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A B S T R A C T

Atypical porcine pestivirus (APPV) is a novel member of the Pestivirus genus detected in association with
congenital tremor (CT) type A-II outbreaks and from apparently healthy pigs, both as singular infection and as
part of multi-pathogen infections. ’Classical’ pestiviruses are known to cause immunosuppression of their host,
which can increase susceptibility to secondary infections, severely impacting health, welfare, and production. To
investigate APPV’s effect on the host’s immune system and characterise disease outcomes, 12 piglets from a
natural APPV CT type A-II outbreak were experimentally infected with porcine reproductive and respiratory
syndrome virus (PRRSV), a significant porcine pathogen. Rectal temperatures indicating febrile responses,
viremia and viral-specific humoral and cellular responses were assessed throughout the study. Pathological
assessment of the lungs and APPV-PRRSV co-localisation within the lungs was performed at necropsy. Viral co-
localisation and pathological assessment of the lungs (Immunohistochemistry, BaseScope in situ hybridisation)
were performed post-mortem. APPV status did not impact virological or immunological differences in PRRSV-
infected groups. However, significantly higher rectal temperatures were observed in the APPV+ve/PRRSV+ve

group over four days, indicating APPV increased the febrile response. Significant differences in the lung
consolidation of the apical and intermediate lobes were also present, suggesting that APPV co-infection may
augment lung pathology.

1. Introduction

Multi-pathogen infections are well documented in the swine industry
due to intensive husbandry practices that mix young animals during
stressful life stages, such as weaning at high stocking densities, with
disease outcomes resulting from intricate interactions between coin-
fecting pathogens and the host’s immune system that are sometimes
poorly understood (Saade et al., 2020). Atypical porcine pestivirus
(APPV), a relatively novel member of the genetically diverse and
expanding Pestivirus genus within the Flaviviridae family (King et al.,
2018; Postel, 2021; Smith, 2017), has been detected concurrently with
several significant porcine viral pathogens. APPV is associated with
congenital tremors (CT) type A-II in neonatal piglets, often characterised

by constant rhythmic tremors. Tremors are non-progressive and vary in
severity from localised tremors of the head, flanks or hind limbs to whole
body shaking that disrupt the piglet’s ability to stand, walk and nurse,
leading to starvation (de Groof et al., 2016). The tremors in most cases
self-resolve by weaning, however, in severe cases without early-stage
farm or veterinary intervention increased mortality rates can occur (de
Groof et al., 2016; Pedersen, 2021).

In studies of congenital tremors cases, APPV has been detected as
comorbid with both porcine pegivirus (5/67 diagnostic cases) and
porcine teschovirus (PTV) (three, three-day-old piglets) (Chen et al.,
2019; Possatti et al., 2018). Recently, a study of serum collected from
apparently healthy pigs in the US, simultaneously detected APPV in
combination with one or more of eight viral pathogens of notable
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significance for their impact on health and production, including, but
not limited to, porcine epidemic diarrhea virus (13/339), swine influ-
enza virus (16/339), porcine circovirus type 2 (23/339), and porcine
reproductive and respiratory syndrome virus (PRRSV) (33/339) (Yuan
et al., 2021). Co-existence of APPV and several viruses including Getah
virus, porcine picobirnavirus, porcine kobuvirus, porcine sapovirus,
Po-Circo-like virus, porcine serum-associated circular virus, porcine
bocavirus 1, porcine parvovirus 1, porcine parvovirus 5 and porcine
circovirus 3 has also been detected through metagenomic analysis in
abortion samples (pooled tissue homogenate supernatant from 11 um-
bilical cord, 1 placenta and 1 aborted piglet) from idiopathic abortion
cases in Shandong Provence, China (Sun, 2023).

Pestiviruses are known to have a high economic impact through their
ability to interact and suppress the host’s immune system, leading to
increased susceptibility to secondary infections or overgrowth of
commensal and opportunistic pathogens and enhanced the severity and
longevity of disease, in both single and dual infections (Baker, 1995;
O’Neill et al., 2004; Tarradas et al., 2014); however, this has yet to be
fully established for APPV. In this study, we present a coinfection model
to assess the effect of a natural APPV infection on a concurrent infection
with PRRSV, to investigate the role of APPV as a potential immuno-
suppressive agent, its role in coinfections and the implications of this for
disease outcomes.

Like APPV, PRRSV of the Arterivirus genus, family Arteriviridae, is a
single-stranded positive-sense RNA virus that can be transmitted verti-
cally in utero and horizontally through postnatal infections, affecting
young piglets (Done et al., 1996; Feng et al., 2001).

APPV and PRRSV are both globally distributed and detected in both
commercial and wild pig populations, with prevalence varying signifi-
cantly based on pig population, rearing structure, and region (Bálint
et al., 2024; Colom-Cadena et al., 2018; de Paz et al., 2015; Postel et al.,
2017). A European survey of APPV found genome detection rates
ranging from 2.3% in Great Britain to 17.5% in Italy (Postel et al., 2017).
Similarly, a 2014 practitioner survey reported PRRSV prevalence in
Europe varying from 4% in Russia to 47% in Italy (de Paz et al., 2015).

PRRSV is known to have a significant impact on health, welfare and
production, with piglets having increased post-weaning mortality due to
clinical signs consistent with respiratory disease, including pyrexia,
depression, anorexia, dyspnoea and pneumonia that can increase post-
weaning mortality (Haiwick et al., 2018). PRRSV can be found in pig-
lets of a similar age as those with unresolved APPV infections. It is
therefore possible that if APPV has similar immunomodulatory effects
seen with other pestiviruses, co-infection may influence the immune
response to PRRSV, resulting in increased PRRSV-mediated pathology.

To test this hypothesis, 10-week-old piglets naturally infected with
APPV were subsequently infected with PRRSV and viral, clinical,
immunological, and pathological changes compared to matched control
piglets, which were similarly infected with PRRSV but were APPV-
negative.

2. Materials and methods

2.1. Animals

Sixteen mixed-gender large white x Duroc 10-week-old piglets were
sourced from a farm with an ongoing congenital tremor outbreak. Male
and female piglets were selected from six litters within the same far-
rowing group, presenting a mixed severity of tremors associated with
CT, varying among and within litters. Piglets were assigned either APPV
positive with CT clinical signs or APPV negative with no CT clinical signs
status based on concurring APPV RT-qPCR results from paired serum
and ear notch tissue samples and a clinical evaluation for CT of piglets at
2.5 weeks of age. All piglets were screened for PRRSV by Virotype
PRRSV RT-PCR (Indical biosciences) and PRRS X3 Ab ELISA kit (IDEXX).
Due to animal welfare concerns regarding the transportation of neonatal
piglets with a neurological disorder, the piglets were moved from the

farm at nine weeks of age to Moredun Research Institute animal facilities
after the resolution of severe tremors, assigned to experimental groups
(Table 1) and given a seven-day acclimatisation period before the
commencement of the study. The piglets were housed in straw-bedded
enclosures with additional toy balls for environmental enrichment.
Animals were given adlib access to water troughs and fed pelleted
concentrates.

2.2. Viruses

APPV was acquired as a natural infection on the farm, confirmed by
APPV RT-qPCR in ear tissue and serum samples and product sequencing
(sequence unpublished). A PRRSV species 1 subtype 2 isolate (Genbank
accession number: KC714015.1) was propagated using the primary cell
line Porcine Alveolar Macrophage (PAM) cells (generated in-house).
PAM cells (approx. 1 × 105 cells /mL) were cultured in a 10% Fetal
bovine serum (FBS) enriched Roswell Park Memorial Institute (RPMI) at
37◦C with 5% CO2 for 16 h. For inoculation, media was removed, and
the virus was added directly to the flask and incubated for 2 h. After-
wards, fresh media was introduced, and the flask was incubated for 96 h
before harvesting. Virus quantification was conducted using median
tissue culture infectious dose (TCID50) and PRRSV RT-qPCR (Virotype
PRRSV 2.0 RT-PCR Kit with in-house plasmid for quantification, Indical
Bioscience).

2.3. Experimental design

The piglets were assigned into experimental groups based on their
clinical and APPV infection status (Table 1). Seven APPV-positive
(APPV+ve) piglets were assigned to the APPV+ve/PRRSV+ve group, and
the remaining nine APPV-negative (APPV-ve) piglets were assigned to
two groups, seven piglets to the APPV-ve/ PRRSV+ve and two piglets to
the uninfected APPV-ve/ PRRSV-ve control group. Intranasal inoculations
with 10 mL (5 mL per nostril) of 1.12 × 106 TCID50/mL of PRRSV were
administered to piglets in the APPV+ve/PRRSV+ve and APPV-ve/
PRRSV+ve groups on day 0. Rectal temperatures were taken daily from
day 1 to 13 of the study, and serum and nasal swab samples were
collected on days 0, 1, 3, 5, 7, 10 and 14. At necropsy, the trachea was
clamped closed to minimise contamination, and the lungs were removed
for visual inspection for consolidation (see Section 2.8) and lavage. The
lavage was performed using 50 mL of sterile phosphate-buffered saline
(PBS) instilled via the trachea into both lungs. The lungs massaged for 1
min to spread the PBS throughout the lungs before removal of the lavage
fluid by inversion over a sterile falcon tube to allow the fluid to drain.
Tissue samples were collected from the brain, cervical spinal cord, su-
perficial inguinal lymph node and right cardiac lung lobe for virological
evaluation. An additional sample of the right cardiac lung was fixed in
10% neutral buffered formalin (CellPath Ltd.) for pathological exami-
nation. The spleen was also collected and washed in Hank’s buffered salt
solution without calcium or magnesium (HBSS) for splenocyte prepa-
ration and lymphocyte re-stimulation assays.

2.4. Sample preparation

Serum was derived from whole blood collected in vacutainers con-
taining a silica additive and left to coagulate at 4◦C until a visible clot
formed. The serum was collected after centrifugation a 2000 x g for 10
min at 4◦C. Before nucleic acid extraction, the swab samples were pro-
cessed by vortexing the swab head with 1 mL of sterile PBS. Ear notches
were collected using an ear punch tool producing a 1 cm diameter plug
which was then shaved and incubated with 0.2 mL of Virotype RLT lysis
buffer (QIAGEN) at 65◦C for 30 min, then 98◦C for an additional 15 min
before cooling on ice and centrifuging at 5724 x g for 30 s for RT-qPCR.

Tissue samples were homogenised in virus transport medium (APHA
Scientific) at a concentration of 0.25 g/mL using the GentleMacs™
dissociator (Miltenyi Biotec), with two cycles of +2000 revolutions per
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minute (RPM) for four seconds, -2000 RPM for four seconds, +4000
RPM for four seconds then -4000 RPM punctuated by four-second rest
intervals. The tissue was centrifuged at 2000 x g for 10 min at 4◦C, and
the supernatant was collected for nucleic acid extraction.

Splenocytes were prepared by homogenising prewashed spleens in
stomacher bags before cell straining. Splenocytes were isolated from the
spleen homogenate by density gradient centrifugation using Ficoll-
Paque® Plus (Sigma Aldrich) and washed twice with PBS. The isolated
splenocytes were re-suspended in RPMI Medium with 10% heat-
inactivated pestivirus-free FBS, 100 units/mL Penicillin and 100 µg/
mL streptomycin at a concentration of 2 × 105 cells/mL for seeding in a
lymphocyte re-stimulation assay. Lung samples taken from the right
cardiac lobe were fixed at necropsy in 10% neutral buffered formalin for
3 weeks, then dehydrated with alcohol for 24 h and embedded in
paraffin. The paraffin-embedded formalin-fixed tissue was cut into 5 µm
sections and mounted on slides for further pathological examination.

2.5. Virological analysis

Total nucleic acid extraction was performed on all samples except
ear tissue using the MagMAX CORE nucleic acid purification kit (Life
Technologies) following the manufacturer’s instructions in combination
with the MagMax express 96 (Thermofisher) using the preset pro-
gramme (MagMAX_CORE_KF-96_no_heat.bdz).

Nucleic acid extracted from serum swabs and tissues, as well as the
lysate from the ear notch tissue preparation, was tested for APPV by RT-
qPCR using a previously published primer set (Arruda et al., 2016),
including a forward primer (TGCCTGGTATTCGTGGC), a reverse primer
(TCATCCCATGTTCCAGAGT) and a modified probe 5′-FAM-
CTCCGTCTCCGCGGCTTCTT-BHQ. The assay was performed using the
qScript™ XLT One-Step RT-qPCR ToughMix®, Low ROX kit (Quantabio)
following the manufacturer’s instructions under fast cycling conditions
on a QuantStudio5 instrument (Applied Biosystems) with each sample
tested in duplicate. Quantification was achieved using a ten-fold serial
dilution (3.19× 108 – 3.19× 101 copies/ µL) of APPV linearised plasmid
designed in-house. Briefly, the APPV PCR product was cloned into
pGEM®-T Easy vector (Promega), the DNA plasmid purified using the
QIAprep spin miniprep kit (QIAGEN) and linearised by using EcoRI
(Promega) restriction enzyme digest. Nucleic acid was also tested by
RT-PCR for PRRSV using the Virotype PRRSV RT-PCR kit (Indical Bio-
sciences) following the manufacturer’s recommendations. An
eight-point, 10-fold serial dilution of linearised PRRSV plasmid was
included in each assay for quantification purposes. The PRRSV plasmid
was produced using the same methodology as the APPV plasmid.

2.6. Serological assays

The humoral response was measured in serum using the PRRS X3 Ab
ELISA (IDEXX) to detect anti-PRRSV IgG antibodies. The assay followed
the manufacturer’s instructions and quantified results as S/P ratios.

2.7. Cell-mediated immune assay

PRRSV-specific interferon-γ secreting cells were quantified in

splenocytes using Porcine IFN-γ ELISpotBASIC (Mabtech) assays
following the manufacturer’s instructions. For analysis of the prepared
splenocytes, cells were stimulated with concanavalin A (Con A) for 48 h
at a final concentration of 5 µg/mL and heat-inactivated PRRSV species
1 subtype virus at 2 5.6 × 104 TCID50/well or media without virus as a
media-only control. An AID iSpot ELISpot reader with corresponding
AID ELISpot 7.0 Software (AID) was used to inspect and count spot
numbers. The results were expressed as the number of spot-forming
units (SFU) per 106 cells. Con A and PRRSV-specific responses were
reported as the fold-change in SFU/106 cells relative to the media-only
control.

2.8. Pathology

Each lung lobe was scored for consolidation using a modified scoring
system (Jericho and Langford, 1982), which was then converted into a
score representing the percentage of lung consolidation relative to the
lung lobes’ surface area and volume (Halbur et al., 1995). The left and
right apical and cardiac lobes were scored out of 10, the left and right
diaphragmatic lobes scored out of 27.5, and the intermediate lobe
scored out of 5 with the total lung score out of 100.

Formalin-fixed-paraffin-embedded lung sections were routinely
processed with haematoxylin and eosin (H&E, Cellpath Ltd) stain for
morphological and interstitial pneumonia evaluation performed using a
modified scoring system (Halbur et al., 1995) (Table S1). Immunohis-
tochemistry was performed utilising SDOW- 17, an antibody that detects
a nucleocapsid protein of PRRSV (Halbur et al., 1994) (scoring criteria
presented in Table S1).

In situ hybridisation for APPV was performed on lung sections using
BaseScopeTM ISH detection reagent kit V2-RED and HybEZ Oven (Bio-
techne). A viral-specific probe for the detection and quantification of
partial NS3 gene was designed in-house using UK APPV strains (ACD
Bio, BA-V-APPV-2zz-st and BA-V-APPV-2zz-st1); probes targeting the
commonly expressed housekeeping gene peptidyl-prolyl-isomerase-B
(Sus scrofa-PPIB, 428591) and a bacterial dihydro picolinate reductase
(DapB, 310043) were used as the positive and negative control probes
respectively. BaseScope in situ hybridisation was performed following a
modified version of the recommended ACDBio (Biotechne) protocol.
Briefly, deparaffinised lung sections were pretreated with hydrogen
peroxide for 10 min, washed with distilled water, and submerged in
99◦C ±1◦C target retrieval buffer for 8 min. In addition to the standard
protocol, lung sections were baked for 30 min at 37◦C before protease IV
treatment. BaseScope V2-RED reagents (AMP 1-8) were applied to the
sections following the manufacturer’s protocol except for AMP7, which
had a prolonged incubation period of 1 h. The slides were counter-
stained with Gils No 1 haematoxylin (Merck). All slides were digitised
using the NanoZoomer ZR and corresponding software NDP.View2
(Hamamatsu) and the slides were used to confirm the presence of APPV
(identification of probe signal observed as red dots). To determine
quantitative differences between APPV positive and negative groups,
five 0.106 mm2 areas for each scanned lung section were randomly
selected for cell and APPV-specific probe signal counts; these counts
were used to determine the number of signals per cell ratio and an
overall mean ratio calculated for each lung section.

Table 1
Summary of study groups based on selected diagnostic criteria at 2.5 weeks of age.

Group Piglet numbers APPV clinical signs APPV
nucleic acid

PRRSV
nucleic acid

PRRSV antibody PRRSV infection
status

Serum Ear notch Serum Serum

Uninfected control 2 No NVD1 NVD1 NVD1 NAD2 No
APPV-ve/ PRRSV+ve 7 No NVD1 NVD1 NVD1 NAD2 Yes
APPV+ve/ PRRSV+ve 7 Yes Positive Positive NVD1 NAD2 Yes

1 NVD (no virus detected),
2 NAD (no antibodies detected).

H. Hill et al.



Virus Research 348 (2024) 199443

4

2.9. Statistical analysis

A power calculation was performed to calculate group sizes using
previously unpublished PRRSV species 1. Subtype 2 isolate infection
data. It was estimated that group sizes of 7 would have been sufficient to
detect a 2 log10 increase in peak PRRSV viraemia in the APPV-infected
piglets with >80% power. The study results were analysed and visual-
ised using GraphPad Prism version 10.1.2. The normality of data was
determined via visual inspections of Q-Q plots and a combination of the
D’Agostino-Pearson normality test (omnibus K2) (Trujillo-Ortiz and
Hernandez-Walls, 2003), Shapiro-Wilk Roystonmethod (Royston, 1995)
and Kolmogorov-Smirnov test using Dallal and Wilkinson approxima-
tion to Lilliefors’ method (Dallal and Wilkinson, 1986). The normally
distributed data was expressed as mean ± standard error of the mean
(SEM), and data not normally distributed was expressed as the median±

interquartile range (IRQ). Rectal temperature, viremia, shedding and
antibody response data collected as repeated measures throughout the
study were analysed by fitting a mixed model, which used a compound
symmetry covariance matrix and was fitted using Restricted Maximum
Likelihood (REML) with Geisser-Greenhouse correction (Maxwell and
Delaney, 2004). Non-parametric Kruskal Wallis tests with post hoc
Dunn’s test with corrections for multiple comparisons were performed
to determine differences in groups for viral loads in tissues, lung pa-
thology including PRRSV-specific Immunohistochemistry (IHC) and
PRRSV-specific cellular immune responses (single measures). Normally
distributed interstitial pneumonia (IP) scores (single measure) were
analysed by one-way ANOVA with post hoc Tukey’s HSD testing.
P-values < 0.05 were considered statistically significant.

3. Results

3.1. Observations and exclusions

During the study, although clinical scoring was not implemented,
elevated signs of breathing difficulty, lethargy, inappetence, and loss of
condition were detected in the APPV+ve/PRRSV+ve group at routine
health and welfare animal husbandry checks.

Additionally, due to the detection of APPV RNA in tissues at necropsy
from two piglets that initially met selection criteria for the APPV-ve/
PRRSV+ve group, these animals were excluded from the analysis.

3.2. Rectal temperature

The rectal temperature of the APPV+ve /PRRSV+ve group was
significantly higher than that of the APPV-ve/PRRSV+ve group over the
study (P=0.0002). None of the five APPV-ve/PRRSV+ve piglets were
observed to have persistent fever (≥40◦C for ≥3 days) with mean group
rectal temperatures of 39.8◦C (7-8 DPI) (Fig. 1). In comparison, five of
the seven piglets in the APPV+ve /PRRSV+ve group had persistent fever
with peak mean temperatures of 40.4◦C observed on 7 DPI. The mean
rectal temperatures for the APPV-ve/PRRSV+ve group were 0.58◦C lower
than the APPV-ve/PRRSV+ve group from 2 DPI -13 DPI.

3.3. PRRSV and APPV viral load

3.3.1. Viremia
There was no significant difference in PRRSV viremia in APPV-ve/

PRRSV+ve and APPV+ve/ PRRSV+ve piglets. All piglets were PRRSV
positive from 1DPI with peakmean viremia of 6.25× 108 copies/mL and
4.69 × 108 copies/mL detected in the APPV-ve and APPV+ve groups
respectively, on day five (Fig. 2a). Inversely, APPV was only detectable
in serum from the APPV+ve/ PRRSV+ve group from 0 DPI until 3 DPI
(1.94—3.12 × 105 copies/mL). The serum viral load decreased from
3DPI to undetectable levels at 7 DPI before increasing to a mean viral
load of 3.59× 105 copies/mL at 14 DPI (Fig. 2b). APPV was not detected
in any of the APPV-ve/PRRSV+ve piglets, and neither APPV nor PRRSV
was detected in the uninfected group during the study.

3.3.2. Nasal shedding
PRRSV was detected in nasal swabs from one APPV-ve/PRRSV+ve

piglet (6.04 × 103 copies/mL) on 5 DPI and one APPV+ve/PRRSV+ve

piglet (4.9× 104 copies/mL) on 7 DPI (Fig. 2c). PRRSV was not detected
in nasal swabs from the uninfected group. APPV was consistently
detected in nasal swabs from the APPV+ve/PRRSV+ve group throughout
the study, apart from 3 DPI, where APPV was not detected in any piglet
(Fig. 2d). APPV was not detected in nasal swabs from the APPV-ve/
PRRSV+ve or uninfected control group at any time point.

3.3.3. Viral load in post-mortem tissues and bronchoalveolar lavage
PRRSV RNAwas detected in all tissues in the APPV-ve/ PRRSV+ve and

APPV+ve/ PRRSV+ve groups at necropsy. The Kruskal analysis deter-
mined marginally overall significant differences in PRRSV viral load

Fig. 1. Rectal temperature in APPV-ve/ PRRSV+ve and APPV+ve/ PRRSV+ve pigs following intranasal infection with PRRSV; data represents the mean ± SEM.

H. Hill et al.
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between the APPV-ve the APPV+ve and uninfected control groups in the
superficial inguinal lymph node (H=5.361 P=0.0498), lung (H=5.361,
P=0.0498) and bronchoalveolar lavage (H=5.915, P=0.0321). How-
ever, the post hoc Dunn’s multiple comparisons testing did not identify
significant differences in viral loads between the APPV-ve/PRRSV+ve and
APPV+ve/PRRSV+ve groups in the tissues (Z=1.136, P=0.7673) or
bronchoalveolar lavage (Z=1.051, P=0.8799) (Fig. 3). The post hoc
Dunn’s multiple comparisons testing did not find a significant difference
between the uninfected controls and either the APPV-ve/PRRSV+ve the
APPV+ve/PRRSV+ve groups in either tissue types (Z=1.377 P=0.5051,
and Z=2.267 P=0.0701). In the bronchoalveolar lavage, no significant
differences were found between the uninfected controls and the APPV-

ve/PRRSV+ve group (Z=1.573 P=0.3470). However, there was a signif-
icant difference between the uninfected control and APPV+ve/PRRSV+ve

groups (Z=2.409 P=0.0480). APPV was detected in the superficial
inguinal lymph node (7/7), right cardiac lung (7/7), and bron-
choalveolar lavage (5/7) from the APPV+ve/PRRSV+ve group only, with
neither APPV nor PRRSV detected in any of the tissues collected from the
uninfected control group.

3.4. Immune response to PRRSV

3.4.1. Humoral response to PRRSV
PRRSV-specific antibody levels were low and generally negative in

all piglets in all 3 groups until 10 DPI. On day 10, all piglets in APPV-ve/
PRRSV+ve and APPV+ve/PRRSV+ve groups seroconverted and remained
positive until the end of the study at 14 DPI (Fig. 4a). No significant

differences in antibody response were observed between the APPV-ve/
PRRSV+ve and APPV+ve/PRRSV+ve groups throughout the study (P>
0.05). The uninfected controls remained seronegative for the duration of
the study.

3.4.2. Cellular response to PRRSV
The IFN-γ ELISpot assay was performed on spleen cells following

stimulation with either the T cell mitogen ConA or PRRSV antigen to
determine both polyclonal and PRRSV-specific T cell responses. No
significant difference was found in the number of IFN-γ producing cells
between groups after ConA stimulation (Kruskal-Wallis, H=1.494,
P=0.5141) (Fig. 4b). However, when stimulated with PRRSV (Fig. 4c), a
significant difference in the levels of IFN-γ producing cells was observed
between groups (Kruskal-Wallis, H=9.221, P=0.0023). Post hoc Dunn’s
multiple comparison test indicated the significant difference was be-
tween the APPV-ve/PRRSV+ve and APPV+ve/PRRSV+ve groups
(Z=2.789, P=0.0158).

3.5. Lung pathology

3.5.1. Gross pathology
Both PRRSV-infected groups presented with visible signs of lung

consolidation, although the degree of consolidation was variable across
different lobes. Statistical analysis using the Kruskal Wallis test revealed
only a significant difference in the weighted lung consolidation scores
for both the left and right apical lobes and intermediate lung lobes be-
tween the two PPRSV-infected groups (H=6.94, P=0.0262, H=6.894,

Fig. 2. Levels of PRRSV and APPV in serum and nasal swabs. (a) and (c) PRRSV and (b) and (d) APPV viral load in the uninfected control, APPV-ve/ PRRSV+ve and
APPV+ve/ PRRSV+ve groups detected in (a) and (b) serum and (c) and (d) nasal swabs. Data represents the mean ± SEM.
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P=0.0332 and H=6.894, P=0.0332, respectively). The post hoc Dunn’s
test revealed the consolidation to be significantly higher in the
APPV+ve/ PRRSV+ve group compared to the APPV-ve/ PRRSV+ve group
(Z=2.397 P=0.0496) (Table S1). Although no significant difference was
indicated in the remaining lobes, a comparative assessment of the
consolidation scores demonstrated higher median scores in the
APPV+ve/ PRRSV+ve group compared to the APPV-ve/ PRRSV+ve group
across all lung areas, with differences most notable in the Left (APPV-ve/
PRRSV+ve 0, APPV+ve/ PRRSV+ve 13.8) right (APPV-ve/ PRRSV+ve 0,
APPV+ve/ PRRSV+ve 19.3) and total lung score (APPV-ve/ PRRSV+ve 8.3,
APPV+ve/ PRRSV+ve 44.3). No signs of lung consolidation were visible in
any of the lung lobes in the uninfected control group.

3.5.2. Lung histopathology and PRRSV immunohistochemistry
Histopathological evaluation of the lung revealed evidence of

interstitial pneumonia (IP) characterised by thickened alveolar septa, an
increased presence of pneumocytes type II cells, and inflammatory cells
such as macrophages in both PRRSV-infected groups (as indicated by
individual Interstitial pneumonia scoring, Table S3). Mild focal peri-
bronchiolar lymphoid hyperplasia was observed in one of the two un-
infected control group piglets (IP=1, Table S3), the other showed no
signs of interstitial pneumonia. One-way ANOVA found significant dif-
ferences in the severity of IP scores between groups (F(2,11)=[11.62],
P=0.0019) however, Tukey’s HSD test found differences between the
uninfected control group and APPV-ve/PRRSV+ve (P=0.0153, 95% C.I.=

[-5.569, -0.6313]) and the uninfected control group and APPV+ve/
PRRSV+ve (P=0.0014, 95% C.I.=[-6.580, -1.849]), but not between the
APPV-ve/PRRSV+ve and APPV+ve/PRRSV+ve groups (P=0.2338). Addi-
tionally, the median IP score of the APPV+ve/PRRSV+ve group (5) was
higher than that of the APPV-ve/PRRSV+ve (4) and uninfected control
group (0.5).

Immunohistochemical (IHC) analysis for PRRSV nucleocapsid pro-
tein (SDOW- 17) revealed the presence of PRRSV in the lung tissue of
both the APPV-ve/ PRRSV+ve and APPV+ve/ PRRSV+ve groups only. The
PRRSV-specific IHC signal was localised in macrophage-like cells
located within the alveoli and interstitial space (Fig. 5). Individual IHC
scores for each group (Table S3) indicated that animals in the APPV+ve/
PRRSV+ve group exhibited a greater number of PRRSV-positive cells
(reflected in the higher IHC scores [median=1]) compared to the APPV-

ve/ PRRSV+ve group (median=0); this increase in IHC scores showed
statistical significance in the Kruskal Wallis and post hoc Dunn’s tests
(H=10.560, P=0.0004 and Z=2.775, P=0.0166 respectively).

3.5.3. APPV detection in the lung using in situ hybridisation
APPV-specific staining was successfully detected in the lung tissue of

all pigs from the APPV+ve/ PRRSV+ve group using BaseScope™ ISH
(Fig. 5). The staining pattern exhibited heterogeneity, with the highest
proportion of staining observed within the smooth muscle layer of
bronchioles and endothelial cells in blood vessels. Kruskal Wallis and
post hoc Dunn’s tests determined a significantly higher level of APPV

Fig. 3. PRRSV viral load in post-mortem tissues and bronchoalveolar lavage. PRRSV viral load in the uninfected control, APPV-ve/ PRRSV+ve and APPV+ve/
PRRSV+ve groups detected in (a) superficial inguinal lymph node, (b) right cardiac lung and (c) bronchoalveolar lavage. The results show individual animals with
median, and the interquartile range plotted for each group. Significance (P< 0.05) is indicated on each graph for Dunn’s multiple comparisons testing.
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staining in the APPV+ve/ PRRSV+ve group than the APPV-ve/ PRRSV+ve,
(H=7.844, P0.0066 and Z=2.727, P=0.0192, respectively). Both the
APPV-ve/ PRRSV+ve and uninfected control groups displayed a minimal
level of nonspecific background staining.

4. Discussion

Naturally occurring co-infections in pig farms can severely affect pig
health and production (Opriessnig et al., 2011; Romeo et al., 2023; Zhao
et al., 2021). Pestivirus infections often occur alongside other bacterial
and viral pathogens and have been shown to cause immunosuppression
in the host species. This immunosuppression is a crucial factor in the
development and progression of these infections (Lanyon and Reichel,
2013; Tarradas et al., 2014). While APPV has been identified in coin-
fections in young pigs (Chen et al., 2019; Possatti et al., 2018), the de-
tails of such interactions remain poorly understood, and the
immunosuppressive potential of APPV has yet to be fully determined. To
the best of the authors’ knowledge, this study represents the first
attempt to establish an APPV coinfection model specifically designed to
investigate the effect of a natural APPV infection on concurrent PRRSV

infection and the overall clinical disease outcome for the host.
Our results show a significant and prolonged elevation in rectal

temperatures within the APPV+ve/PRRSV+ve group compared to the
APPV-ve/PRRSV+ve group. This finding aligns with a previous study that
investigated the co-infection of PRRSV and swIAV, which also reported
elevated rectal temperatures (40.0◦C-41.4◦C) and a longer duration of
fever in a higher proportion of the co-infected group (71.5%) compared
to the PRRSV-only group (21.5%) (Pomorska-Mól et al., 2020). The
prolonged fever in the APPV+ve group indicates that even if APPV has a
limited impact on PRRSV replication or the immune response to the
virus, it may exacerbate the clinical outcome of PRRSV infection.

Additionally, the elevation in body temperature suggests an in-
flammatory response triggered by the production of pyrogenic cytokines
such as IL-6 in response to viral infection to mitigate the ensuing disease.
Increasing body temperature in mammals by 1◦C requires a 10-12.5%
increase in metabolic rate (Evans et al., 2015), which may contribute to
the observed loss of condition in the coinfected group and observed in
other studies. Subsequent research should focus on comprehensively
understanding the involvement of APPV in the inflammatory response
by exploring its impact on cytokine production in relation to weight loss

Fig. 4. Humoral and cellular response to PRRSV. Immune response to PRRSV infection in the uninfected controls, APPV-ve/ PRRSV+ve and APPV+ve/ PRRSV+ve

groups. (a) Anti-PRRSV IgG antibody levels (mean± SEM). (b) and (c) the number of INF-γ producing cells. The number of INF-γ producing cells determined by
ELISpot is calculated as a fold change response to Con A (b) or PRRSV (c), compared to media-only controls. ELISpot data represents individual animals with the
median and interquartile range of the group. Significance (P< 0.05) is indicated for Dunn’s multiple comparisons testing on each graph.
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and other clinical outcomes.
Although the main parameter assessed as a metric of clinical

outcome was temperature, collateral evidence from routine health and
welfare observations performed throughout the study indicated other
clinical signs such as breathing difficulty, lethargy, inappetence, and
loss of condition, which are commonly observed in PRRSV infection
studies (Morgan et al., 2016; Romeo et al., 2023; Stadejek et al., 2017)
were also present more noticeably in the APPV+ve/PRRSV+ve group.

The pattern of PRRSV viremia in our study was consistent with
previous reports (Lunney et al., 2016; Pomorska-Mól et al., 2020;
Wesley et al., 2006). Interestingly, the kinetics of APPV viremia showed
an inverse relationship with the PRRSV viremia pattern, indicating po-
tential viral interference between APPV and PRRSV observed as a
decrease in APPV levels in serum when PRRSV titres increased and then
as an increase in APPV titres when PRRSV levels started to decline. The
shedding of APPV in nasal swabs also followed a similar pattern as in the
sera, further supporting this finding. The detection of PRRSV in nasal
swabs was limited in this study. This finding was aligned with other
studies that found inconsistent PRRSV detection in nasal swab samples
(Charpin et al., 2012; Duan et al., 1997), as factors such as virus species
and subtype differences may affect shedding in nasal secretions (Frydas
and Nauwynck, 2016; Frydas et al., 2013). Additional sample types and
larger sample sizes should be considered in future studies to assess
shedding from the respiratory tract. Oral sampling could be advanta-
geous for the dual detection of APPV and PRRSV, as they have suc-
cessfully detected APPV shedding using this approach (Houston, 2022;
Schwarz et al., 2017).

APPV was detected in all pigs in the APPV+ve/PRRSV+ve group with
comparable viral titres between tissue types, in agreement with previous
studies which reported APPV detection by RT-qPCR in all major organs,
indicating a systemic viral distribution (de Groof et al., 2016;
Muñoz-González et al., 2017; Postel et al., 2016). PRRSVwas detected at
similar levels in the bronchoalveolar lavage, lung, and superficial
inguinal lymph node of pigs in both the APPV-ve/PRRSV+ve and
APPV+ve/PRRSV+ve groups. This suggests that an active APPV infection

may not interfere with the replication of PRRSV.
It should be noted that only tissues from the right cardiac lung lobe

were tested for PRRSV viral load, and it may not represent the viral load
in the entire lung. However, the detection of high PRRSV titres in the
lung and lymphoid tissues is well-documented, and previous studies
have demonstrated similar PRRSV viral titres in different lung lobes and
bronchoalveolar lavage fluid (Labarque et al., 2000; Morgan et al., 2016;
Nazki et al., 2020). The length of the studymay have influenced the viral
titres detected, and ending the study closer to the viremia peak could
have likely resulted in higher viral titres (Labarque et al., 2000; Nazki
et al., 2020). Therefore, future investigations should consider different
study lengths to determine if differences in viral load between APPV
positive and negative PRRSV inoculated groups occur at an earlier point
that may have been resolved by the end of the study at day 14.

The humoral immune response to PRRSV was not significantly
affected by APPV infection. No notable differences were observed be-
tween the APPV-ve/PRRSV+ve and APPV+ve/PRRSV+ve groups. All pigs
infected with PRRSV seroconverted by 10 days post-inoculation and
maintained positive antibody levels until the end of the study, which is
consistent with previous PRRSV coinfection studies (Duan et al., 1997;
Pomorska-Mól et al., 2020), though earlier seroconversion between 8 –9
days post-infection has been reported in PRRSV-only infections (Klinge
et al., 2009; Labarque et al., 2000). We cannot exclude that the sampling
points chosen for this study for welfare reasons in such young animals
may have missed potential seroconversion differences between the
groups.

In contrast, the assessment of the cellular immune response to PRRSV
by measuring PRRSV-specific IFN-γ responses in spleen cells, a known
tissue target for both viruses (Pileri and Mateu, 2016; Postel et al.,
2016), found significantly higher IFN-γ responses specific to PRRSV
antigen in the APPV+ve group compared to the others. This suggests an
enhancement of the T-cell response to PRRSV during co-infection with
APPV. This elevated cellular response may have resulted from the high
PRRSV viral load identified in the lungs of APPV+ve animals. This could
also contribute to the infiltration of inflammatory and immune cells into

Fig. 5. Detection of APPV and PRRSV in sequential right cardiac lung lobe sections from an APPV+ve/PRRSV+ve pig. (a-b) APPV detection using BaseScope in situ
hybridisation indicated by red staining in the smooth muscle of bronchioles; (c-d) PRRSV detection using immunohistochemistry indicated by brown staining in
alveolar macrophage-like cells. The arrows indicate positive staining, and the boxes in a and c indicate the area represented in b and d at greater magnification (scale
bar: a, c: 100 µm; b, d: 25µm).
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lung tissue, exacerbating consolidation and pathology in these animals.
The severity of gross pathology observed in the lungs during PRRSV

infection can vary depending on various factors such as the strain of
PRRSV, breed and age of the animal, and additional environmental
stressors (Brockmeier and Lager, 2002; Rossow, 1998; Salguero et al.,
2015). Gross pathology examination revealed no discrete lesions except
for consolidation in both APPV-ve/PRRSV+ve and APPV+ve/PRRSV+ve

groups. However, significant differences in consolidation scores were
observed between APPV-ve/PRRSV+ve and APPV+ve/PRRSV+ve groups
in the apical and intermediate lung lobes. Although overall lung and
cardiac or diaphragmatic lobes did not show significant differences, the
trend suggested that APPV+ve animals had higher consolidation scores
across all lung areas, indicating an impact of APPV on PRRSV lung pa-
thology. This is further supported by the significantly higher IHC scores
in the APPV+ve group, which is concomitant with the destruction of
alveolar macrophage-like cells that are known to be a cell tropism for
PRRSV resulting in targeted pathological changes to the lung (Rue-
das-Torres, 2024). Although both PRRSV-infected groups displayed
signs of mild to moderate interstitial pneumonia, though not significant,
the APPV+ve group displayed a trend towards a higher number of ani-
mals with increased IP scores displaying accumulation of intra-alveolar
exudate. This, combined with observed increases in the number of type
II pneumocytes, may explain the respiratory distress symptoms observed
in the more severely affected animals.

Previous studies have demonstrated variations in the distribution of
lung pathology following PRRSV infection (Beyer et al., 2000; Chrun
et al., 2023; Morgan et al., 2016). Some studies have reported an in-
crease in focal subpleural changes in the diaphragmatic lobes compared
to apical, middle, and accessory lobes when pigs were inoculated
through the oronasal route (Beyer et al., 2000). Conversely, other
studies have found a higher incidence of changes associated with
interstitial pneumonia in the apical lung lobes of intranasally inoculated
pigs (Morgan et al., 2016). By assessing the distribution of Evan’s blue
dye as a proxy for viral dispersal within the respiratory tract, Hemmink
et al showed significant differences based on the delivery method
(Hemmink et al., 2016). Intranasal inoculation primarily targeted the
upper respiratory tract and alimentary canal, while aerosol inoculation
distributed the dye throughout the upper and lower respiratory tract,
encompassing the entire bronchial tree (Hemmink et al., 2016). These
findings indicate that intranasal inoculation may not distribute the virus
uniformly throughout the lung, leading to a lack of significant pathology
in distal lobes. Therefore, future investigations should consider
employing a viral inoculation route that ensures equal virus distribution
and conducting pathological assessments on all lung areas rather than
focusing solely on the cardiac lung lobe, as examined in our study.

Our study also confirmed the presence of APPV in lung tissue, which
aligns with previous studies that detected APPV and other pestiviruses in
lung tissue using immunohistochemistry and in situ hybridisation
(Buckley, 2021; Liu et al., 2019; Narita et al., 2000; Nelson et al., 2008),
and indicates a specific cell tropism for pestiviruses within the lung.
APPV was primarily detected in endothelial cells of blood vessels and
bronchiolar smooth muscle cells. Although low levels of APPV were
occasionally found in alveoli, they did not co-localise with PRRSV in
macrophage-like cells located mainly in areas with interstitial pneu-
monia. Although the distribution pattern of APPV differed from a pre-
vious study, where it was predominantly detected in ciliated bronchioles
and weakly in epithelial cells of pulmonary alveoli (Liu et al., 2019). Our
finding supports that of another study of a relatively novel Phocoena
pestivirus (PhoPeV), which also detected the presence of the pestivirus
in bronchiolar smoothmuscle cells, alveolar wall, interstitial cells within
lung tissue, and smooth muscle cells in arteries, indicating a specific cell
tropism (Jo et al., 2019). Detection of APPV in lung tissue using our UK
pan APPV strain probes (BA-V-APPV-2zz-st and BA-V-APPV-2zz-st1)
further validates the specificity of the BaseScope ISH staining method
for virus detection. As APPV and PRRSV have distinct cellular targets,
they likely have distinct mechanisms of pathogenicity and immune

evasion within the lung tissue. This may explain why differences in
PRRSV viral titres of lung tissue are not significantly different between
APPV+ve and APPV-ve groups, as they do not directly interact or influ-
ence each other’s replication within these cells.

5. Conclusions

PRRSV and APPV are commonly acquired viruses capable of causing
reproductive disease in pigs as single and as a part of complex multiple
pathogen infections. PRRSV and APPV can have a significant impact on
pig health and welfare, along with substantial economic repercussions
for the industry. This study provides valuable insight into the interaction
between APPV and PRRSV in a co-infection model. While APPV may not
directly enhance or prolong PRRSV infection, it can enhance the clinical
disease and lung pathology associated with PRRSV infection. This
study’s findings highlight the potential immunosuppressive role of
APPV and its impact on disease outcomes in coinfections. Additional
research using more comprehensive clinical assessments, including
behavioural scoring, and measuring changes in weight and respiration
rate, is needed to understand the full impact APPV has on the clinical
outcome of animals during coinfection. There is also a need to explore
the specific interactions and potential synergistic effects between APPV
and PRRSV further in the context of co-infection. Understanding the
implications of their separate localisation within the lung tissue and
their respective cellular targets is crucial for elucidating these viral in-
fections’ pathogenesis and clinical impact. Recognising the mechanisms
underlying the interaction between APPV and other pathogens is vital
for developing effective strategies to control and mitigate the impact of
these coinfections in the swine industry. Further investigations are
warranted to elucidate the specific immunological mechanisms involved
and assess APPV coinfections’ implications with other significant
porcine pathogens.
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Stadejek, T., Larsen, L.E., Podgórska, K., Bøtner, A., Botti, S., Dolka, I., Fabisiak, M.,
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