-
control RNA was lacking the complete NS5B polymerase and the 39 NTR (recAPPV-wtDNS5B) (Fig. 1). PCR
products were purified using phenol-chloroform extraction. The linear DNA fragments with a 59-end SP6
promoter sequence were transcribed into genomic RNA using SP6 polymerase (NEB) as recommended
by the manufacturer. Reaction products transcribed at a 50-mL scale were digested with DNase and puri-
fied using the RNeasy minikit (Qiagen). The RNA was eluted from the column in RNase-free water, quan-
tified, and adjusted to a final concentration of 0.1 mg per mL.

TCID50 assay. The TCID50 of viral supernatants was determined in three replicates by an EPDA using
a monolayer of SK-6 cells and 24-well plates. After 4 days postinfection, the cells were fixed and stained
as described above. Solely single infected cells became visible using 100 mL undiluted culture superna-
tant. The virus titers were calculated using the Spearman-Karber algorithm.

Data availability. The sequence of the anti-APPV NS3 MAb construct with proven functionality and
the sequence of the clonal cDNA copy generated in this study were deposited in the GenBank database
(accession no. OK564404 and OK564403). Upon request, we can also provide the expression plasmid or
hybridoma cells as a control reagent.
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