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Abstract

Atypical porcine pestivirus (APPV) is a positive-sense ribonucleic acid (RNA)
enveloped virus belonging to the Pestivirus genus, a group of viruses known
for their high socio-economic impact. Since its discovery in 2015, APPV has
been established as the causative agent of congenital tremor type A-1l (CT A-
II). The overarching aim of this study was to investigate host—pathogen
interactions with regards to the clinical, pathological and immunological

outcomes with a focus on the British pig industry.

As no commercially available diagnostics are currently available, it was initially
necessary to establish techniques capable of detecting the virus and APPV-
specific antibodies. To aid in diagnostic assay development and to
characterise host—pathogen interactions in an initial in vivo viral amplification
was undertaken, Three one-week-old piglets were inoculated with tissue
homogenate supernatant from three British CT A-ll outbreaks. Peak viraemia
detected by RT-qPCR was observed by nine days post inoculation (DPI).
APPV shedding was detected from seven DPI in oropharyngeal and rectal
swabs and from nine DPI in nasal swabs. APPV was found in all tissue types,

with the highest viral loads detected in lymphoid tissues.

To understand APPV transmission and the infection dynamics in naturally
occurring CT A-ll outbreaks, two farrowing groups from a Scottish CT A-II
outbreak were studied. The exploratory study (first farrowing group)
determined the relationship between clinical status, virus presence, and
antibody response over time. There was no significant relationship between
clinical status and viral load at either two or eight weeks of age, nor was there
a difference between the two age groups. Similarly, no relationship was
observed between clinical status and level of APPV-specific antibodies present
at either age. However, there was a significant reduction in antibody levels
between two and eight weeks regardless of clinical status indicating a probable
maternal origin of the antibody. Viral loads among different tissue types varied



significantly: brain and Peyer’'s patches showed less detectable virus than
lymph nodes, thymus and tonsil. APPV BaseScope ISH analysis of the CNS
revealed a high concentration of APPV RNA in the cerebellum, hippocampus
and the spinal cord identifying APPV cell and tissue tropism (neuronal and
lymphatic).

A longitudinal cohort study followed piglets from a second farrowing group from
2.5 weeks of age until slaughter. This study aimed to understand virus-host
interactions, including the potential for viral persistence. In line with
establishing diagnostic techniques, ear tissue was assessed for its suitability

as a diagnostic sample.

The viral load in both clinical and non-clinical animals was highly variable.
APPV was detected in serum at 2.5 weeks of age, suggests either vertical
transmission (most likely for clinical animals) or early postnatal horizontal
transmission by direct contact. At 10 weeks, 24% of piglets were viremic for
the first time, indicating horizontal transmission. Of all the initially infected
animals, 97% were APPV RNA free at slaughter, indicating that none exhibited
persistent viraemia. Maternally-derived APPV-specific antibodies were found
to be greatly reduced in the majority of piglets (89%) at slaughter. However,
APPV-specific antibody levels increased fivefold demonstrating not only
exposure of the whole farrowing group to the virus and seroconversion, but
also a lack of persistent infection, even in clinical animals, differentiating APPV

from closely related pestiviruses.

A lack of relationship between clinical signs, APPV viral load in serum or ear
tissue at 2.5 weeks and the length of time to slaughter suggests a limited
impact of APPV on growth of the animals. There was also no relationship
between the clinical status at 2.5 weeks and viral load in serum; however, there
was a positive relationship between clinical status and APPV viral load in ear
tissue. A weak positive correlation was found between viral loads in serum and

ear tissue, indicating that ear tissue is a suitable sample type for the diagnosis



of APPV infection by RT-gPCR. Interestingly, APPV was also detected in high
amounts in raw (non-extended) semen, indicating the potential for venereal

transmission, although further investigation is needed.

In natural cases of CT A-ll, APPV has been found in comorbidity with other
porcine pathogens. ‘Classical’ pestiviruses are also known to induce
immunosuppression of the host, which may lead to enhanced disease or
increased susceptibility to co-infections. To investigate the potential effect of
APPV on the immune system and to determine its contribution to disease
during co-infection with another pathogen, 10-week-old piglets from the
Scottish CT A-ll field outbreak were co-infected with porcine respiratory and
reproductive syndrome virus (PRRSV). Although no significant differences in
antibody level or viral load were found between APPV positive and negative
groups, there was a clear interaction between APPV and PRRSV, suggesting
that although APPV did not enhance or prolong PRRSV viraemia, viral
interference might have occurred. Significant differences in febrile response
were observed between the APPV positive and APPV negative PRRSV
challenged groups. APPV was also found to increase lung consolidation, a
recognised sign of PRRSV infection, suggesting that APPV may play a role in

enhancing pathology.

Following the Scottish CT A-ll field outbreak investigation, a more
comprehensive epidemiological survey of 108 Scottish pig farms was
conducted to determine the presence of APPV and the extent of exposure to
the virus within the Scottish pig population. APPV was detected by RT-gPCR
in 4.7% of samples within the study, with viral ribonucleic acid (RNA) detected
in one or more sample on 33 out of 108 farms. Additionally, of the 1,077
samples tested, 48.8% were antibody positive by ELISA and 93 out of 108

farms tested had at least one seropositive sample.



A broad investigation into APPV presence within semen was conducted: 475
pooled semen samples submitted from 41 commercial stud units were tested

for the presence of APPV. No virus was detected in any of the pools tested.

This project is the first step to understanding APPV associated CT A-ll in the
British pig industry, providing insights into the pathogenesis and
iImmunogenicity of the virus, alongside the development of validated diagnostic
techniques for the detection of British APPV strains.
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Lay Summary

A common condition affecting new-born piglets, congenital tremor type A-
(CT A-ll), also known as shaker or dancing pigs, has been observed worldwide
for over 100 years; however, until recently, the cause of the disease was
unknown. Since its discovery in 2015, atypical porcine pestivirus (APPV) has
been associated with CT A-Il, which was reproduced by experimentally
infecting pregnant sows with APPV. Piglets from these sows had tremors
varying from mild twitching to constant, whole body shaking often resulting in
death without intervention. Currently, there are no commercial tests available
for detecting APPV, and outbreaks of CT A-Il are most commonly diagnosed
based on clinical signs. At present the relationship between APPV and clinical
disease, and the interaction between APPV and the piglet's immune system or
other common pig organisms is largely unknown. As the diagnosis is usually
based on clinical manifestation, the true extent of the spread of the virus within
Great Britain is unknown. There were three main aims in this work: (1) to
develop diagnostic techniques to detect the virus and virus-specific antibodies,
(2) to use the newly developed tools to understand how the virus interacts with
the piglet and its immune system both in natural and experimental infections,
and (3) to determine the level of APPV circulating within the British pig
industry.

Assays capable of detecting APPV and APPV-specific antibodies were
developed and subsequently used to determine the outcome of an
experimental infection in one-week-old piglets. No tremors were observed
during the study, virus was detected in the blood and reached a peak between
seven and nine days after infection. APPV also was detected in oral, nasal and
rectal swabs, suggesting that these bodily fluids/secretions pose a

transmission risk.

Vi



A natural CT A-ll outbreak on a commercial pig farm in Scotland was
investigated to understand the relationship between the virus and the disease.
The study found that the virus can be transmitted both during pregnancy and
after birth between piglets via direct contact and that viral infection can persist
in blood and tissue up to 8 weeks. Based on these results, studying clinically
affected piglets for longer than 8 weeks of age appeared essential to determine

how long the piglets remain infected.

A second group of affected and unaffected piglets was followed from 2.5 weeks
of age until slaughter (between 22 and 28 weeks old) monitoring blood virus
levels and APPV specific antibodies to assess whether the infection was
cleared or if animals remained persistently infected. In addition, an ear notch
was collected at 2.5 weeks of age to compare the virus level in this tissue type
to serum and the occurrence of clinical signs, to assess the suitability of this

sample type for diagnostic purposes.

Most (26/37) animals infected at 2.5 weeks of age cleared the infection by 10
weeks of age. All but 2 of the 37 animals resolved the infection by the time of
slaughter. Antibody levels present in serum dropped by week 10, followed by
an increase afterwards, which indicates an active antibody response to the
virus. Approximately a quarter of the animals that did not have detectable virus
at 2.5 weeks of age had demonstrable APPV levels at 10 weeks, supporting
animal-to-animal transmission. Within the tissue collected at slaughter, the
highest amount of virus was detected in the lymphatic organs including lymph
node and spleen. A high concentration of virus was also detected in semen.
The pattern of infection observed in this group and the ability of the animals to
mount an antibody response suggests that APPV infection did not cause
suppression of their immune system. Further investigation of how APPV
interacts with the immune system of the piglets is required to understand its

role in this disease.
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When evaluating the value of ear tissue as a diagnostic sample, more animals
with clinical signs had detectable levels of APPV in ear tissue compared to
blood and if the amount of virus was high in ear tissue, it was also increased
in the blood, indicating that ear samples are better than blood for the detection
of APPV. This will allow a new diagnostic approach for APPV detection, as ear
samples can be collected by the farmer using sampling ear tags, combining
sample collection and piglet marking, reducing the need for a veterinary

intervention, which blood sampling requires.

The potential for APPV to suppress the piglet's immune system, leaving the
animals more susceptible to secondary infections, was further explored using
naturally-infected animals from a Scottish field outbreak. In brief, APPV
infected or non-infected piglets were challenged with porcine respiratory
reproductive syndrome virus (PRRSV), an economically significant virus
frequent in the UK pig industry and known to cause severe disease. Although
having an active APPV infection did not affect the length or severity of PRRSV
infection, there was an increase in rectal temperature, which persisted for
longer and more lung damage in the APPV group indicating an increased
inflammatory response. The evidence from the co-infection suggests that a
simultaneous APPV infection increased susceptibility to PRRSV and could

enhance disease.

As previously established by the detection of APPV in the natural CT field
outbreak, the virus is present in Scotland; however, the frequency of circulating
virus and the extent of national herd exposure were unknown. In order to
determine this, a survey of 108 Scottish pig farms was performed. Of the farms,
30% had at least one animal with detectable levels of APPV by molecular
testing, moreover 86% of farms had animals that were positive for APPV-
specific antibodies, indicating previous exposure to the virus. This further
highlights the level of undetected virus circulating within the Scottish pig

industry.



This research highlights the significance of understanding APPV associated
CT A-ll within the British pig industry through the employment of diagnostic
tests to investigate the distribution of the virus, how it is transmitted, and its
relationship with disease to better inform future prevention, control and

eradication strategies.
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Chapter 1: Introduction

1.1 Congenital tremor

Congenital tremor (CT), a disease sporadically affecting neonatal piglets, was
first described in the USA as “dancing pigs” (Kinsley, 1922.). The condition is
also known as “shivers" (Nissley, 1932.), “myoclonia congenita" (Kernkamp,
1950), “trembles” (Brooksbank, 1955), and “shakiness” (Chapman, 1956), all
named for the characteristic tremors observed in affected pigs. Over time, a
number of factors have been implicated in the development of CT including
infection with neurotropic viruses, hereditary genetic disorders, and nutritional
deficiencies (Kernkamp, 1950; Brooksbank, 1955; Larsson, 1955; Chapman,
1956).

Subsequently, a different classification of CT has been adopted based on
presence (type A) or absence (type B) of morphological lesions in the central
nervous system, namely defective myelination of the spinal cord with or without
cerebellar hypoplasia and/or dysplasia (Done, 1968). CT type A (referred to as
CT A) has been further subdivided depending on the accepted aetiology: A-I
is associated with low virulence strains of classical swine fever virus (CSFV)
another pestivirus (Harding, Done and Darbyshire, 1966; Bradley et al., 1983),
A-lll and A-IV are linked to genetic conditions where A-Ill is sex-linked,
affecting a small proportion of male Landrace pigs, whereas A-IV is an
autosomal recessive defect of saddleback pigs, usually affecting 25% of the
litter (Harding et al., 1973; Patterson et al., 1973; Kidd et al., 1986). CT A-V
has been associated with trichlorfon poisoning from feed treated with
organophosphates (Knox et al., 1978). Until recently, the aetiology of A-1l was
unknown despite having long been suspected to be viral-induced (Done, 1968;
Patterson et al., 1976). A novel pestivirus, atypical porcine pestivirus, has now
been linked to the disease and is considered the aetiologic agent (discussed
further in 1.1.2)



1.1.1 Clinical signs

Clinical signs are usually observed in neonatal piglets and are characterised
by constant rhythmic non-progressive tremors localised at the head, flanks and
hind limbs (Yuan et al., 2017). Tremors vary in intensity and in severe cases
they manifest as whole-body shaking and disruption of the ability of piglets to
stand, walk and nurse, leading to starvation and death (De Groof et al., 2016;
Yuan et al., 2017). In less severe cases, the tremors resolve by the time the
piglets are four weeks of age. It has been reported that mild tremors of the
flank or ears can persist up to 14 weeks of age in rare cases (Schwarz et al.,
2017). In general, tremors are exacerbated during periods of stress and
excitement and cease when the piglets are at rest (Arruda et al.,, 2016;
Hansmann et al., 2017). Presently, clinical signs have not been observed in
adult animals (Arruda et al., 2016; De Groof et al., 2016; Gatto et al., 2018Db).

1.1.2 Viruses associated with congenital tremors

Historically, several viral pathogens have been linked with congenital tremors
type A-ll (CT A-ll), including porcine circovirus type 2 (PCV2) (Hines and
Lukert, 1994; Stevenson et al., 2001; Tummaruk and Pearodwong, 2016),
porcine astrovirus (PAstV) (Blomstrom, Ley and Jacobson, 2014), porcine
circovirus-like virus P1 (Wen et al.,, 2018) and lateral-shaking inducing
neurodegenerative agent (LINDA) virus (Lamp et al., 2017). The association
between PCV2 and CT is controversial (Chae, 2005), and the evidence
presented conflicting, with studies finding the virus in both clinically-infected
and apparently healthy piglets (Kennedy et al.,, 2003; Tummaruk and
Pearodwong, 2016). Similarly, reverse transcriptase polymerase chain
reaction (RT-PCR) also detected PAstV in the brains of healthy piglets and
piglets affected with CT (Blomstrom, Ley and Jacobson, 2014). To date, only
one outbreak of LINDA virus has been reported in piglets with CT, on a farm

in Austria (Lamp et al., 2017). Similarly, there has only been one report of CT



where porcine circovirus-like virus P1 was detected by reverse transcriptase
guantitative polymerase chain reaction (RT-gPCR) in serum, brain and lymph
nodes from affected piglets on two farms in the Jiangsu Province of China
(Wen et al.,, 2018). Further investigation is warranted to understand the

strength of the association between these viruses and disease.

As CSFV has been established as the causal agent of CT A-I, other
pestiviruses have been investigated as potential agents involved in the
aetiology of CT A-Il. However, as pigs are not the natural host for bovine viral
diarrhoea virus (BVDV), infections, even if present in a high proportion of the
pigs in the herd, are generally without clinical signs. On very few occasions,
the virus has been associated with reproductive issues, including reduced
conception rate, abortion or stillbirths and, when piglets are infected in utero,
clinical signs from birth similar to CSFV-associated CT A-l (Tao et al., 2013;
Kirkland, Le Potier and Finlaison, 2019). In a study by Mechler et al., (2018),
two gilts underwent intrauterine fetal inoculation at 45 days of gestation with
BVDV-2: the sows produced a combined total of 19 piglets, including two
mummified (estimated time of death 11- and 16- days post-inoculation [DPI])
and three stillborn; the remaining 14 piglets were born healthy. At post mortem
(PM), the affected piglets had a cerebellar brain ratio lower than 9%, a sign of
cerebellar hypoplasia associated with CT type A-l. Another experimental
infection in which pregnant sows were inoculated with BVDV-1 showed that
neonatal piglets displayed clinical signs of weakness, tremors, fever and
diarrhoea with splay leg comorbidity consistent with those observed in CT A-I,

in animals infected with a low-virulence strain of CSFV (Kulcsar et al., 2001).

Similarly, border disease virus (BDV), another pestivirus affecting sheep and
seldom cattle, is also capable of transplacental infection mostly without
inducing clinical signs. Although, like BVDV, this is somewhat dependent on
both the timing of infection and the viral strain involved, with severe cases
leading to reproductive failure and clinical signs in the surviving neonates
similar to CSFV (Terpstra and Wensvoort, 1988; Vannier et al., 1988;



Leforban, Vannier and Cariolet, 1992). The main clinical signs of affected
neonatal lambs are tremors, abnormal body conformation and hairy
appearance to the fleece (which contributes to the colloquialism 'hairy-shaker
or 'fuzzy' lambs given to affected animals) (Nettleton et al., 1998; Toplu et al.,
2011). These animals commonly present with hypoplasia of the cerebellum
hydranencephaly, and nonsuppurative meningoencephalomyelitis with

hypomyelinogenesis (Toplu et al., 2011).

A novel pestivirus-like viral agent (also known as "agent X") with cross-
reactivity with anti-BVDV antibodies was identified in neonatal piglets
displaying neurological clinical signs of tremor and ataxia from an outbreak in
lowa USA (Pogranichniy, Schwartz and Yoon, 2008). Although, unlike CT A-
I, clinical signs were present in weaned pigs and were progressive with head
pressing, aggression and paresis leading to death within three days. Sows
were also lethargic, febrile and pale before reproductive failure
(embryonic/fetal death). The occurrence of progressive neurological clinical
signs, presentation of clinical signs in older pigs (including high parity sows)
and lack of pathology usually associated with CTs make an association
between the virus and CT A-Il unlikely. However, no further investigation has

been conducted to date.

Since its discovery in 2015, atypical porcine pestivirus (APPV) has been
detected in neonatal piglets presenting with tremors typically associated with
CT A-ll (Arruda et al., 2016; De Groof et al., 2016; Postel et al., 2016; Beer et
al., 2017; Schwarz et al., 2017), both as a sole viral agent or in co-infections
with CSFV, African swine fever (ASFV), porcine pegivirus (PPgV) and porcine
teschovirus (PTV) (Possatti et al., 2018a; Chen et al., 2019; Liu et al., 2020).
In a study by Arruda et al. (2016), pregnant sows were inoculated at either day
45 or 62 of gestation with APPV positive serum, which reproduced the disease
in between 57 and 100% of litters. APPV viral ribonucleic acid (RNA) was
detectable in all piglets with CT A-ll and in 10 of 11 non-affected littermates.

Further studies have provided additional evidence for a strong association



between the virus and the disease (De Groof et al., 2016; Postel et al., 2016;
Schwarz et al., 2017), satisfying Mokili's metagenomic Koch’s postulates
(Mokili, Rohwer and Dutilh, 2012). Although, Koch's postulates are yet to be
fulfilled, with reproduction of the disease using a pure culture of the virus yet
to be attempted (Stenberg, Jacobson and Malmberg, 2020).

1.2 Atypical porcine pestivirus

Atypical porcine pestivirus was first identified in the USA by metagenomic
sequencing in serum collected from apparently healthy fattening pigs (Hause
et al., 2015). The 182 serum samples, from which five APPV positive samples
were identified, were initially screened as part of a porcine reproductive and
respiratory disease syndrome virus (PRRSV) metagenomic sequencing
project (Hause et al., 2015). Subsequently, the virus was identified in serum
and tissue samples from piglets with CT A-1l and has been reported in several
countries worldwide, including Great Britain (Postel et al., 2017a; Dessureault
et al., 2018; Mésena et al., 2018; Shen et al., 2018; Sutton et al., 2019).

1.2.1 Atypical porcine pestivirus classification

Atypical porcine pestivirus is an enveloped, linear, non-segmented, positive-
sense, RNA virus which belongs to the Pestivirus genus in the Flaviviridae
family (Smith et al., 2017). In 2017, the Pestiviruses genus was expanded to
include seven new members (E—K) discovered between 2001 and 2015 (as
shown in Figure 1-1): pronghorn antelope pestivirus (E), porcine pestivirus
otherwise known as Bungowannah (F), giraffe pestivirus (G), HoBi-like
pestivirus (H), Aydin-like pestivirus (l), rat pestivirus (J), and APPV (K) (Smith
et al., 2017). These novel members now share the group with the more
established pestiviruses including BVDV type 1 and 2 (reclassified as

pestivirus A and B respectively), CSFV (pestivirus C) and border disease virus



(BDV) (pestivirus D), that are known for their high socio-economic and welfare
impact. The ‘established’ pestiviruses (pestivirus A-D) were distinguished from
each other based on set criteria: a 25% or greater difference in nucleotide
identity over the complete coding sequence, a difference of more than 10-fold
in cross neutralisation titres and differences in the primary host. This
reclassification was primarily based on genetic diversity as limited studies of
cross-reactivity of novel genus member's (such as APPV) with other
pestiviruses have been performed so far. However, a study by Postel et al.
(2017b) found no cross-reactivity of APPV-specific antibodies with commercial
ELISAs routinely used to detect CSFV specific antibodies. It is likely that in
future the Pestivirus genus will continue to expand with the inclusion of more
divergent pestiviruses, such as those recently discovered in rats, bats and
harbour porpoises (Z. Wu et al., 2018; Jo et al., 2019).
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Figure 1-1: Phylogenetic tree of Pestivirus genus and related
unclassified viruses (Riedel et al., 2021). Modified reproduction of the
image in this thesis is covered by CC-BY-4.0 licence.



1.2.2 Structure and genetic diversity of APPV

Atypical porcine pestivirus is highly divergent from other well-known
pestiviruses, sharing only a 40% amino acid identity of the complete
polyprotein sequence with BVD, BDV, or CSFV. APPV is more closely related
to an unclassified pestivirus discovered in Chinese bats (Rhinolophus affinis
and Scotophilus kuhlii) sharing a 68% identity of the amino acid sequence of
the partial polyprotein (Wu et al., 2012; Hause et al., 2015; Z. Wu et al., 2018).
Interestingly, unlike the other pestiviruses, both the unclassified bat pestivirus
and APPV share a unique deletion of most of the two N-terminal domains of
the E2 envelope protein. Moreover, although APPV possesses the cleavage
sites in the NP amino acid sequence, it only shares a 9-18% similarity to other
pestiviruses, further highlighting its divergence (Hause et al., 2015; Riedel et
al., 2021).

In 2018, the first whole APPV genome sequence derived from the spleen of a
piglet exhibiting CT was published (S. Wu et al., 2018). The sequence was
11,526 base pairs long and encoded a large single open reading frame (ORF)
of 10,911 nucleotides (as shown in Figure 1-2) that codes a polyprotein of 3636
amino acids. The size of the polyprotein is of similar length (3635) to the one
previously predicted (Hause et al., 2015). Similarly, other Chinese studies also
determined that the whole APPV genome size ranges from 11,475 to 11,565
nucleotides in lengths with an ORF of 10,908 nucleotides encoding a
polyprotein of 3,635 amino acids flanked by 5" and 3' untranslated regions
(Zhang et al., 2018a; Pan et al., 2019; Shi et al., 2021). The polyprotein
structure is cleaved into four structural (C, E™S, E1 and E2) and eight non-
structural (NS) proteins (NP©, P7, NS2, NS3, NS4A, NS4B, NS5A and NS5B)
(Schirrmeier et al., 2004; Pan et al., 2019).
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Figure 1-2: APPV virion and genomic structure showing open reading
frame encoding the structural and non-structural proteins. Image
prepared by John Lawlor.

Of the structural proteins, the C protein (core) has a role in assembling the
nucleocapsid, in virus proliferation and it also displays antigenic epitopes that
stimulate T and B lymphocyte-mediated immune responses (Hause et al.,
2015; Riedel et al., 2017; Liu et al., 2021). The envelope protein E™S is unique
to pestiviruses. It is known to have RNAse activity and can inhibit activation of
the interferon (IFN) system (IRF3) aiding in viral replication by degrading viral
dsRNA (Riedel et al., 2017, 2021; Cagatay et al., 2021; Liu et al., 2021). The
envelope glycoproteins E1 and E2 form heterodimers necessary for viral entry
into host cells. E2 is responsible for binding to complement regulatory protein
CDA46 for receptor-mediated endocytosis. Of the non-structural proteins, NP,
a non-essential non-structural protein unique to pestiviruses, is responsible for
self-cleavage from the polyprotein and has a role in suppression of IFN-3
production and IRF3 promoter activity (Mou et al., 2021). P7 is thought to be
involved in virus maturation whereas NS2 and NS3 are known to have

protease activity which is responsible for polyprotein processing (with NS4A



acting as a cofactor for NS3 activity). NS3 also display RNA helicase/NTPase
activity for RNA replication with NS5A regulating replication potentially through
direct interaction with NS5B through modulation of its polymerase activity (King
et al., 2011; Tautz, Tews and Meyers, 2015; Riedel et al., 2021).

Conservation of these regions within the polyprotein varies considerably
among pestiviruses, with the non-structural proteins NP, P7 NS2 and NS5A
having less than 5% amino acid conservation between species (Riedel et al.,
2021). The most conserved proteins are the envelope protein E™S, sharing
23% of its amino acid identity and the non-structural proteins NS3, NS4B and
NS5B (conserving 29, 20 and 22% of their amino acids, respectively) (Smith
et al., 2017; Riedel et al., 2021). This may explain why these regions (NS3,
NS5B and E™S) have also proven to be the most heavily sequenced portions
of the genome to date (Arruda et al., 2016; Postel et al., 2016; Beer et al.,
2017; Muioz-Gonzalez et al., 2017; Yuan et al., 2017; Dénes et al., 2018;
Possatti et al., 2018b; Gatto et al., 2018b; Mdsena et al., 2018; Cagatay et al.,
2019; Pan et al., 2019; Sozzi et al., 2019; Yuan et al., 2021; Shi et al., 2021).

According to a 2020 study, 58 distinct APPV whole genome sequences were
deposited into NCBI GenBank from multiple countries in North and South
America, Europe and Asia, sharing a nucleotide identity between 80 and 99%
(Folgueiras-Gonzalez et al., 2020). Since this study only one further full
genome sequence has been added to the collection (without altering the
amount of genetic variation observed between strains). A study by Beer et al.
(2017) described genetic diversity in NS5B sequences from tissue and serum
samples collected from two neighbouring states in the North of Germany. The
observed sequences form four distinct clusters with the two main regional
clusters sharing a nucleotide identity of between 96 and 100% and the two
other clusters sharing only an 88-90% and 92-94% identity, respectively, with
one more closely related to a USA sequence (>97%). Another study by Yan et
al. (2019) also reported considerable variability within 12 genome sequences

from the Eastern province of Anhui and the South-East province of Guangdong
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in China with nucleotide identity ranging between 80.5 and 99.8%. This, at the
time of publication, was similar to the variability seen between all other
available sequences from the USA, Austria, the Netherlands, Germany, Korea
and, China which collectively shared a nucleotide identity of between 80.5%
and 99.8%. Recently, a retrospective study of APPV in the Midwest of the USA
determined a high level of diversity within the partial NS5B region sequences
obtained from 54 samples sharing between 85.8 and 100% nucleotide identity
(Yuan et al., 2021). Two complete genome sequences from the USA study
were also found to vary significantly (~12% across the genome) from the
previously published USA sequences described in 2014. At the start of this
study, only one partial NS3 sequence of APPV has been deposited for Great
Britain. Hence, no information is available regarding the genetic variability of
the virus in this country. Further investigation is needed to determine British

strain variation and their relationship to other countries.

As observed with other pestiviruses such as BVDV and CSFV, point mutations
and homologous recombinations have also been identified in Chinese APPV
strains (GenBank ID: MH493895, MH493896, and MG792803) (Weber et al.,
2015; Smith et al., 2017; Guo et al., 2020). A study by Mufioz-Gonzélez et al.
(2017) identified a mutation rate (nucleotide substitutions per site per year
[s/sly]) based on 1,615 nucleotide partial sequences of the NS2-3 region of a
Spanish APPV strain (LT631736) (detected between 2001 and 2015 during a
retrospective serum survey), to be 2.65x10°3 s/s/y; moreover 3.62x10°3 s/sly
were found between a 2001 Spanish strain and a 2015 German strain
(KU041639.1) identified in 2015 (Mufioz-Gonzalez et al., 2017). These rates
are similar to mutation rates detected between European outbreaks of CSFV
(2.7x1072 s/sly) (Diaz de Arce et al., 1999). These studies together suggest not
only a high level of genetic variability between APPV strains from different
countries but also within countries. For this reason, it has proven difficult to
definitively determine the origin and evolution of APPV which also poses a
potential hurdle for molecular diagnosis. The Bayesian analysis performed by

Yuan et al. (2017) indicates that APPV originated in Germany and diversified
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into three ancestral clades which were then introduced separately to the United
States, the Netherlands and China. Although, due to the novelty of the virus,
the analysis was conducted with limited sequence data covering a short time
period, as more sequences have become available, analyses in this area have
been strengthened. Subsequent phylogenetic analyses of the whole genome,
NPo E™MS: and E2 regions performed by several groups have proposed a three-
genotype subdivision of APPV, loosely based on the strain’s geographic
distribution. Genotype 1 includes sequences from America, Asia and Europe,
with genotype 2 and 3 solely including Chinese sequences (Xie et al., 2019;
Yan et al., 2019; Choe et al., 2020; Folgueiras-Gonzalez et al., 2020; Guo et
al., 2020; Shi et al., 2021). Further divisions of genotype 1 into four subgroups
(1.1 to1.4) have been proposed based on the level of genetic diversity within
the group (Choe et al., 2020; Guo et al., 2020; Shi et al., 2021).

1.2.3 Pestivirus replication

The entry mechanism of pestiviruses into host cells is a complex multistep
process that is poorly understood, requiring a number of co-receptors and host
factors to enable entry through receptor-mediated endocytosis (Grummer,
Grotha and Greiser-Wilke, 2004; Shi et al., 2016). Similar to BVDV and Hobi-
like pestivirus, which rely on a complement regulatory protein CD46ov) as one
of their main receptors for cell entry, APPV also relies on CD46pig) as a major
receptor for binding and entry (Cagatay et al., 2021). However, other porcine
pestiviruses (Bungowannah and CSFV), or indeed other pestiviruses (giraffe
pestivirus), can gain cytoplasmic access through CD46 independent entry
mechanisms (Cagatay et al., 2021; Leveringhaus et al., 2022). For example,
CSFV has been shown to utilise the host factor MERTK (a protein tyrosine
kinase) to enable cell entry (Zheng et al., 2020), suggesting that the cellular
invasion process for different pestiviruses is more diverse than initially

described.
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Once the virus has undergone attachment and internalisation through clathrin-
mediated endocytosis, endosomal membrane fusion occurs in acidic
conditions triggering conformational changes of the viral envelope proteins that
mediate fusion of the viral and endosomal membranes and the consequent
release of the nucleocapsid into the cytoplasm (Krey, Thiel and Rimenapf,
2005; Fernandez-Sainz et al., 2014; Ji et al., 2015; Smit et al., 2011). The viral
RNA is released by the nucleocapsid (uncoating) into the cytosol by an
unknown mechanism (Valiakos et al., 2013), acting as both genomic and
messenger RNA for viral replication. During replication, the positive-sense
RNA is used to create a negative-sense RNA template to direct the synthesis
of positive-sense RNA progeny (Gong et al., 1996; Ji et al., 2015). Unlike
Hepaciviruses (another genus of Flaviviridae), which form a membranous web
surrounding the viral replication complex enabling viral replication,
Pestiviruses are not known to induce distinct cellular membrane
rearrangements during this process (Schmeiser et al., 2014). After replication,
the core proteins bind to the progeny RNA to form histone-like protein-RNA
aggregates that become enveloped as the capsid invaginates into the lumen
of the endoplasmic reticulum during virion assembly (Riedel et al., 2010;
Valiakos et al., 2013).

As there is no cap structure present at the 5’ end of the genome, pestiviruses
exploit an internal ribosomal entry site in the 5' untranslated region, which
binds the virus to the ribosomes at the rough endoplasmic reticulum (Poole et
al., 1995; Moes and Wirth, 2007; Ji et al., 2015). This enables cap-independent
translation of the viral polyprotein precursor and co- and post-translational
processing of the polyprotein assisted by both viral and cellular proteases, as
previously discussed in Section 1.2.2 (Rimenapf et al., 1993; Blome et al.,
2017Db). After the synthesis of viral components, virion assembly occurs within
the lumen of the endoplasmic reticulum where there is an accumulation of
envelope glycoproteins. The virions are then transported to the ER-Golgi

intermediate compartment for maturation of the infectious virion prior to the
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release of the infectious viral particle from the infected cells via exocytosis
(Schmeiser et al., 2014; Blome et al., 2017b).

1.2.4 Epidemiology

Several epidemiological and retrospective investigations in healthy pig
populations and CT A-1l cases have been conducted (see Chapter 6 for further
details). These studies have established that the virus has a global distribution
with reports of APPV detection in Asia, Europe and America from both healthy
pigs and piglets with CT A-Il (Postel et al., 2017a; Dessureault et al., 2018;
Mdsena et al., 2018; Shen et al., 2018; Pedersen et al., 2021; Yuan et al.,
2021). Retrospective analysis of tissue samples (brain, cerebellum, tonsil and
retropharyngeal lymph nodes) from Hungary showed presence of APPV in CT
A-ll cases 10 years before the first identification of the virus (Dénes et al.,
2018). Similarly, a serum survey of the Veterinary Pathology Diagnostic
Service at the Universitat Autonoma de Barcelona biobank, discovered that
APPV has been in circulation in Spain for 18 years, and the earliest report of
the virus was from Switzerland, where APPV was detected in serum samples
from 1986 (Mufioz-Gonzélez et al., 2017; Kaufmann et al., 2019). APPV has
not only been identified in commercial pigs but also in wild boar, which may
act as a reservoir for the virus in some European and Asian countries, although
transmission studies between wild and domestic pigs are yet to be performed
(Cagatay et al., 2018; Colom-Cadena et al., 2018; Sozzi et al., 2019; Choe et
al., 2020). At the start of this study, only one study has been conducted to
investigate the presence of APPV within Great Britain using 86 serum samples
from healthy domestic pigs (Postel et al., 2017a). Further study is therefore
needed to understand the distribution and prevalence of the virus within the

British pig population, both in healthy pigs and in CT A-ll outbreaks.

Classically, APPV-associated CT A-ll outbreaks occur over 1 to 2 months in
gilt litters or litters from naive sows Outbreaks have been reported to persist
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for 6 to 7 months (Guo et al., 2020; Pedersen et al., 2021), affecting a large
proportion of litters (16 t0100%) in and between farrowing groups and with
clinical signs in varying proportions within the affected litters (<10 to 100%)
(Arruda et al., 2016; De Groof et al., 2016; Gatto et al., 2018b; Pan et al.,
2019). Typically, the first litter from an infected sow will present with clinical
signs of tremor and ataxia from birth to two months old whereby they usually
self-resolve; subsequent litters from the same sow are generally subclinical
(Gatto, Sonélio and de Oliveira, 2019; Pan, Mou and Chen, 2019).

As well as the usual clinical signs associated with CT A-Il, splay leg have also
been described as a comorbidity in several clinical cases (Arruda et al., 2016;
De Groof et al., 2016; Schwarz et al., 2017; Sutton et al., 2019). Splay leg is a
congenital syndrome characterised by weakness and lateral abduction of
predominantly hind limbs in neonates and, in severe cases, forelimbs can also
be concurrently affected (Edwards and Mulley, 1986; Schumacher, Rontgen
and Maak, 2021). The causes of splay leg are currently poorly understood, and
little is known pathophysiologically, with several pathogens and factors
implicated in the development, including the breed, length of pregnancy and
development of the skeletal muscles and motor neurons, although no definitive
conclusions have been reached (Papatsiros, 2012; Schumacher, Réntgen and
Maak, 2021). In a study of litters born to sows exposed at 54 days of gestation
to APPV derived from fetal fluids of APPV-associated CT A-ll positive piglets,
there was a significant relationship between the presence of CT A-Il and splay
leg: the average frequency of splay leg in CT A-ll affected litters was 22.4%
compared to 0.5% in unaffected litters (Sutton et al., 2019). Another study also
found a moderate to high level (6-55%) of splay leg comorbidity in CT A-lI
affected litters from the four farms investigated (Gatto et al., 2018b).

As with other pestiviruses, the transmission of the virus occurs vertically via
the placenta, although limited information is available regarding infection in
relation to gestational stage and fetal development (nervous and immune

system) and how this influences the clinical, pathological and immunological
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status of the piglet after birth (Schwarz et al., 2017). Pestiviruses are known to
be immunosuppressive agents causing prolonged infection and enhanced
disease by impairing cellular immunity leading to persistent infection and
increased likelihood of secondary infections or co-infections (described further
in Chapter 5) (Strong et al., 2015). Instances of viral persistence in bodily fluids
and tissues have been reported between 6 and 8.5 months of age in both non-
clinical and clinical pigs, well after the resolution of the clinical signs (Schwarz
et al., 2017; Dall Agnol, Alfieri and Alfieri, 2020; Yuan et al., 2021). Additional
studies (further explored in Chapter 6) are needed regarding APPV role as an
immunosuppressive agent and viral host interactions leading to possible

immune tolerance and viral persistence.

Piglets have also been reported to have contracted the virus horizontally
through either direct contact with infected littermates or possibly through the
faecal-oral routes, as supported by the high viral load detection in oral fluids,
including saliva, nasal secretions and faeces (Arruda et al., 2016; De Groof et
al., 2016; Postel et al., 2016; Mufioz-Gonzélez et al., 2017; Schwarz et al.,
2017; Yuan et al., 2017, 2021, Gatto et al., 2018a). High APPV viral loads have
also been detected in semen (both previously affected by CT A-ll and healthy
animals from commercial units) (Schwarz et al., 2017; Gatto et al., 2018a;
Grahofer, Zeeh and Nathues, 2020). Even though no transmission studies
have been performed to date, this may highlight venereal transmission as a
possible route of sow infection. Further investigation should be undertaken to
determine this and the extent of APPV circulation in commercial stud units

within Great Britain.

1.2.5 Pathology

No consistent significant gross pathological findings have been reported in
association with APPV induced CT A-ll in newborn piglets (Schwarz et al.,
2017; Zhang et al., 2017; Mésena et al., 2018). However, one study that
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investigated three CT affected piglets (three-day-old) reported PM findings of
congestion of the cervical area of the spinal cord (C4-7) (Possatti et al., 2018a).
The same study also found neuronal necrosis, gliosis, neuronophagia, and
satellitosis in association with APPV-induced CT A-Il. Histologically, CT A-II
does not present with cerebellar hypoplasia, as seen in other pestivirus
infections, and is instead associated with the presence of vacuoles in the
cerebellar white matter and demyelination of the white matter of the cerebellum
and spinal cord (Patterson et al., 1976; Postel et al., 2016; Hansmann et al.,
2017; Schwarz et al., 2017; Possatti et al., 2018b). Abnormal ‘swollen’
oligodendrocytes have also been observed in the spinal cord of CT A-ll
affected piglets (Patterson et al., 1976). Recent immunohistochemical
investigations have found that although the number of normal
oligodendrocytes were unchanged between CT A-Il affected and unaffected
animals, affected animals showed increased levels of oligodendrocyte
transcription factor two in the central nervous system, indicating the
involvement of APPV in the disruption of myelin development (Schwarz et al.,
2017). Currently, the pathogenesis of APPV is poorly understood, and
additional investigation of the role of APPV in the development of pathology

linked to clinical signs is needed.

1.2.6 Tissue tropism

Atypical porcine pestivirus is systematically distributed and is detectable by
RT-gPCR in all major organs (Strong et al., 2015; Blome et al., 2017b).
However, the viral titres are variable, with higher viral loads detected in
lymphoid (lymph nodes, spleen, tonsil and thymus) and nervous tissues (brain,
notably the cerebellum and spinal cord) (Gatto et al., 2018b; Mdsena et al.,
2018; Shen et al., 2018; Liu et al., 2019; Xie et al., 2019; Guo et al., 2020).
This finding is in keeping with other classical pestiviruses which have a
systemic distribution affecting the mucosal surfaces of most organs and also

possess a predilection for lymphoid and nervous tissues (Nettleton and
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Entrican, 1995; Sentsui et al., 2001; Blome et al, 2017b). An
immunohistological study of nervous and lymphoid tissue targeting the E™s
protein APPV described the distribution of the virus to be located
predominantly in the matrix and nerve fibres in the cerebellum, brainstem and
spinal cord with moderate neuronal staining in the cerebellum, endothelial cells
of lymphoid tissues (spleen) and epithelial cells in all other tissue types tested
(lung, liver, kidney) (Liu et al., 2019). This finding was supported by a study
using RNAScope in situ hybridisation (ISH) which also detected the NP and
E™s region of APPV in endothelial cells in the liver, kidney, colon, lung, lymph
nodes, tonsils, thymus and thyroid as well as in vascular tunics, fibroblasts and
fioromuscular stroma (Buckley et al., 2021). The same study also found
marked presence of APPV RNA in the cerebrum and cerebellum of CT A-II
affected piglets (both infected neonates and an 11-month-old boar which has
resolved clinical signs of CT A-Il) with the most abundant signal detected in
the granular and molecular layers of the cerebellum (Buckley et al., 2021).
Further work is needed to investigate tropism on both a tissue and cellular level

to better understand host—pathogen interactions and viral pathogenesis.

1.2.7 Diagnosis

Historically, the primary diagnostic criteria for CT A-Il were clinical signs and
exclusion of other (congenital tremor) types (A-l, Ill, IV and V). CSFV-
associated A-l1 and APPV-induced CT A-ll present with highly similar clinical
signs in neonatal piglets. Therefore, it is essential to initially exclude CSFV,
which is an exotic notifiable pathogen in the UK, and which must be considered
the primary differential diagnosis. Clinical signs of CT A-Il are considered non-
specific: tremors, ataxia and the inability to suckle are also associated with
other conditions affecting piglets, such as vitamin A deficiencies, hypoxia
(Madson, Arruda and Arruda., 2019) and in rare cases, toxoplasmosis and
cerebellar abiotrophy, although ataxia and tremors are not usually observed in
piglets until three to eight weeks of age (Madson, Arruda and Arruda., 2019).
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For this reason, the identification of the viral agent in suspected cases should
be conducted via laboratory testing, highlighting the importance of readily

available robust diagnostic assays.

Until recently, pathological examination and histological tests performed on
formalin-fixed tissue have been used to diagnose CT A-ll infection without
confirmation of APPV involvement. As discussed in 1.2.5, no gross pathology
is observed with CT A-Il. However, lesions (vacuoles) can be visualised by
haematoxylin and eosin staining and demyelination of the cerebellum and
spinal cord can be observed using luxol fast blue (LBF) stain (Schwarz et al.,
2017; Dessureault et al., 2018; Possatti et al., 2018a; Mosena et al., 2018).
The presence of vacuolisation and demyelination in association with clinical

signs are indicative of CT A-II.

Currently, there are no commercial diagnostic tests available for the detection
of APPV. After the discovery of the virus, the development of a small number
of in-house molecular (conventional reverse transcriptase-polymerase chain
reaction [RT-PCR] and RT-gPCR), serological (enzyme-linked immunosorbent
assay [ELISA]) and fluorescent in situ hybridisation [FISH]) tests were
developed targeting conserved regions of the genome (primarily NS3, NS5B
and envelope proteins E™ and E2) (Hause et al., 2015; Arruda et al., 2016;
Postel et al., 2016; Beer et al., 2017; Schwarz et al., 2017). However, these
assays were based on limited sequence availability, and due to difficulties in
culturing the virus, validation of these techniques was restricted. Over time,
these assays have been adapted and employed in subsequent
epidemiological studies for the identification and quantification of APPV in
different sample types, including tissues, swab, semen and blood from APPV
experimental infections and CT A-ll field cases (Hause et al., 2016; Hansmann
et al., 2017; Mufioz-Gonzélez et al., 2017; Postel et al., 2017a; Dessureault et
al., 2018; Gatto et al., 2018b; Mosena et al., 2018; Sutton et al., 2019).
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Recently, new assays have also been developed for the detection and
guantification of the virus, including RT-PCR, RT-gPCR,
immunohistochemistry (IHC), and RNAScope in situ hybridisation (ISH) as well
as APPV-specific antibodies used to detect virus presence and neutralising
properties by in indirect and competitive ELISAS, virus neutralisation tests
(VNT) and indirect immunofluorescence (lIF) test (Postel et al., 2017a;
Cagatay et al., 2018, 2019; Possatti et al., 2018b; Pfankuche et al., 2018; Liu
et al., 2019, 2020; Michelitsch et al., 2019; Sutton et al., 2019; Buckley et al.,
2021). Further development, optimisation and validation of assays for the
detection and quantification of APPV and APPV-specific antibodies are still
required, not only for the accurate diagnosis of APPV at both farm and national
herd level but also to investigate complex host—pathogen interactions (see
Chapter 3).

1.3 Impact of APPV induced CT A-ll

The precise economic impact of APPV induced CT A-ll remains unknown at
present. The Pestivirus genus contains viruses (BVDV and CSFV) notable for
their high welfare and socioeconomic impact. Currently, CSFV is exotic to the
UK and is considered a notifiable disease both nationally and internationally
(Animal and Plant Health Agency, 2018; World Organisation for Animal Health,
2021). The virus is a persistent problem in Europe in domestic and wild boar,
causing significant losses and requiring stringent control measures impacting
trade and movement of animals. In a study using a model to analyse the
financial losses from the 1997/1998 outbreak of CSFV in the Netherlands
where a total of 429 farms were infected, and more than 60% of farms had at
least one control measure imposed, financial losses were calculated to be $2.3
billion US (approximately £1.66 billion) with a direct cost to the farming sector
of $423 million US (approximately £305 million) and related industries of $596
million US (approximately £430 million) (Meuwissen et al., 1999).
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Both BVDV and BDV are endemic in the UK and known to have a significant
economic impact both directly via their effect on the animal and production
(such as ill thrift and poor growth, fertility issues, immunosuppression leading
to secondary infection and increased mortality rates) as well as indirectly
through the need for repeated veterinary interventions and the cost of
participating in control and eradication programmes (including culling of
persistently infected animals and vaccination) (Yarnall and Thrusfield, 2017).
The economic impact of BVD in the United Kingdom (UK) is highly variable,
with between £0 and 2,370 per cow per year depending on the strain severity,
herd status (whether BVD was endemic or not on farm and previous herd
exposure), clinical outcomes and resulting immune status of the animals
(Yarnall and Thrusfield, 2017). Recently, it was estimated the yearly cost of
BVD to the UK cattle industry to be £39.6 million per year (Hardstaff et al.,
2020). Currently, neither BVD nor BDV are notifiable diseases in the UK. BVD
requires notification by the World Organisation for Animal Health (OIE) as of
2014, requirements that has been adopted by several European countries
including Austria, Belgium, Denmark, Finland, Germany, Norway, Sweden and
Switzerland with implications for increased surveillance, biosecurity and trade
restrictions (in the case of reported suspected cases) (Sandvik, 2014; Agri-

Food and Biosciences institute, 2015).

Reports of morbidity and mortality rates for APPV-induced CT A-ll outbreaks
are highly variable. Outbreak morbidity has been reported anywhere between
2.5 and 100%, varying between litters, farms, regions and countries (Schwarz
et al., 2017; Dessureault et al., 2018; Shen et al., 2018). Mortality of up to 30%
was described in 105 sow farms in Austria as a consequence of piglet
malnutrition, with the study describing an overall decrease in weaned piglets
of more than 10% per sow (Schwarz et al., 2017). Similarly, a study of 91 sows
exposed orally to fetal fluids collected from CT A-ll-affected piglets and
containing APPV antigen, found a pre-weaning mortality rate of 46.4% in
clinical and 15.3% in non-clinical littermates from CT-affected litters compared

to unaffected litters, where a mortality rate of 12.7% was instead recorded
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(Sutton et al., 2019). In contrast, an outbreak on a commercial farm in China
resulted in a mortality of 60% of the weaned pigs (Shen et al., 2018). Levels of
mortality may depend not only on the severity of the clinical signs but also on
the management of the clinically affected piglets where ensuring adequate

colostrum intake may be beneficial in reducing mortality.

Co-infection of APPV with other viruses may also increase mortality in affected
piglets, as observed in a co-infection study of APPV and porcine teschovirus
with reported mortality rates of 100% (Possatti et al., 2018a). To date, APPV
has been found in co-infection with several viruses considered to have
considerable welfare and socio-economic impacts, such as ASF, CSFV,
porcine respiratory and reproductive syndrome virus, swine influenza A virus
and porcine epidemic diarrhoea virus, among others (further detailed in
Chapter 5) (Yuan et al., 2021). Further investigation is needed to understand
the role of APPV in concurrent infection and to determine if APPV is an
iImmunosuppressive agent, which may lead to changes in host—pathogen
interactions and enhance clinical and pathological outcomes of disease during

co-infection (see Chapter 5).

As well as the direct impact of the clinical disease, production may be indirectly
affected by poor weight gain of affected piglets and reduced average litter size
(Arruda et al., 2016; Dessureault et al., 2018). In a recent study, CT-affected
gilt litters were observed to be smaller (12.2 piglets per litter) when compared
to unaffected gilt litter sizes (13.3 piglets per litter) (Dessureault et al., 2018).
Moreover, Sutton et al. (2019) found that of 91 litters from sows exposed in
pregnancy to APPV CT affected litters had significantly lower birth weights (CT
affected piglets 1.22 +/- 0.02 kg, unaffected littermates 1.09 +/- 0.03 kQ)
compared to birth weight of non-affected litters (1.30 +/- 0.02 kg). The same
study also investigated the relationship between reproductive failure and
APPV induced CT A-ll, however, no difference was detected in the incidence

of stillborn or mummified fetuses between CT affected and unaffected litters.
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Further research is needed to understand the direct and indirect effects of

APPV induced CT A-Il infection on pig production (see Chapter 4).

The role of viral persistence in the maintenance of APPV in pig populations or
the impact on pig production is also unclear. As previously discussed, high
levels of APPV RNA have been detected in bodily fluids, including oral and
nasal secretions, blood, faeces, semen and tissues from all major organs
indicating possible viral persistence through life (Schwarz et al., 2017). Due to
the importance of persistently infected animals in BVDV and BDV transmission
and maintenance cycles and their overall impact on production, additional

investigation of the potential for viral persistence is required (see Chapter 4).

1.4 Control and prevention

The development and delivery of safe, efficacious vaccines for control and
prevention of classical pestiviruses and their associated diseases has long
presented challenges. Historically, several vaccines have been established
commercially for pestiviruses, falling into three main categories: modified live
virus, subunit vaccines based on the main immunogenic protein E2, and

chimeric live recombinant viral vector vaccines (Madera et al., 2016).

Modified live virus vaccines have been developed based on either in vitro or in
vivo attenuation of viral strains for CSFV. Attenuation was achieved through in
vivo passaging methods, such as the Chinese vaccine strain (C-strain)
attenuated through 480 passages of the virulent strain in rabbits in 1956 (Luo
et al., 2014). In vitro techniques to attenuate viral strains have also been
deployed, including serial passaging (more than 90 passes) of the low-
virulence strain of Miyagi (LOM) in bovine kidney cells and the continuous
propagation under low-temperature conditions (30°C) of both the ALD and
Alfort virulent strains to produce the low virulent guinea-pig exaltation-negative

(GPE-) and Thiverval strains respectively (Terpstra and Kroese, 1996; van
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Oirschot, 2003; Coronado et al., 2021). Live attenuated vaccines are generally
considered a safe and efficient methods of providing long-lasting immunity in
at-risk groups, and have been used prophylactically to control CSFV in
endemically affected countries. The GPE- and Thiveral vaccines have been
found to perform similarly to the C-Strain based vaccine formulations. These
vaccines offer early (72 to 96 hours post-vaccination) and long-lasting (6
months to lifelong) immunity in both pregnant sows and young piglets (Graham
et al.,, 2012; Blome et al., 2017a; Coronado et al.,, 2021). However, the
effectiveness of live attenuated vaccines may diminish in the presence of
maternal antibodies or co-infection with an immunosuppressive pathogen
leading to vaccination failure and the re-emergence of CSFV outbreaks in
vaccinated herds (van Oirschot, 2003; Blome et al., 2006; Suradhat,
Damrongwatanapokin, and Thanawongnuwech, 2007; Coronado et al., 2021).
A 2015 to 2018 outbreak of LOM CSFV strain on Jeju Island (previously
established as CSFV-free) was linked to a commercial CSF- swine erysipelas
combined vaccine deployed on the island in 2014 (Choe et al.,, 2019).
However, the lack of serological distinction between infected and vaccinated
animals (DIVA), precludes the use of non-DIVA attenuated vaccines in large-
scale eradication programmes and CSF-free areas including within the EU,
due to trade implications (Coronado et al., 2021). In such cases, countries rely
on non-vaccination stamping-out strategies where affected animals are culled;

nevertheless, this strategy is not without ethical and economic implications.

To date, some DIVA vaccines against CSFV have been developed with
varying degrees of success. These marker vaccines are used alongside
diagnostic tests for differentiation between infected and vaccinated animals
(van Oirschot, 2003; Blome et al., 2017a). Two subunit vaccines,
Bayovac CSF (Bayer) and Porcilis Pesti (Intervet International BV), based on
the E2 protein expressed in the baculovirus system were licenced within
Europe (Huang et al., 2014). These vaccines were used in conjunction with
their respective commercially available E™s antibody ELISA (PrioCHECK
CSFV Erns ELISA, previously Ceditest Marker ELISA and the IDEXX CSF
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marker ELISA, previously Chekit CSF Marker ELISA) to differentiate between
vaccinated and naturally-infected animals (Huang et al., 2014; Madera et al.,
2016). As the vaccines elicited only transient protection (6-13 months), were
unable to prevent vertical transmission of CSFV, required multiple doses to
prevent horizontal transmission, and were ineffective for oral vaccination,
showed a limited use within control and eradication programmes, especially
when targeting wild boar populations they were subsequently withdrawn (Beer
et al. 2007; Huang et al. 2014; Coronado et al. 2021; EMA 2018a, 2018b).

In 2015, another marker vaccine (Suvaxyn CSF Marker) with DIVA capabilities
was licenced for emergency vaccination in Europe (EMA, 2018c). The vaccine
was based on a pestivirus chimaera CP7-E2alf constructed from E2 envelope
protein from Alfort/187 CSF strain inserted into a BVDV cytopathic type 1
backbone (CP7) (Blome et al.,, 2017c). Several studies, performed to
investigate the safety and efficacy of the vaccine in both oral and intramuscular
vaccinations in domestic and wild pig populations (Feliziani et al., 2014; Drager
et al.,, 2015, 2016; Henke et al.,, 2018) showed prevention of vertical
transmission of CSFV after a single intramuscular dose. Suvaxyn CSF Marker
was able to confer horizontal protection against the highly virulent Koslov strain
in piglets vaccinated with two doses intramuscularly after seven days, even in
the presence of pre-existing BVDV-1 antibodies (Drager et al., 2016; Henke et
al., 2018).

Protection was also conferred to animals challenged with the Koslov vaccine
14 days post oral vaccination (Blome et al., 2012). In a study by Drager et al.
(2015) investigating viral shedding and dissemination in vaccinated boars, no
viral shedding was detected in saliva, faeces or urine. CP7 E2alf RNA was
also not detected in reproductive organs or accessory glands, indicating that it
is unlikely shedding through semen occurred. Low levels of CP7 E2alf RNA
was detected up to seven days post vaccination in lymphatic tissues; however,

only two of the samples (tonsil and parotid lymph node) on day four were found
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to be of an infectious titre which decreased by day seven, suggesting

replication was limited (Drager et al., 2015).

Like the DIVA diagnostic tests designed to differentiate of Bayovac
CSF/Porcilis Pesti vaccines and CSFV naturally infected animals, Erns ELISAs
have also been implemented for differentiation of the Suvaxyn CSF Marker
vaccine from infected animals. The double antigen ELISA (pigtype CSFV Erns
Ab) developed by Meyer et al. (2017) is both sensitive (90.2%) and specific
(93.8%) in its ability to differentiate vaccinated from infected animals. During
validation of the assay, cross-reactivity was detected in BVDV and BDV
experimentally infected pigs (5/20). Although no cross-reactivity was detected
in any of the vaccinated wild boar serum samples tested, cross-reactivity with
other pestiviruses is a common problem in Erns ELISA-based DIVA diagnostic
tests, requiring further development and optimisation to address this (Meyer et
al., 2017).

At present, there are no commercial vaccines available for the control of APPV
infection. Research on APPV vaccines is still in its infancy and is likely to face
hurdles similar to BVDV vaccine development due to the high level of genetic
diversity among APPV strains and the potential for APPV to cause
immunosuppression and persistent infections (Griebel, 2015; Folgueiras-
Gonzalez et al., 2020). However, recent APPV studies have shown promising
results in this area: A study in which a subunit vaccine, based on purified
recombinant E2 envelope glycoprotein (thought to be the main immunogenic
protein of APPV) tested with two different adjuvants (ISA 201VG and IMS
1313VG) was administered to BALB/cSPF mice (Zhang et al., 2018b) showed
that the antigen was able to elicit a Th2-type immune response. However, the
E2 protein with ISA 201VG produced significantly higher levels of APPV-
specific antibodies and a greater interleukin (IL)-10 response than the E2
protein adjuvated in IMS 1313VG (Zhang et al., 2018b). Recently, another
vaccine study using virus-like particles (VLP) self-assembled from APPV E™S

and E2 purified proteins was shown to induce a strong antibody response

26



(determined by E™s ELISA) and reduced viral titres in tissue (RT-gPCR and
IHC) of BALB/c mice (Liu et al.,, 2021). Both vaccines seem therefore
promising, however, their real efficacy will be revealed when moving to

evaluation in the target species.

In the absence of a vaccine, a common control strategy is to expose naive
sows and gilts to a source of the virus (usually either 8 to12 week old weaner
piglets or cull sows) before service, to infect the naive pigs before breeding to
ensure development of immunity to the virus through a transient infection
(Williamson, 2017). Other strategies employed to reduce the incidence of
disease include using in-house replacement gilts and removal of affected
piglets and their littermates from production cycles to limit exposure of others
to the virus (Williamson, 2017).
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1.5 Aims and objectives

This project aimed to further characterise APPV and the outcomes (clinical,
virological, pathological, and immunological) associated with infection using
British APPV field strains. In order to study the virus for a greater
understanding of host—pathogen interactions and their effect on host
immunity (including the potential for immunosuppression leading to co-
infection and persistent infection) and disease development it is initially
necessary to develop robust diagnostic assays capable of detecting and
guantifying British APPV strains. Sensitive and specific diagnostic techniques
are also necessary for epidemiological investigation of APPV-associated CT
A-ll to accurately appraise the current risk to the British pig industry. Further
research in this area will contribute to the improvement of current control and

prevention strategies and ultimately eradication efforts.
More specifically the objectives were to:

e Establish methodologies for the detection, quantification and
characterisation of APPV

e Identify APPV in natural CT A-ll infections and characterise the clinical,
virological, pathological and immunological outcomes of infection in
piglets

e Evaluate the role of APPV as an immunosuppressive agent and its
impact on co-infections

e Determine the prevalence of APPV within the Scottish herd and

characterise British APPV field strains.
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Chapter 2: Materials and Methods

2.1 Sample preparation

Samples were collected from experimentally-infected pigs, negative controls
and clinical field cases. The following sample types were collected: nasal
swabs, rectal swabs, oropharyngeal swabs, Ethylenediaminetetra acetic acid
(EDTA) blood, coagulated blood for serum and tissues. Tissues were
sectioned in half, with half stored frozen in separate bags (-20°C) until
processed, and the remaining material immediately immersed in 10% buffered
formalin for a minimum of 2 weeks for fixation prior to processing. Instead of
storing the brain section in a bag, it was placed on a dispocut board (cell path),
sealed in clingfilm then immediately frozen (-20°C) to maintain structural
integrity of the sample. In some cases, only fixed or frozen material was
collected from the animals. Ear notches were stored in individual Eppendorf
tubes at -20°C.

2.1.1 Homogenisation of fresh tissue

Each tissue was homogenised separately at a concentration of 0.25 g /ml
(25%) in virus transport medium (VTM) to preserve the virus. Depending on
the amount of material available, the tissue was homogenised in one of two
ways. For quantities of tissue weighing equal to or greater than 0.5 g, tissue
was homogenised using dispomix tubes (M tubes, Miltenyi Biotec) in
combination with the GentleMacs™ dissociator and a pre-set programme
consisting of two cycles of +2000 revolutions per minute (RPM) for four
seconds, -2000 RPM for four seconds, +4000 RPM for four seconds then
-4000 RPM punctuated by four-second rest intervals. For smaller quantities
(0.5 g or less) CK28 Precellys tubes containing ceramic beads were used in
combination with high-speed centrifugation (two cycles of two, 23-second
pulses at 58,000 xg leaving samples on ice for two minutes between cycles).
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The homogenates were freeze-thawed at -80°C once to increase the release
of the virus into the supernatant. The supernatant was harvested after
centrifugation at 2000 xg for 10 minutes at 4°C to remove cell debris and stored

at -20°C until further use.

2.1.2 Ear notches

Ear notches were collected using an ear punch tool capable of producing a 1
cm diameter plug; the tool was disinfected using 70% ethanol between
animals. Each ear notch was shaved to remove the hair from the skin, its
weight recorded and placed into an Eppendorf containing 0.2 ml of Virotype
RLT lysis buffer. The Eppendorf was incubated at 65°C for 30 minutes then
98°C for an additional 15 minutes using a heat block. The samples were placed
on ice to cool for five minutes prior to centrifugation in a bench top centrifuge
at 800 RPM for 30 seconds. The supernatant was collected and stored at
-20°C until testing.

2.1.3 Environmental samples

Five hundred milligrams of used bedding were transferred to an Eppendorf
tube, and 1 ml of phosphate-buffered saline (PBS) added before vortexing
vigorously for three minutes. The suspension was then centrifuged for one
minute at 15,000 xg before the supernatant was removed and stored at -20°C
until further processed. Environmental swabs taken from pens, walkways and

troughs were prepared as detailed in 2.1.5

2.1.4 Serum

Whole blood was collected in vacutainers containing a silica additive and left

to coagulate at 4°C until a visible clot formed. After centrifugation at 2000 xg
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for 10 minutes at 4°C, the serum was collected and stored at -20°C until further

use.

2.1.5 Swabs

One millilitre of sterile PBS was added to a bijou containing the head of the
swab before vortexing the sample for one minute to release viral particles. The
swab was then discarded, and the sample was transferred to an Eppendorf
tube and centrifuged at 15,000 xg for three minutes. The supernatant was

collected and stored at -20°C until needed.

2.1.6 Semen

Semen samples were obtained at slaughter from the epididymis of boars from
a farrowing group naturally infected with atypical porcine pestivirus (APPV).
Each semen sample was freeze-thawed once at -20°C to release the virus
prior to centrifugation at 15,000 xg for two minutes. The supernatant was

collected and stored at -20°C until required.

2.2 Molecular techniques

2.2.1 Nucleic acid extraction

Nucleic acid was extracted from tissue, serum, swabs and semen collected
from experimentally-infected pigs, negative controls and clinical field cases as

described below.
2.2.1.1 Manual extraction

2.2.1.1.1Extraction of RNA from tissue

Ribonucleic acid (RNA) isolation and purification were performed using
QIAshredder and RNeasy mini kits (Qiagen) with the reagents provided and
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following the manufacturer’s instructions. For extraction of samples, 350 ul of
the tissue homogenate supernatant was added to an equal volume of RLT
buffer containing 1% B-Mercaptoethanol prior to loading into the QIAshredder
column for centrifugation at 12,000 xg for 2 minutes to homogenise the sample
further. The column eluate was added to 700 ul of 70% ethanol, then loaded
onto a RNeasy column and centrifuged for 15 seconds at 12,000 xg. The
column was washed once with 700 pl of buffer RWI and centrifuged for 15
seconds at 12,000 xg, then washed twice with 500 ul of RPE and centrifuged
at 12,000 xg for 15 seconds for the first wash and two minutes for the second
wash. To remove additional flow through and residual buffers, the column was
centrifuged for a further minute at 12,000 xg. The purified RNA was eluted in
40 pl of molecular grade water by centrifuging at 12,000 xg for one minute.

The RNA eluate was stored at -20°C until required.

2.2.1.1.2 Extraction of RNA from swabs, serum and cell culture

RNA isolation and purification from cell-free bodily fluids were performed using
the reagents supplied as part of the QIAmp viral RNA mini kit (Qiagen)
following the manufacturer's protocol. For each extraction, 140 ul of the sample
was added to 560 pl of AVL buffer containing 10 ng/pl of carrier RNA (pre-
diluted in AVE buffer), vortexed for 15 seconds and incubated at room
temperature for 10 minutes to lyse the sample. An equal volume of 100%
ethanol was added to the lysate and vortexed for 15 seconds before loading
into the QIAmp viral column and centrifuged at 6,000 xg for one minute. The
column was washed once with 500 ul of AW1 buffer (centrifuged for one minute
at 6,000 xg), then twice with 500 pl of AW2 buffer and centrifuged at 6,000 xg
for one minute for the first wash and three minutes for the second wash. To
remove additional flow through and residual buffers, the column was then
centrifuged for an extra minute at 12,000 xg. The elution step was performed
twice using 40 ul of AVE buffer incubated within the column for one minute
then centrifuged at 6,000 xg for one minute. The 80 pl RNA elution was stored

at -20°C until further use.
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2.2.1.2 Automated extraction of total nucleic acid

The MagMAX CORE nucleic acid purification kit (Life Technologies) was used
in combination with the MagMax Express 96 platform (Life Technologies) for a
magnetic bead-based automated extraction of total nucleic acid. This system
was used in the extraction of total nucleic acid from tissue, cell culture, semen,
serum, swabs and environmental samples following the manufacturer's
guidelines. Briefly, two deep 96-well processing plates containing either 500 pl
of wash one and wash two buffers and a 200 ul 96-well plate containing 90 pl
of elution buffer were prepared in advance of loading the extraction platform.
For simple samples (serum, semen, swabs, cell culture, and tissue) a deep 96-
well lysis plate was also prepared to contain 30 pl of a bead/proteinase K mix
(20 pl of beads with 10 pl of proteinase K reagent, supplied with the kit). The
processed sample (2.1) was added to the lysis plate and mixed by pipetting.
The volume of sample added for the extraction was dependent on sample type
(200 pl of serum, swabs, semen supernatant, and cell culture supernatant, or
100 pl of tissue homogenate supernatant). Seven hundred millilitres of lysis
mix (350 pl of lysis buffer added to 350 pl of binding solution per sample and
mixed thoroughly by inversion) were then added to the lysis plate. The plates

were then loaded directly on to the extraction platform.

For complex environmental samples, 450 pl lysis buffer was added to 200 pl
of sample supernatant before vortexing for three minutes. The lysate was then
centrifuged at 15,000 xg for two minutes. Five hundred microlitres of clarified
lysate supernatant were removed and added to the lysis plate alongside the
30 pl of a bead/proteinase k mix. The solution was mixed by pipetting and
incubated for two minutes at room temperature before adding 350 pul of the
binding solution then loaded onto the extraction platform.

A preformed tip comb, the processing plates, and the lysis plate containing the

sample were loaded into the appropriate positions within the MagMax
instrument and a preloaded programme (MagMAX CORE_ KF-96_ no_
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heat.bdz) supplied by the manufacturer was used for the extraction. The
eluate, corresponding to 90 pl of total extracted nucleic acid, was stored at

-20°C until processed for downstream analysis.

2.2.2 Conventional PCR and gel electrophoresis

Conventional reverse transcriptase polymerase chain reaction (RT-PCR) was
performed on the TC-plus (Techne) thermal cycler using the Superscript IlI
One-step RT-PCR system with Platinum Taq (Invitrogen) following the
manufacturer's instructions as set out in Table 2-1 and Table 2-2. The reverse
transcription (RT) and polymerase chain reaction (PCR) amplification steps
were carried out within the same 0.2 pl tube in a closed system. Biological

positive control and negative template control were included in each assay run.

Table 2-1: Master mix preparation for conventional PCR using
Superscript Il One-step RT-PCR system with Platinum Taqg kit

Reagent Volume (pl)
2X Reaction Mix 25
Super Script™ [l RT/Platinum™ Taq Mix 2
Forward Primer (10 uyM) 1
Reverse Primer (10 uyM) 1
Molecular grade water 19
RNA template 2
Total 50
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Table 2-2: Thermocycling profile for conventional PCR using Superscript
[l One-step RT-PCR system with Platinum Taq kit

Temperature Time Stage Cycles
50°C 15 minutes Reverse transcription cDNA 1
synthesis and pre-

95°C 2 minutes denaturation 1
94°C 15 seconds Denaturation

55°C 30 seconds Annealing 40
60°C 1 minute Extension

68°C 1 minute Final extension 1

Agarose gel electrophoresis was used to visualise the PCR product separating
the complementary deoxyribonucleic acid (cDNA) fragments by size. The gel
consisted of 1.5 to 2% ultrapure agarose (Invitrogen) dissolved in a 1 x TAE
solution (1 x TAE was diluted from a 50 x TAE stock solution from Thermo
Fisher containing 40 mM Tris, 20 mM Acetic acid and 1 mM EDTA) with
GelRed (Biotium) added for a final dilution of 1:10,000. The samples were
mixed with 5 x deoxyribonucleic acid (DNA) loading buffer blue (Bioline) at a
1:5 dilution, and 10 pl loaded and run against 5 pl of either Hyperladder | or IV
DNA Markers (Bioline) depending on the size of the PCR product fragment.
The gel was run at 80 V for 45—60 minutes and visualised using the G: BOX
F3 Automated Gel Doc system (Syngene).

2.2.3 Reverse transcriptase real time quantitative

polymerase chain reaction

To detect the part of the APPV Non-structural protein (NS) 3 gene a reverse
transcriptase real time quantitative polymerase chain reaction (RT-gPCR) was
optimised and validated as described in 3.3.1 The finalised master mix and
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thermocycling profile is outlined in Table 3-7 and Table 3-6 Samples were
quantified by a standard curve (3.3.1.5) of an APPV plasmid produced using
the techniques described in 2.3. The standard series, the biological positive
control (3.3.1.6) the no template control (PCR master mix only) and negative
extraction control (extracted sterile nuclease-free water) were included on
each assay, all standards, samples and controls were tested in duplicate.

Results were interpreted as described in 3.3.1.7

2.2.4 Purification of cDNA from PCR products

Purification of cDNA PCR product from the reaction reagents was achieved
using either the ethanol precipitation technique or a magnetic bead method
performed using the Charge switch PCR clean up kit (Invitrogen). All
centrifugation steps were performed using a benchtop centrifuge. For ethanol
precipitation, 100 ul of the PCR product was combined with 1 pl of 20 mg/ul
glycogen, 10 pl of 3 M sodium acetate and 300 pl of 100% ethanol before
chilling for one hour at -20°C to precipitate the cDNA. To pellet the cDNA, the
solution was centrifuged at 14,000 RPM for 30 minutes. The supernatant was
then removed, and the pellet was washed twice with 70% ethanol before air

drying. The pellet was then re-suspended in 100 pl of molecular grade water.

The charge switch PCR clean up Kit was carried out per the manufacturer’s
protocol. Briefly, 40 ul of the PCR product is combined with an equal volume
of the purification buffer provided with the kit and 10 uyl of magnetic beads. The
reaction is incubated at room temperature for one minute before placing the
tube on the MagnaRack separation rack (Invitrogen) for one minute to form a
tight bead pellet. The supernatant is removed, and the pellet is washed twice

with a 150 ul wash buffer before eluting the DNA in 30 pl of elution buffer.

Purification of cDNA PCR product from agarose gel was carried out using the
QIAquick gel extraction kit (Qiagen) as per the manufacturer's protocol. The

36



DNA fragment was visualised on gel visualiser and excised using a scalpel.
The band was weighted, and 100 ul of QG buffer added for each 100 mg of
gel then incubated at 50°C for 10 minutes until the agarose gel had dissolved.
One hundred microlitres of isopropanol per 100 mg of the gel was added and
vortexed to mix prior to loading into QIAquick column. The column was
centrifuged at 13,000 RPM for one minute to bind the DNA to the column. Five
hundred microlitres of QG buffer passed through the column by centrifugation
at 13,000 RPM for one minute, and the flow-through was discarded. Seven
hundred and fifty microlitres of PE buffer were allowed to stand in the column
for two minutes prior to centrifugation at 13,000 RPM for one minute. After the
flow-through was discarded, the column was centrifuged for one minute
without additional reagents to remove the residual PE wash buffer. Finally, a
two-step elution was performed; 20 ul of EB buffer was added to the column
and left to stand for two minutes before centrifugation at 13,000 RPM for one

minute, then repeated.

2.2.5 Assessment of DNA and RNA quality and
guantity

The quantity and qualty of RNA and DNA were assessed by
spectrophotometry (Nanodrop 1000, Thermo Fisher Scientific). A blank
(elution buffer) was used to calibrate the instrument before loading the sample.
The purity of the sample was assessed by absorbance reading at 260 nm and
280 nm, where a ratio of 2.0 was considered acceptable, with a corresponding
260/230 ratio of 2.0 to 2.2.

2.2.6 Sanger sequencing

Sanger sequencing was completed externally by MWG-Eurofins. Forward and
reverse sequences were aligned using SegMan Pro (DNAStar) and to

determine nucleotide identity with other published APPV sequences Basic
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local alignment search tool BLAST, (National Centre for Biotechnology

Information) analysis was performed on the consensus sequence.

2.3 Molecular cloning for standards

A 1:10 serial dilution of a known concentration of target sequence was run in
duplicate on every test to create a standard curve allowing absolute
guantification of samples during Real-Time PCR. For the generation of APPV
plasmid standards APPV cDNA PCR product which had been previously
purified and sequenced (as described in 2.2.4 and 2.2.6) was cloned as
follows. This technique was also used to generate PRRSV plasmid from
purified and sequenced (2.2.4 and 2.2.6) PRRSV European genotype cDNA
for absolute quantification of samples when used in conjunction with the
Virotype PRRSV RT-PCR kit (Indical Biosciences) as described in 5.4.4

2.3.1 Transformation of the pGEM-T easy vector

plasmid

A PCR product containing the desired APPV cDNA sequence was inserted
into the pGEM-T easy vector (Promega) following the manufacturer's
guidelines. The ligation reaction and self-ligation control reactions were set up
as detailed in Table 2-3. The reactions were incubated at room temperature

for one hour preceding the transformation of JM109 competent cells.
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Table 2-3: Ligation reaction preparation for pGEM-T easy vector system

Reagent Volume (pl)
2X Rapid ligation buffer, T4 DNA ligase 5
pPpGEM-T easy vector (50ng) 1
T4 DNA ligase (3 Weiss units/ul) 1
Molecular grade water 1
APPV SYBR Green RT-PCR Product 2
Total Volume 10

2.3.2 Transformation of IM109 cells

JM109 high-efficiency competent Escherichia coli cells (Promega) were used
in the transformation following the manufacturer's instructions. In short, Luria
Bertani (LB) (reagent grade water containing 1% BactoTryptone, 1% sodium
chloride and 0.5% Bacto yeast extract) enriched agar plates containing a final
concentration of 100 pg/ml Ampicilin was prepared following aseptic
techniques. The JM109 competent cells were thawed on ice, and 50 pl were
then added to 2 pl of the ligation reaction before incubating on ice for 20
minutes. The reaction mixture was heat shocked for 45—50 seconds in a 42°C
water bath followed by two minutes on ice. Nine hundred and fifty microliters
of super optimal broth (SOC) media (2% Tryptone, 0.5% Yeast Extract, 10 mM
NaCl, 2.5 mM KCI ,10 mM MgClz, 10 mM MgSO4, 20 mM glucose (Invitrogen))
was added to the ligation reaction transformation and incubated for one hour
at 37°C with shaking (150 rpm). Ten microlitres and 100 ul of the
transformations were spread on the previously prepared plates. The plates

were incubated at 37°C overnight.
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2.3.3 Growth of bacterial cultures

Six of the pGEM-T positive colonies were selected at random and grown
individually in 20 ml of LB enriched broth with a final concentration of 100 ug/ml
Ampicillin. The broth was incubated at 37°C with shaking at 200 RPM for
between 12 and 16 hours.

2.3.4 Long term storage of bacterial stock

To prepare surplus bacterial cultures positive for the transformed clone for
long-term storage glycerol was added to the culture to a final concentration of
25% and aliguoted into 2 ml vials before storage at -80°C.

2.3.5 Plasmid DNA purification

Bacterial cultures were centrifuged at room temperature at 3,000 g for 10
minutes before discarding the supernatant. The plasmid DNA was then purified
from the bacterial pellet using the QIAprep spin miniprep kit (Qiagen)
according to the manufacturer's instructions; prior to use, all kit reagents were
prepared as specified in the protocol. Centrifugation steps were performed in
a bench top centrifuge. Five mililitres of the bacterial culture, grown as stated
in 2.3.3, was centrifuged at 800 RPM for three minutes to form a pellet. The
supernatant was discarded before resuspension of the pellet in 250 pl of P1
buffer. A total of 250 ul of P2 buffer was added to the tube then mixed by
inversion until the solution became clear blue (no more than five
minutes). Three hundred and fifty microlitres of N3 buffer was added to the
preparation followed by mixing through inversion until it became colourless.
The solution was centrifuged at 13,000 RPM for 10 minutes; the supernatant
was transferred to the QIAprep spin column and centrifuged for 60 seconds at
13,000 RPM. The flow-through was discarded, and the column washed with
0.5ml of PB buffer. The wash step was repeated with a volume of 0.75 ml PE

buffer. An additional centrifugation step for one minute was used to remove
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residual wash buffer from the column preceding the elution in 50 pl of EB buffer
(10 nM Tris-hydrochloric acid) by letting the EB-filled column stand for one
minute, then centrifuging it for one minute. After purification, the concentration

of DNA was quantified as detailed in 2.2.5.

2.3.6 Restriction enzyme digest

A digestion of the purified plasmid was conducted to produce linearised DNA
to be used as a standard for RT-gPCR. The digestion was performed using
EcoRI restriction enzyme (Promega) in a total reaction volume of 20 pl. The
reaction mix contained 2 ul of 10x buffer H the corresponding high salt buffer
to EcoRl, 1 yl of EcoRI, 7 pl of molecular grade water and 10 pl of the purified

plasmid. The reaction was incubated at 37°C for 2 hours.

2.3.7 Production and storage of standards for APPV
RT-qPCR

The linearised plasmid stock was aliquoted and stored at -20°C. Sets of
standards were produced in batches by a 10-fold serial dilution of the stock
plasmid from 3.19x108 to 3.19x10? copies/ul and were allowed a maximum of
three freeze-thaw cycles before discarding to prevent inter-assay variation due
to degradation. Each new batch of standards were tested against the in-use
batch to assess variation, batches were considered acceptable for use when

the difference between batches was less than 1 Ct (cycle threshold).

2.3.8 Calculation of standards copy number

To calculate the copy number of the standards, the fragment length and
concentration of the APPV plasmid (ng/ul) quantified as described in 2.2.5 was
first determined (109.9 ng and 3,139 bp respectively). The molecular weight
for the APPV plasmid was then calculated (2,071,740 Dalton) using the
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average molecular weight of one base pair (660 Dalton). The number of
plasmid molecules in 1 ng was calculated based on Avogadro's constant
(6.02x10% molecules) and assumption that one mole is equivalent to the
molecular weight in grams (6.02x1023/2,071,740x10°= 2.9x108 copies). The
final copy number per ul was calculated using both the molecules of the
plasmid in 1 ng and the concentration of APPV plasmid (2.9x108 copies x 109.9
ng/ul). The final copy number in the neat plasmid stock was found to be
3.19x10%° copies/pl and from this a set of standards with a known copy number

was prepared in accordance with 2.3.7.

2.4 Serology for the detection of APPV

antibodies

2.4.1 NS3H blocking enzyme-linked immunosorbent
assay (ELISA)

To detect APPV antibodies present in serum, an NS3H blocking ELISA was
supplied by a collaborator (Schwarz et al., 2017). Briefly, the protocol was
performed as follows; all stages were carried out at room temperature unless
specified. Prior to the commencement of the test, a coating buffer and a wash
buffer were made in house as outlined in Table 2-4.
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Table 2-4: Preparation of reagents for the coating and wash buffers used
in the APPV NS3H blocking ELISA.

Coating buffer * Wash buffer ¢

Reagent Quantity Reagent Quantity

Sodium carbonate 3.03¢g Sodium hydrogen phosphate 1.16 ¢

Sodium bicarbonate | 6.00 g Potassium chloride 0.10¢g
Potassium phosphate 0.10g
Sodium chloride 4.00g

Distilled water 1000 ml
Tween 20 2.5 ml
Distilled water 500 mi

* Coating Buffer pH 9.6, ¢ Wash buffer pH 7.4

To coat the ELISA plate (Maxisorb, Nunc), 10 mg/ml antigen was diluted 1:200
in the coating buffer and 50 ul of the diluted coating antigen was added to each
well and incubated at 4°C overnight. The plate was washed with 300 pl PBS
three times and blocked with 5% fetal bovine serum (FBS) in the wash buffer
for one hour. The wash step was repeated, and 100 pul of controls (positive pig
serum as a positive control and FBS as a negative control as supplied by the
collaborator) and samples, which had been prediluted 1:2 in the wash buffer,
were added to the plate and incubated for 1 hour. The plate was washed with
300 pl of wash buffer three times before adding 100 pl of prediluted monoclonal
antibody 1B3 (a 1:5 dilution in the wash buffer) and incubated for 30 minutes.
During the incubation period the goat anti-mouse heavy and light chain
conjugated with horseradish peroxidase (Jackson laboratories) was diluted
1:3,000 in the washing buffer. After repeating the previous wash step, 50 pl
was added to the plate and incubated for 30 minutes. The wash step was

repeated once more before adding 100 ul of SureBlue TMB 1-component
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microwell peroxidase substrate (KPL). The plate was incubated for 5—10
minutes, based on reaching an optical density (OD) value of 1 in the negative
control wells before stopping the reaction with 100 ul of 0.18 M sulphuric acid.
The plate was read at an absorbance of 450 nm, and the results were valid if
the negative control wells had an OD value greater than 1 and the positive
control had a percentage inhibition of greater than 50%. The percentage
inhibition of each sample was calculated using the sample and the negative
control OD values. Samples were considered positive if their percentage

inhibition was greater than 50%.

2.4.2 NS3 indirect ELISA

An indirect ELISA was developed and optimised for the detection of
differences in APPV antibody titres in sera over time using the antigen supplied
previously for the NS3H blocking ELISA (2.4.1). The test was performed under
the conditions specified the NS3H blocking ELISA section (2.4.1) using the

same buffers prepared in-house as described in Table 2-4.

The ELISA plate (Maxisorb, Nunc) was coated with the antigen (10 mg/ml)
diluted 1:1,000 in the coating buffer, 50 ul of the diluted coating antigen was
added to each well and incubated at 4°C overnight. The plate was washed
three times with 300 yl PBS and blocked with 5% pestivirus-free FBS (in wash
buffer) and incubated for one hour before the wash step was repeated. For all
tests, excluding the sero-survey described in 6.3.1, high and low positive and
negative controls were prepared as follows: high concentration controls were
created by diluting positive pooled sow serum as a positive control and
negative pig serum E10/18-4 as a negative control 1:200 in wash buffer while
low concentration control was diluted at 1:400 in wash buffer. For the serum
sample survey (6.3.1), the same controls were prepared at a dilution of 1:50 for
the high concentration and 1:200 for the low concentration. The no serum
control and the samples were diluted 1:200 for all tests excluding the sero-
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survey for which a dilution of 1:50 was used. One hundred microlitres of all
controls and samples were added in duplicate to the plate and incubated for
one hour. The plate was then washed with 300 pl of wash buffer three times
prior to adding 50 ul of a rabbit anti pig immunoglobulin G (IgG) whole
molecule antibody conjugated with horseradish peroxidase (Sigma Aldrich)
diluted 1:40,000 to the plate, followed by an incubation step for 30 minutes.
The wash step was repeated once more before adding 100 ul of SureBlue
TMB 1-component microwell peroxidase substrate (KPL). The plate was
incubated for 10—15 minutes, reaching an OD of 0.7 in the negative control
wells (read with the 405 nm filter) before stopping the reaction with 100 ul of
0.18 M sulphuric acid. The plate was then read at an absorbance of 450 nm.

Results were corrected for background based on the average OD of the no
serum control wells (also referred to as blank wells) and standardised using
the normalised coefficient (NC) calculated by dividing the average positive
control OD of the test plate by the mean OD of the positive control from all

plates from the experiment, then dividing the samples OD by the NC value.

2.5 Histopathological examination

2.5.1 Tissue preparation

Tissues were fixed in 10% buffered formalin for approximately three weeks
prior to trimming and sectioning. The tissues were then dehydrated in alcohol
for 24 hours prior to embedding in paraffin wax blocks. Tissue blocks were
stored at room temperature. All tissue processing was carried out within the
histopathology surveillance unit at Moredun Research Institute (MRI) following
standard operating protocols used for diagnostic submissions. Paraffin-
embedded tissue blocks were sectioned at 5 mm and mounted onto super frost
plus slides (Fisher scientific) for haematoxylin and eosin staining (H&E), and

for BaseScope in situ hybridisation (ISH) analysis. The H&E staining was
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performed by the histopathology surveillance unit (MRI) following standard
operating protocols used for diagnostic submissions. Stained slides were
stored at room temperature, and slides prepared for BaseScope ISH were
stored at 4°C until analysis.

2.5.2 BaseScope in situ hybridisation

The BaseScope ISH technique was used to visualise short APPV targets
(single RNA molecules) in slide-mounted tissue samples. The assay was
designed, optimised and validated in consultation with ACDBIo (Bio-Teche)
using their commercial BaseScope ISH detection reagent kit V2-RED in
conjunction with the optimised protocol for formalin-fixed paraffin-embedded
tissue (FFPE). Optimisation and validation of the technique for APPV detection

Is detailed in 3.3.4 and the finalised protocol is described below.

Slides were produced as detailed in 2.5.1 for BaseScope ISH analysis; slides
were pre-treated by baking them in a dry oven for one hour at 60°C before the
sections were deparaffinised at room temperature using a Shandon 24-4
Varistain (Thermo Fisher Scientific) following Programme 1 steps 1—4 with
agitation; five minutes in xylene, five minutes in xylene, two minutes in 99%
methylated spirit (74 O.P., Thermo Fisher Scientific) followed by two minutes

in 74 O.P. The slides were then removed and left to air dry.

Once dry, the slides were placed horizontally, eight drops of hydrogen
peroxide were applied to cover the tissues on each slide followed by an
incubation for 10 minutes at room temperature. The excess hydrogen peroxide
was removed by tapping the slide on absorbent paper before adding to a slide
rack. The slides were washed by submerging the slide rack five times in
distilled water before repeating the process with fresh distilled water. The
antigen retrieval step was performed manually by submerging the slide rack in
a covered beaker containing 700 ml of prepared target retrieval buffer (70 ml
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of 10 times concentrated target retrieval buffer in 630 ml of distilled water).
Depending on the level of fixation, integrity of the tissue and the tissue type, the
slides were boiled in the target retrieval buffer at 98—100°C for either eight
minutes for more fragile tissues (lung and spinal cord) or for an extended
period of 20 minutes (brain, spleen and lymphoid tissue). The slides were then
immediately washed as previously described in distilled water at room
temperature before incubating them in ethanol absolute (Fisher Scientific) for
three minutes. The slides were left to dry at room temperature. Once dry, a
hydrophobic barrier was drawn on each slide to encircle the tissue using an
Immedge hydrophobic barrier pen (Vector Laboratory). To improve adhesion,
lung slides were then baked for 30 minutes at 37°C prior to protease IV
treatment (provided with the kit). This additional step was not carried out for
any other tissue tested as it was deemed unnecessary. The protease IV
treatment was performed on the slides as follows: the slides were secured in
an ACD Ez-Batch slide rack (Bio-Techne) and six drops of RNAScope
protease |V added to cover the tissue section on the slide, the rack was then
sealed inside a HybEZ humidity control tray (Bio-Techne) and incubated at
40°C inside the HybEZ Oven (Bio-Techne) for 15 minutes. After incubation,
any reagent excess was removed as previously described on absorbent paper

before washing the slides five times with distilled water.

The BaseScope ISH assay was performed in the ACD EZ batch slide rack in
the HybEZ humidity control tray on pre-treated slides through an initial probe
hybridisation step where six drops of the Great Britain (GB)-specific APPV
probe (3.3.4) were added to the slides and incubated in the HybEZ Oven at
40°C for two hours. The slides were washed for two minutes using room
temperature wash buffer (supplied with the kit), which was then repeated using
fresh wash buffer. The second stage of the assay involved incubating the
slides in different hybridize BaseScope V2 reagents (AMP 1-8) for various
lengths of time specific to the reagent; AMP 1 and AMP 2 were incubated for
30 minutes, AMP 3 for 15 minutes, AMP 4 and AMP 5 for 30 minutes, AMP 6
for 15 minutes, AMP 7 for one hour and AMP 8 for 15 minutes all incubations
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were performed in the oven at 40°C with the exception of AMP 7 and AMP 8
which were performed at room temperature. For all AMP reagent’s steps, after
incubation excess reagent was removed by blotting the edge of the slide on
absorbent paper. The slides were washed in wash buffer for two minutes at
room temperature before repeating the wash step with fresh wash buffer

before proceeding with the next sequential hybridize BaseScope V2 reagent.

Assay results were visualised by adding 120 ul of red solution (supplied with
the kit) to each slide in the ACD EZ batch slide rack in the HybEZ humidity
control tray. The tray was sealed and incubated at room temperature for 10
minutes; excess red solution was removed from the slides and the slides
washed in distilled water; the wash step was repeated using fresh, distilled
water. The slides were counterstained using the Shannon Varistain (Thermo
Scientific) programme 1 step 7-13 with agitation; 50% Gils No.1 haematoxylin
(Merck) for two minutes, running tap water for one minute, Scott's tap water
(prepared in-house as follows: 2 g sodium bicarbonate, 20 g magnesium
sulphate, 1 L of distilled water) for one minute, and finally running water for
one minute. The slides were left to dry overnight at room temperature before
cover slipping using 24 x 50 mm #1,5 Menzel Glaser coverslips (Fisher

scientific) with EcoMount (Biocare Medical).

The slides were examined using a light microscope at 40 x magnification to
assess the morphology of the tissue and level of staining. The positive and
negative control probe signals were evaluated at 40 x magnification, and the
test determined valid if the positive control was observed as visible defined
punctuated dots and the negative control had no more than one dot to every
20 cells as a level of background staining. The slides were evaluated for the
presence of any APPV positive signal; APPV signal was considered to be cell
associated when observed in the nucleus or cytoplasm of the cell and

considered non-cell-associated when present in the extracellular matrix.
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2.6 Cell culture

2.6.1 Cell splitting and maintenance

Bovine turbinate (BT) and SPEV 0008 cell lines detailed in Table 2-5 were
cultured in closed cap flasks (T225, Corning) at 37°C. Porcine kidney-15 (PK-
15) cells described in Table 2-5 were cultured in vented cap flasks (T225,
Corning) at 37°C in 5% CO..Cells were passed by washing the monolayer with
PBS twice before rinsing with trypsin-versene solution (4 ml of 0.25% Trypsin
to 16 ml of 0.2 g/l Versene, MRI). Once the excess trypsin-versene solution
was removed, the cells were left to dissociate from the flask in the incubator at
37°C for two to five minutes. Following this, 5 ml of the cell culture medium
was added to cells to neutralise the effects of the trypsin-versene and pipette
mixed to form a single-cell suspension. Two hundred microlitres of 2% nigrosin
was added to an equal volume of the cell suspension used to count the cells
using an improved Neubauer haemocytometer counting chamber using light
microscopy. The cell count was used to determine the appropriate volume of
the cell suspension to seed the new flask to reach 100% confluence within
three days, with 75 ml of maintenance media added to the flask. The cell stock
was checked daily for signs of toxicity, contamination, and changes to
morphology and confluency.

49



Table 2-5: Density and media for the maintenance of specific cell lines
used for virus isolation

Cell Species Cell type Media Seeding Virus
line density  susceptibility
BT Bovine Turbinate Isocove’s 1.0x10° BVDV
modified cells
media
200 nM
glutamine
10% horse
serum
PK-15 Porcine  Kidney Dulbecco's 1.5x10°6 CSFV
modified Eagle cells
medium

1% glutamax
10% horse

serum
SPEV Porcine  Kidney In house 3.3x10° CSFV
0008 (Table 2-6) cells APPV
5% horse
serum

Bovine viral diarrhoea virus abbreviated as BVDV and classical swine fever

virus abbreviated as CSFV
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Table 2-6: Preparation of SPEV 0008 cell media. Once prepared the pH of
the media was adjusted to 7.3 + 0.1, filtered at 0.22 ym and given a batch
number and a 21-day expiry date.

Reagent Quantity
Minimum essential media with Earle’s salts 100 ml
Minimum essential media with Hank'’s salts 100 mi
Sodium bicarbonate 2.1 ml
L-glutamine (200 nm) 4 ml
Sodium pyruvate (120 mg/l) 2 ml
Non-essential amino acids 2ml
Gentamycin (10 mg/ml) 1ml
Penicillin (10,000 units) and streptomycin (10 mg/ml) 2 ml

2.6.2 Virus isolation

Virus isolation was attempted using the cell lines detailed in 2.6.1. Optimisation
of the virus isolation protocol was conducted for each cell line individually as
described in 3.4.

2.6.3 Cryopreservation and resuscitation of cells

Cells were dissociated from the flask, re-suspended and counted as described
in 2.5.1. The cells were clarified at 800 RPM for five minutes at 4°C. The
supernatant was discarded, and the cells were re-suspended at a
concentration of 1x10° to 2x10° cells/ml in freezing media containing 90% cell
media with 5% horse serum and 10% dimethyl sulphoxide (DMSO). One
millilitre volume of the cell suspension was added to cryovials (Nunc) that were

placed in a Mr Frosty freezing chamber (Thermo Fisher Scientific) containing
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iIsopropanol precooled at -20°C prior to storing at -80°C for 24 hours to allow
the temperature to cool at a rate of 1°C per minute until frozen. Once frozen,

the cells were transferred to long term storage in liquid nitrogen.

Cells were resuscitated by thawing the cells quickly before mixing with 10 ml
of the appropriate maintenance media and pelleting at 150 xg for five minutes
at room temperature. The supernatant containing cryoprotectant (DMSO) was
removed and the cells re-suspended in warm maintenance media at the
required seeding density. The cells were then transferred to a flask and grown

as previously described in 2.5.1.

2.7 Animal studies

Animal experiments were conducted with the approval of the MRI animal ethics
review board and carried out under the animal (scientific procedures) act 1986
following home office guidelines under project licence PFA7E7ADG. Clinical
samples collected from live animals from a Scottish field case study were
submitted by a veterinarian as diagnostic samples for investigation of
suspected APPV.

2.8 Statistical analysis

Statistical analysis was performed with the software R, version 3.6.1 (R Core
Team, 2019) with consultation with in-house statistical expertise at MRI (Dr
Adam Hayward) and externally from Biomathematics and Statistics Scotland
(BioSS). Additional information regarding the statistical analysis and

parameters to define significance is located within the respective chapters.

52



Chapter 3: Establishing diagnostic
techniques for the detection of atypical
porcine pestivirus and generation of

supporting infectious material

3.1 Introduction

Robust techniques for the detection and quantification of atypical porcine
pestivirus (APPV) are paramount, not only to successfully achieve diagnosis
in a clinical setting but also to underpin research into the characterisation of
the virus and host—pathogen interactions. Diagnostic tests are integral to both
active and passive surveillance programmes to determine the prevalence and
distribution of APPV both within the British pig industry and in a global context,
which can inform and thus improve prevention and control strategies. At the
commencement of this project in 2017, the availability of diagnostic assays for
APPV was severely limited: no tests were commercially available and only a
small number of in-house assays were published. Validation of the assays
used in the diagnosis of APPV was also under-reported and hampered by a
lack of available APPV isolates and reference samples. In this chapter,
additional development, optimisation and validation of molecular and
immunological techniques for the diagnosis of APPV are described to address

this deficit and to establish informative, sensitive and specific diagnostic tools.

Initially, APPV real time reverse transcriptase quantitative polymerase chain
reaction (RT-gPCR) assays were designed based on limited sequences
available for the 5'UTR (De Groof et al., 2016), non-structural protein (NS) 3
(Arruda et al., 2016; Postel et al., 2016) and NS5B (Beer et al., 2017; Schwarz
et al., 2017) with subsequent assays designed for these regions (Yuan et al.,
2017; Gatto et al., 2018b; Kaufmann et al., 2019; Zhou et al., 2019) as well as
the NS4B (Postel et al., 2016) and the NS5A (Shen et al., 2018) regions after
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the commencement of optimisation work conducted in this chapter. The initially
designed NS3 (Arruda et al., 2016; Postel et al., 2016) and NS5B (Beer et al.,
2017; Schwarz et al., 2017) assays have also been subsequently adapted and
employed in other studies for the identification and quantification of APPV
ribonucleic acid (RNA) in different sample types including tissues, swab
samples, semen and blood/serum samples from naturally infected pigs
(Mufioz-Gonzalez et al., 2017; Dessureault et al., 2018; Gatto et al., 2018a;
Sozzi et al., 2019; Moésena et al., 2020). Since its discovery in 2015, APPV
sequences for all genes have been determined to have high genetic variability
even within the same geographic location (Postel et al., 2016; Beer et al., 2017;
Postel et al., 2017a; Yuan et al., 2017; Dessureault et al., 2018; Mosena et al.,
2018). For this reason, previously established assays need to be evaluated in
the context of the APPV strains circulating locally. At the commencement of
this thesis, only one study had been conducted to evaluate British samples for
APPV; in this study only a small number (86) of serum samples were
included for RT-qPCR and sequence analysis (one serum sample, GenBank
accession number MF279220). No sample history (date of sample collection,
age of the pigs, or geographical distribution) was reported, and interpretation
of strain variability within Great Britain could not be made based on a single
APPV sequence (Postel et al., 2017a). Therefore, further work was urgently
needed to establish effective molecular assays for the detection of British
APPV strains in a range of sample types and specific to the landscape in Great
Britain. Fluorescent in situ hybridisation (FISH) methods have also been
adopted to identify viral genomes in lymphoid and central nervous tissues. One
study used an in house APPV NS3 specific probe cross-validated with RT-
gPCR to determine the presence of APPV in different tissues (Postel et al.,
2016). FISH results agreed with RT-gPCR detection results for all tissues apart
from in thymus, longissimus muscle and brain stem tissues, where APPV was
not detectable by FISH but APPV ribonucleic acid (RNA) was detected at low
viral loads (quantification cycle between 30 and 38) by RT-gPCR, suggesting
a limited sensitivity at low viral loads. Pfankuche et al. (2018) investigated the

capability of a digoxigenin-labelled RNA probe (designed in-house) for use
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with in situ hybridisation (ISH) techniques and a commercially available
ViewRNA TYPE 1 RNA Probe Set consisting of different Z-linked probes that
are designed to hybridize specific target sequences (APPV target sequence
accession number: KU041638 [catalogue number VF1-19276 20, Thermo
Fisher Scientific]) for use in FISH on APPV positive cerebellum. Although the
in-house probe was unable to detect APPV RNA, the commercial RNA probe
identified diffuse APPV within the inner granular layer of the cerebellum from
an APPV positive pig (Pfankuche et al., 2018). Further evaluation of the
commercial probe set is needed to determine if the probes can detect other

pestiviruses to discern the usefulness of the test as a differential technique.

Immunohistochemical (IHC) tests using established techniques for the
detection of glial fibrillary acidic proteins (GFAP), which are found in
astrocytes and oligodendrocytes, have been performed on brain and spinal
cord tissue to identify possible pathology changes associated with APPV
infections (Schwarz et al., 2017; Possatti et al., 2018b). Changes in GFAP
levels are not specific to APPV infections and elevated levels are often present
in tissues of a diseased or damaged state associated with a number of
conditions such as porcine respiratory and reproductive syndrome virus
(PRRSV) (Antonson et al., 2018). To date, only one IHC test has been
established for the detection of APPV specific antigen using a rabbit polyclonal
antibody raised against the envelope protein E™ of APPV (Liu et al., 2019).
The test was capable of detecting APPV in all the tissue types tested, although
additional investigations are needed to rule out possible cross-reactions with
other pestiviruses, especially those infecting pigs. Since the development of
the BaseScope in situ hybridisation (ISH) technique presented in this chapter
for the detection of British strains of APPV in tissue sections based on the NS3
gene, an RNAScope test (a sister test to BaseScope ISH) was developed to
detect the NP and E™s portions of the viral RNA in tissues from pigs with an
experimental APPV infection (Buckley et al., 2021). However, as the probe
used by Buckley et al. (2021) was designed to be specific to the experimental

inoculum strain, unlike the general Great Britain (GB) BaseScope ISH probe,
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which was designed to be pan GB strains, it may not detect other genetically
diverse strains of the virus. These relatively new techniques both employ
simultaneous hybridisation of independent double Z probes to the target
sequence to enable signal amplification and minimising non-specific binding
and background signal. Both techniques are highly sensitive and specific
alternatives to the other tests discussed and can be used to improve the

diagnosis and characterisation of APPV infections.

Enzyme-linked immunosorbent tests (ELISA) have also been developed for
the detection of anti-APPV immunoglobulin G (IgG) antibodies, to detect either
previous exposure to the virus or passive transfer of maternally derived
antibodies through colostrum. Direct (Hause et al., 2015) and indirect (Postel
et al., 2017b) ELISAs were developed using the envelope proteins E™ and E2
(Cagatay et al., 2019) as antigen. Again, a lack of positive and negative APPV
reference samples made it difficult to accurately define the sensitivity and
specificity of the test, hampering validation (Hause et al., 2015; Postel et al.,
2017b). These tests however have proven to be useful tools in the detection
of antibodies and have been subsequently employed to study APPV
seroprevalence (Postel et al., 2017a; Cagatay et al., 2018; Grahofer, Zeeh and
Nathues, 2020). Schwarz et al. (2017) developed both an indirect and a
blocking ELISA based on the NS3 helicase; however, the use of the indirect
ELISA was discontinued due to evidence of insufficient sensitivity and
specificity. Presently an IgM ELISA has not been described; it could be a useful
tool in combination with an IgG ELISA in the distinction of acute infection from
past exposure or chronic infection as IgM are generated in the early stages of
an infection prior to class switching, which produces IgG in mid—Iater stage of

infection.
In this chapter, additional diagnostic assay development, optimisation and

validation of molecular and immunological techniques were conducted using

clinical and experimentally collected samples. This was done to address the
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under-reporting of optimisation and validation of previously published
techniques and to establish informative, sensitive and specific diagnostic tools.
As discussed in previous studies, the lack of an available tissue-culture grown
APPV isolate has hampered the development and validation of diagnostic
techniques (Hause et al., 2015; Postel et al.,, 2016; Postel et al., 2017b;
Schwarz et al., 2017; Cagatay et al., 2019; Gatto, Sonalio and de Oliveira,
2019), and the characterisation of the relationship between APPV and
congenital tremor type A-Il (CT A-ll) (Gatto, Sonalio and de Oliveira, 2019;
Pan, Mou and Chen, 2019; Stenberg, Jacobson and Malmberg, 2020).
Concerted efforts have been made to isolate the virus using a range of well-
established transformed cell lines including: MARC-145 (Meat Animal
Research Center-145), Vero (African green monkey kidney), Vero 76 (African
green monkey kidney 76), HCT-8 (human colorectal tumour Cells-8), BT
(bovine turbinate), MDCK (Madin-Darby canine kidney) and MDBK (Madin-
Darby bovine kidney) (Hause et al., 2015). Other research groups have used
porcine-derived lines such as SK-6 (swine kidney-6), PK-15 (porcine kidney-
15), IBRS (swine kidney derived) and ST (swine testis) with limited success,
even after multiple passages (Hause et al., 2015; De Groof et al., 2016; Postel
et al., 2017b; Schwarz et al., 2017; Yuan et al., 2017; Sozzi et al., 2019).

The first isolation of APPV from positive serum collected from breeding sows
and young fattening pigs was reported by Beer et al. (2017) using a porcine
kidney cell line (SPEV, cell line 0008) and standard techniques developed for
the isolation of classical swine fever virus (CSFV), as published in the
European Union (EU) diagnostic manual for CSFV diagnosis and the
accompanying technical annexe (2002/106/EC). Confirmation of isolation was
obtained through RT-gPCR and next-generation sequencing as APPV was
observed to be non-cytopathic in cell culture. Subsequently, propagation of the
virus has also been reported by Postel et al. (2017b) and Cagatay et al. (2019)
using the SPEV 0008 cell line and similar protocols. It should be noted that in
all cases isolation was inefficient, virus could only be isolated from a small

proportion of samples and isolates that were successfully propagated
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achieved low viral titres even after multiple passages, suggesting infectivity of
the virus may be limited. To date, cell culture-propagated APPYV isolates have
not been used in further studies, although Cagatay et al. (2019) were able to

develop a viral neutralisation test (VNT) using their isolate.

Although attempts to isolate the virus from samples identified as APPV positive
by reverse-transcriptase polymerase chain reaction (RT-PCR) increases the
likelihood of success, there may be interfering antibodies present which reduce
the efficiency of the culture of the virus. In this study, virus isolation was
attempted on samples collected from colostrum deprived snatch farrowed
piglets experimentally exposed to APPV, to avoid interference from maternal
antibodies. Using this approach would likely have removed any effect of anti-
APPV antibodies in the samples, limiting interference with virus propagation.
The colostrum deprived piglet model used in this study has also been deployed
in a study by De Groof et al. (2016). Unlike previous studies (De Groof et al.,
2016), the piglets in our study were snatched farrowed and only one week old
at inoculation limiting the active production of anti APPV-antibodies. The model
was established to generate antibody free infectious material for virus isolation
and additional positive sample material of various matrices for diagnostic

assay development and validation.

3.2 Aims and objectives

The main aim of this chapter was to establish methodologies for the detection
and quantification of APPV and to propagate the virus to study the relationship
between APPV and CT A-Il in piglets with emphasis on clinical, immunological
and pathological outcomes of infection and disease presentation. To achieve
this, a one-week-old snatch farrowed colostrum deprived piglet model was
developed and used for experimental APPV infection to study horizontal

infection characteristics and host—pathogen interactions.
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3.3 Establishment of APPV diagnostic

techniques

3.3.1 Development of a RT-qPCR for the detection of
APPV

Three previously published RT-gPCR assays developed for the detection of
part of the NS5B (Beer et al., 2017) and a fragment of the NS3 conserved
region (Arruda et al., 2016; Postel et al., 2016) were reviewed as potential
candidates for optimisation by conventional PCR and gel electrophoresis as
described in 2.2.2. For the analysis, a panel of tissue samples consisting of
brain, spleen and spinal cord from three confirmed separate clinical field cases
of APPV (NOR-0616-01, NOR-0417-01, and SUF-0617-01), kindly provided
by the Animal and Plant Health Agency (APHA) (Table 6-1), were subjected to
conventional PCR and gel electrophoresis (2.2.2.) using the above primer sets.
The final RT-gPCR assay that was included in this study, with minor
modification, had been published by Arruda et al., (2016). Specifically, the
primer probe set was modified (listed in Table 3-1) to improve the melting
temperature (lowering the predicted melting temperature from 69.5°C to
65.7°C) to reduce the difference between that of the probe and the primers.
Also, an alternative fluorophore and quencher was selected to allow potential
multiplexing with other target genes e.g. reference genes such as f-actin as
an internal positive control or genes from other pestiviruses affecting pigs
(bovine viral diarrhoea virus [BVDV] or CSFV) or notable porcine pathogens

(African swine fever virus [ASFV]).
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Table 3-1: Primers and modified probe (Arruda et al., 2016) used for the
optimised RT-qPCR

Type Name Oligonucleotides
Forward | pochi 6332 F TGCCTGGTATTCGTGGC
Primer
RF?r‘i’rifre Pesti_6455_R TCATCCCATGTTCCAGAGT

5-FAME- CTCCGTCTCCGCGGCTTCTT-

. :
Probe Pesti_6351_P BHOA-1-3' *

BFAM: 6-carboxyfluorescein A BHQ-1 Black hole Quencher-1

* Modifications were made to the probe of the published assay (Arruda et al.,
2016). The probe reporter and quencher were changed (from CY5 and BHQ-
2 to FAM and BHQ-1 respectively) and three bases (TGG) were removed
from the 3' end.

All assay reagents including RT-gPCR kit master mix, probe, forward and
reverse primers, were aliquoted into smaller volumes from stock and given a
6-month expiry date. The aliquots were stored at -20°C and allowed a
maximum of three freeze-thaw cycles before discarding to retain reagent
integrity and prevent inter-assay variation due to degradation of reaction
components. New batches of primers and probes were tested alongside in use
batches and deemed acceptable for use if a difference of less than one cycle
threshold (Ct) was found.

The results (Figure 3-1) indicated that one of the primer sets (Beer et al., 2017)
produced no defined bands for the tissue samples tested. A band was
observed for the spinal cord sample using the Arruda et al. (2016) and Postel
et al. (2016) primer sets. However, both spleen and brain samples produced a
faint double band. The spinal cord and spleen samples produced clearer
bands using the primers published by Arruda et al. (2016) with the brain

sample showing a very faint single band. Therefore, the Arruda et al. (2016)
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primer/probe set was chosen for further optimisation and to develop into a

gquantitative real-time RT-PCR.

Beereral (2017 Arrudaer al. (2016] Posieler al. (2016]

| | |
LPPC S B NECNTC) L|SC 5 B NECNTC| L |5C & B NEC NTC|

300 bp P
200kp ™

00kp

Figure 3-1: Agarose gel electrophoresis of the primer set comparisons.
A comparison of published primers using APPV known positive clinical
samples of spinal cord (SC), spleen (S) and brain (B). A negative extraction
control (NEC), no template control (NTC), and 100—1000 bp deoxyribonucleic
acid (DNA) marker ladder (L) were also included. Image corrected for
brightness (+40%) and contrast (+20%) to improve clarity.

3.3.1.1 Optimisation of the RT-gPCR reaction chemistry

The forward and reverse primer concentrations were optimised simultaneously
by performing a checkerboard titration of different concentrations as presented
in Table 3-2 using the Power SYBR Green RNA-to-CT 1-step kit (Applied
Biosystems) on an ABI Prism 7500 instrument (Applied Biosystems).
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Table 3-2: Checkerboard titration showing concentrations of forward and

reverse primers used for optimisation

100 nM Forward
100 nM Reverse

200 nM Forward
100 nM Reverse

400 nM Forward
100 nM Reverse

100 nM Forward
200 nM Reverse

200 nM Forward
200 nM Reverse

400 nM Forward
200 nM Reverse

100 nM Forward
300 nM Reverse

200 nM Forward
300 nM Reverse

400 nM Forward
300 nM Reverse

The one-step RT-gPCR was performed according to the manufacturer's
instructions for master mix preparation and thermocycling profile as outlined in
Table 3-3 and Table 3-4, respectively. Each 48 pl reaction was tested in
duplicate with 2 yl of APPV RNA template (NOR-0616-01 spinal cord) in a 96-
well format (Applied Biosystems); a no template control (NTC, molecular grade
water) was also included. The final primer concentrations were chosen based
on the lowest concentration of primers able to produce the lowest Ct values

with the highest A Rn value (normalised reporter value).

Table 3-3: Master mix preparation for primer optimisation using the
Power SYBR Green RNA-to-CT 1-step kit.

Reagent Volume (pl)
Power SYBR Green RT-PCR Mix (2X) 25
RT Enzyme Mix (125X) 0.4
Forward primer 1
Reverse Primer 1
Molecular grade water 20.6
Template RNA 2
Total Volume 50
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Table 3-4: Thermocycling profile for primer optimisation using the Power
SYBR Green RNA-to-Ct 1-step Kit.

Temperature Time Stage Number of
cycles
48°C 30 minutes | Reverse transcription cDNA 1
synthesis and pre-
95C 10 minutes denaturation 1
95 °C 15 seconds Denaturation
Combined ling and 40

60 °C 1 minute ombined annealing an

extension
95 °C 15 seconds 1
60 °C 1 minute 1

Melt curve
95 °C 30 seconds 1
60 °C 15 seconds 1

The assay showed Ct values ranging from 26.2—28.6 (Figure 3-2). Two
hundred nanomolar of each primer concentration was determined to be
optimal based on the lowest concentration with the highest Ct value while

retaining a sigmoidal amplification curve.
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Figure 3-2: Results of primer optimisation. A known APPV positive spinal
cord sample was amplified using different concentrations of forward and
reverse primers in duplicate (as indicated by arrows). The threshold of the
assay (green) was automatically adjusted by the software based on the

passive reference dye. The no template control was undetected.

Optimisation of the probe concentration was carried out using a titration at
50 nM, 100 nM, 200 nM, and 400 nM with the optimised concentration of both
forward and reverse primers. The RT-qPCR was performed as per the
manufacturer's recommendations for the master mix assembly (Table 3-5) and
thermocycling profile (Table 3-6) using the SuperScript 11l Platinum One-Step
gRT-PCR Kit (Invitrogen). Reverse transcription and PCR amplification were
carried out within the same well of a 96-well plate using the ABI Prism 7500
instrument (Applied Biosystems). Each 24 ul reaction was tested in duplicate
with 1 pl of APPV RNA template and an NTC was also included. The Ct value
ranged between 28.1 and 29.1, and the optimal concentration of the probe was
determined to be 200 nM (Figure 3-3). The final primers and probe
concentrations were used to establish the final master mix volumes as listed
in Table 3-7.
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Table 3-5: Master mix preparation for probe optimisation using
SuperScript Il Platinum One-Step qRT-PCR Kit.

Reagent Volume (pl)
RT-PCR Mix (2X) with ROX 12.5
RT Enzyme Mix (2X) 0.5
Forward primer 0.5
Reverse Primer 0.5
Probe 0.5
RNase-free water 9.5
Template RNA 1
Total Volume 25

Table 3-6: Thermocycling profile for probe optimisation using
SuperScript lll Platinum One-Step gRT-PCR Kit.

Temperature Time Number
Stage
of cycles
50 °C 15 minutes . 1
Reverse transcription cDNA
95 °C 5 minutes synthesis and pre-denaturation 1
95 °C 15 seconds Denaturation
_ . 40
60 °C 1 minute Combined annealing and

extension
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Figure 3-3: Results of the probe optimisation titration. A known APPV
positive spinal cord sample was amplified in duplicate. Different
concentrations of the probe (as indicated by the arrows) where tested using
the optimal concentration of the primers (200 nM). The threshold of the
assay (purple) was automatically adjusted by the software based on the
passive reference dye. The no template control was undetected.

3.3.1.2 Optimisation of the RT-gPCR thermocycling profile

Initially, a three-step (denaturation, annealing and extension phase)
thermocycling profile was optimised by conventional PCR as the real-time
PCR instrument was incapable of conducting a thermo-gradient due to
limitations with the heat block. A thermo-gradient PCR within a temperature
range between 54.5°C and 58.5°C, chosen based on the melting temperature

of the primers, was performed and visualised by gel electrophoresis (2.2.2).

The optimal annealing temperature of the primers was initially used to optimise
the thermocycling conditions. A clear band was observed for temperatures
ranging between 54.5°C and 58.3°C. However, a double band was observed
at 55.3°C and 57.9°C. The brightest and most defined bands were found to be
54.5°C and 54.8°C (Figure 3-4); with consideration given to the predicted
melting temperatures of the primers (the melting temperature of the forward
and reverse primers were 55.2°C and 54.5°C respectively), the higher

temperature 54.8°C was chosen. However, the assay was further optimised to
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have a combined annealing extension phase based on the addition of the
probe with a high predicted melting temperature (65.7°C) and the
recommendations of the SuperScript Il Platinum One-Step gRT-PCR Kit
(Invitrogen). This resulted in in the combined annealing and extension phase

being raised to 60°C.
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Figure 3-4: Thermo-gradient to determine the optimal annealing
temperature of the primers. The thermal gradient assay was performed on a

known APPV positive spinal cord sample.

3.3.1.3 Re-optimisation of APPV RT-gPCR for improved

analytical sensitivity

In order to improve the analytical sensitivity and reduce the run-time of the
assay, the RT-qPCR was re-optimised using the qScript™ XLT One-Step RT-
gPCR ToughMix®, Low ROX kit (Quantabio) in conjunction with the
QuantStudio5 instrument (Applied Biosystems). This was done in line with the
recommendations of the manufacturer for reaction chemistry and
thermocycling profile with consideration given to the previous optimisation

where appropriate. For this reason, a forward and reverse primer
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checkerboard titration was carried out with the following concentrations:
300 nM, 600 nM, and 900 nM; once a final concentration of the primers was
optimised, the assay was conducted. The total reaction volume was reduced
from 25 pl (24 pl master mix and 1 yl RNA template) to 20 ul (19 pl master mix
and 1 pyl RNA template) per reaction. All re-optimisation was conducted using
the standards generated in Chapter 2, Section 2.3. Table 3-7 outlines the
preparation of optimised master mix. The thermocycling profile remained as
described in Table 3-6, however, the ramp times increased from 1.6°C/second
to 2.74°C/second reducing the length of the run time from 1 hour 35 minutes

to 1 hour 25 minutes.

Table 3-7: Master mix preparation for the optimised APPV assay using
the gScript™ XLT One-Step RT-qPCR ToughMix, Low ROX.

Reagent Volume (pl)
gScript XLT One-Step RT-gPCR 10
ToughMix, Low ROX (2X)

Forward primer 1.2
Reverse Primer 1.2

Probe 0.4

RNase-free water 6.2
Template RNA 1

Total Volume 20

Based on the mean Ct values and the efficiency of the reaction (Table 3-8), it
was determined that the optimal final concentration of each primer was 600
nM. This concentration improved the Ct values on average by five cycles and

the analytical sensitivity of the assay increased 10-fold (Figure 3-5).
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Table 3-8: Comparison of the average Ct values detected for standards
(in duplicate) with the corresponding efficiency and R? value for the
optimised Superscript lll Platinum One-Step gRT-PCR Kit assay and the
gScript XLT One-Step RT-gPCR ToughMix, Low ROX kit with primer set
concentrations of 300 nM, 600 nM and 900 nM.

Average Ct values
SuperScript Il [ gScript XLT q?(cl_r_:_pt qiir_lrpt
Sta”.dar/dls 200 1M 300 nM 600 NM 900 nM
copies/y Forward Forward Forward
Forward and
and and and
Reverse
Reverse Reverse Reverse
3.19x108 17.6 13.141 12.394 12.633
3.19x107 215 16.036 16.034 15.846
3.19x1068 24.8 19.711 19.690 19.742
3.19x10° 28.5 23.369 23.552 22.151
3.19x10% 31.8 26.708 25.935 26.553
3.19x103 351 29.941 28.574 29.049
3.19x102 NVD 33.383 33.550 31.890"
3.19x10* NVDJ NVD§ 35.997" 37.724°
Standard curve results
Efficiency (%) 93.584 96.374 98.181 96.674
R? 0.997 0.997 0.984 0.988

* Single replicates with a Ct value, no virus detected in the other replicates
therefore mean average is listed as the single value.
B No virus detected
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Figure 3-5: Re-optimised assay limit of detection. Each colour denotes a
different standard (10-fold eight-point dilution series) from 3.19x108 — 3.19x10*
copies /ul tested in duplicate. The threshold of the assay (purple) was
automatically adjusted by the software based on the passive reference dye.

The no template control was undetected.

3.3.1.4 Specificity validation

Melt curve analysis was performed on the product obtained during the primer
concentration optimisation, as previously described in Table 3-3 and
Table 3-4, to determine the specificity of the assay. The specificity validation
assay showed one clear peak with no evidence of primer-dimer formation or
non-specific product contaminants, suggesting that only APPV was amplified
(Figure 3-6). The PCR product from the melt curve was purified and submitted
to an external laboratory (Eurofins Genomics, Wolverhampton, UK) for Sanger
sequencing. The sequences from both forward and reverse reads were aligned
using Segman Pro 15 (DNAStar) to obtain a consensus sequence, which was
then checked through BLAST analysis and compared to other deposited APPV
sequences (Chapter 2, Section 2.2.6). The BLAST analysis of the product
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showed only identity with other APPV sequences ranging between a 98.3 and
86.4% nucleotide identity, as shown in Table 3-9.

Melt Curve

Derivative Reporter (-Rn )
=

08

0.6

Temperature (°C)

Figure 3-6: Melt curve analysis. Melt curve was performed as part of the
primer concentration optimisation titration (18 technical replicates) on a known

APPV positive spinal cord sample. The no template control was undetected.

71



Table 3-9: BLAST analysis results of the most closely related nucleotide
sequences to the melt curve product (a known positive spinal cord
sample from a British field case).

GenBank Accession Descriotion Max E Value Percentage

Number b Score Identity
KU041637.1 Gezrgnl‘z”y’ 207 | 6x10°%° 98.31%
NC_038964.1 USA, 2015 185 3x1043 94.92%
KU194231.1 USA, 2016 180 1x1041 94.07%
MH307700.1 China, 2018 174 6x1040 93.22%
MF377344.1 China, 2017 174 6x1040 93.22%
KU194230.1 USA, 2016 174 6x1040 93.22%
KU194229.1 USA, 2016 174 6x10-40 93.22%
MH499643.1 China, 2018 163 1x10736 91.53%
LT631734.1 Spain, 2016 158 6x10°3 90.68%
MK378661.1 China, 2018 147 1x1031 88.98%
MG792803.1 China, 2018 141 6x10-20 88.14%
KY475592.1 China, 2017 141 6x10-30 88.14%
KY652092.1 China, 2017 141 6x10-20 88.14%
MF167292.1 China, 2017 130 1x1026 86.44%

Finally, a panel of common porcine pathogens and pestiviruses, outlined in
Table 3-10, was tested using the RT-gPCR assay to ensure absence of cross-
reactivity. The common porcine pathogens were provided by Moredun
Scientific (MSL) as swabs of isolates, prepared as described in 2.2.5 and
extracted using the QIAMP DNA mini kit (Qiagen) following the manufacturer's
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protocol. The pestiviruses were obtained as pre-extracted RNA from archives
at APHA, the Roslin Institute and the Viral Surveillance Unit at Moredun

Research Institute (MRI). All pathogens, aside for APPV, were undetected.

Table 3-10: Common porcine pathogen and pestivirus panel used to
determine the specificity of the APPV optimised assay.

Common porcine pathogens Pestiviruses

Actinobacillus pleuropneumoniae Bungowannah virus

Bovine viral diarrhoea

Escherichia coli K99 :
virus type 1

Bovine viral diarrhoea

Mycoplasma hyopneumoniae virus type 2

Pasteurella multocida Border disease virus

Classical swine fever

Streptococcus suis :
virus*

Porcine reproductive and respiratory
syndrome virus species 1 subtype 2

Porcine circovirus type 2

*Classical swine fever virus was tested as purified RNA only (kindly provided
by APHA) due to its Specified Animal Pathogen (SAPO) classification in the
UK, which meant that the live virus could not be handled in the lab.

3.3.1.5Analytical sensitivity validation

APPV samples (serum, swabs, tissues and semen) either known positive
supplied by APHA or tested positive by the RT-qPCR were tested to ascertain
the assay ability to detect APPV in these matrices, as no APPV isolate was
available to perform a spiking titration. The assay was able to detect APPV in

all of the sample types initially tested (Table 3-11).
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Table 3-11: Detection of APPV in different sample matrices from different
clinical and experimental submissions.

Source Sample Type Average Ct value?
SUF-0617-01 Brain 26.0
SUF-0617-01 Spinal cord 27.0
SUF-0617-01 Tonsil 23.7
SUF-0617-01 Spleen 24.7

E10/18-1 (7 DPI¥) Oropharyngeal Swab 33.0
E10/18-1 (7 DPI¥) Rectal Swab 33.6
E10/18-1 (9 DPI¥) Nasal Swab 33.2
E10/18-1 (9 DPI*) Serum 21.7
CSCOT-FG2-945 Semen 28.6

* Days post-inoculation.
Based on two technical replicates

The limit of detection of the assay was calculated by performing six sets of
1:10 serial dilutions (standard curve) of a known concentration of APPV
plasmid (3.19x108-3.19x10? copies/ul) prepared as described in Chapter 2,
Section 2.3. This standard curve was also included in duplicate in every assay
to assess ongoing analytical sensitivity. The initial analytical sensitivity
threshold of the assay was found to be 3.19x102 copies/ul, as seen in Figure
3-7. As previously discussed, the limit of detection was eventually reassessed
after the test was re-optimised (see 3.3.1.3 for the re-optimised assays
analytical sensitivity threshold detection results).
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Figure 3-7: Initial limit of detection assay. Each colour denotes a different
standard (10-fold eight-point dilution series) from 3.19x108 — 3.19x10* copies
/ul tested in duplicate. The threshold of the assay (purple) was automatically
adjusted by the software based on the passive reference dye. The no template

control was undetected.

3.3.1.6 Reproducibility validation

A biological positive control was prepared from serum collected from APPV-
infected, colostrum deprived piglets as detailed in 3.5. APPV RNA was
extracted from five replicates using the automated extraction procedure
defined in Chapter 2, Section 2.2.1.2. The RNA was pooled and tested 10
times to determine a mean and standard deviation (SD) which was then used
to create a Shewhart chart (Simonet, 2005). The Shewhart chart defines the
upper and lower warning (2 SD from the mean) and control limits (3 SD from
the mean) for the assay performance. The chart was used to track the
biological positive controls that were added in duplicate to each PCR run and
to confirm that their performance fell within an acceptable range, enabling the
monitoring of inter-assay variability over time. Those assays that had biological
positive control values between the upper warning and upper control limits or,
conversely, between the lower warning and lower control limits were evaluated
for repeat testing based on the average of the replicates and whether they fell

within the acceptable limits. Those assays that had values outside of the upper
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and lower control limits were deemed unacceptable and the test repeated.
Only one test had one of the biological positive control values fall between the
upper warning (UWL) and upper control limit (UCL) based on evaluation of the
replicates (Figure 3-8); the average was within the acceptable Ilimits.
Therefore, the test did not need to be repeated. In addition, a standard curve
was created from a serial dilution of the APPV plasmid from 3.19x108 copies/ul
to 3.19x10* copies/ul as described in 3.3.1.5 to assess the efficiency and R?

values of each PCR run.
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Figure 3-8: Shewhart chart for the biological positive control. The biological positive control was included on every APPV
RT-gPCR assay in duplicate. The upper (UWL) and Lower (LWL) warning limits (red lines) show variation of 2 standard
deviations from the mean (green line) whereas the Upper (UCL) and lower (LCL) control limits (orange lines) indicate 3

standard deviations variation from the mean.
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3.3.1.7 Interpretation and classification of results

The APPV copy number in clinical samples was calculated per millilitre of the
liquid sample (serum, swabs, semen) or per gram of solid sample (tissues)
based on the quantified output of the PCR and accounting for the extraction
volumes and preparation method of the different sample types (for example
the homogenisation process of tissues). The samples were classified as
positive if the copy number was higher than the limit of detection of the assay,
equivocal if the copy number was lower than the limit of detection, or no virus

detected if the sample showed no presence of nucleic acid (no amplification).

3.3.2 Optimisation of a NS3 ELISA

Originally, an NS3H blocking ELISA (2.4.1) kindly supplied by a collaborator
was used as described by Schwarz et al. (2017) to screen for antibodies in
sows’ sera that had been previously naturally infected with APPV and had
given birth to piglets with CT A-ll (results shown in Figure 3-9), and which
could be used as control material. Samples from sows deemed positive,
defined as having a percentage inhibition of greater than 50% (Sows 513, 5586,
B729, B777, LW60 and LW89), were pooled due to the limited quantity of each
sample available and retested for use as positive control. Originally, pestivirus-
free FCS was used as an APPV negative control on the NS3H blocking ELISA.
However, this was later substituted with serum collected from a colostrum-
deprived negative control animal from the APPV infected piglets from the
postnatal APPV infection study (E10/18-4).
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Serum sample

Figure 3-9: Antibody screening for positive control material. The graph
shows the percentage inhibition of serum from sows previously infected
naturally with APPV tested in duplicate. The horizontal line indicates the
threshold for positive samples at 50% inhibition. * Indicates samples pooled

for ELISA positive control.

As a result of complications with the consistency of the reagents provided, the
use of this NS3H blocking ELISA was discontinued and an indirect ELISA
optimised. To standardise the assays, the same antigen, coating buffer and
wash buffer used in the NS3H blocking ELISA were also used for the indirect
ELISA together with a modified protocol in which the competitive mouse
monoclonal antibody was omitted and the secondary horseradish peroxidase
(HRPO)-conjugated goat anti-mouse IgG antibody (Jackson laboratories) was
substituted with a rabbit anti-pig IgG HRPO conjugated antibody (Sigma
Aldrich).

For optimisation of this indirect ELISA, as a limited amount of the antigen was
available, the optimal concentration for coating was tested at two dilutions of

1:250 and 1:1,000 (stock concentration of antigen 10 mg/ml). Titration curves
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were obtained using both a sow serum (collected from a field case as detailed
in Chapter 4, 4.5.1.1., determined as seropositive by the NS3 ELISA, serially
diluted (two-fold dilution from 1:4-1:65,526) in antibody-negative serum
derived from colostrum deprived piglets from the APPV postnatal infection
study E10/18 (described in section 3.5). These samples subsequently became
the controls for the assay to determine assay sensitivity and optimal sample
dilution. The results shown in Figure 3-10 indicate that in the linear phase of
the curve there are minimal differences in the OD values between either
concentration for both the positive and negative control. Therefore, using a
1:1,000 dilution of antigen to coat plates did not negatively impact the OD

values while allowing for conservation of the antigen stock which was limited

in supply.
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Figure 3-10: A comparison of positive and negative control titrations
performed in duplicate on plates coated with antigen diluted 1:250 and
1:1,000. The average of the blank wells (n=2) was subtracted from absorbance

(OD) values to correct for background.
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Additionally, 1% fish gelatin and pestivirus-free fetal calf serum at 5% and 10%
(FCS) were compared to determine the most suitable blocking reagent for
reducing non-specific binding. No difference was observed for the OD value
between blocking reagents for the negative control standards curves; however,
the positive control blocked with 1% fish gelatin had much lower OD values
compared to the FCS, whereas the 5% and 10% FCS blocking reagents
produced comparable OD values (Figure 3-11). Therefore, the lowest
concentration of FCS was considered optimal and used for further assay

development.

2.00 1% Fish gelatin: Negative control — 10% FCS: Positive control

- 1% Fish gelatin: Positive control 5% FCS: Negative control
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Figure 3-11: Comparison of the titrations of positive and negative control
sera blocked with 1% fish gelatin, 5% FCS and 10% FCS on plates coated
with antigen at a 1:1,000 dilution performed in duplicate. The average of
the blank wells (n=2) was subtracted from absorbance (OD) values to correct

for background.
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All assay optimisation was performed using the same secondary antibody as
previously detailed at the manufacturer's recommended concentration for
ELISA of 1:40,000. SureBlue TMB was added as the chromogen and the plate
read initially at 405 nm and stopped when the most positive well had an optical
density OD value equal to 0.7. The assay was then stopped using 0.18 M
sulphuric acid and reread at 450 nm. The final protocol is described in Chapter
2, Section 2.4.2.

Validation was performed to assess the sensitivity of the assay using a titration
curve of a known positive sample to determine the limits of detection of the
assay. The titration curve (Figure 3-12) shows that the assay reached the
upper limit of detection at a dilution of 1:16 and the lower limit of detection at
1:65,526. Sample dilution was chosen based on the intended use of the assay,
namely evaluation of changes in IgG antibody levels over time in animals with
a known APPV status (3.5.2.4, Chapter 4 and Chapter 5); samples were used
at a dilution of 1:200, which was determined suitable based on its position
within the linear phase of the curve. The experiments conducted with
diagnostic samples with unknown APPV status, as part of the epidemiological
investigation of APPV within Great Britain (6.3.1) used a dilution of 1:50 to
ensure that the samples were diluted enough that metabolites in the matrices
would not interfere with the assay but over dilution of the sample would not
contribute to false negative status. Positive and negative status thresholds (OD
value of 0.77) were assigned based on the absorbance data from the 1:50
diluted samples tested in Chapter 6 using a Bayesian latent class model and
ROC analysis provided by Biomathematics and Statistics Scotland (BioSS) as

shown in Appendix B.
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Figure 3-12: Titration of pooled positive sera to define assay limitations.
The titration was performed in duplicate and the average of the blank wells

subtracted from average absorbance (OD) values to correct for background.

The reproducibility of the assay was evaluated by establishing a Shewhart
chart established based on the mean and SD of the first 10 positive control
results to determine suitable warning and control limits (as previously
explained in 3.3.1.6). The positive control was diluted at the same
concentration as the sample (1:50), which was added in duplicate to each test.
All of the assays had positive control replicates within 2 SD of the mean
(between the upper and lower warning limits) and were considered within the

acceptable parameters (Figure 3-13).
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Figure 3-13: Shewhart chart for the positive control diluted 1:50 included
on every ELISA assay in duplicate. The warning limits (orange lines) show
a variation of 2 standard deviations from the mean (green line) whereas the
control limits (red lines) indicate a variation of 3 standard deviations from the

mean.

The positive control diluted at 1:50 was also used to determine the inter and
intra-assay variability by calculating the percentage coefficient of variance (%
CV), with the results shown in Table 3-12. Intra-assay % CV was calculated
by dividing the SD of the two positive control replicates by the mean of the
replicates and then averaged for the number of plates tested (n=30). The inter-
assay % CV was calculated in the same way, however the mean of the positive
control replicates from each plate was used to determine the SD and mean of
all plates (n=30) to be used in the equation. The intra-assay % CV should not
be greater than 15% whereas the inter-assay variation should be no greater
than 20% to demonstrate the overall reliability of the test (Jacobson, 1998). All
plates had % CV values lower than the generally accepted upper threshold of
15%. Individual tests with higher intra-assay values (greater than 10%) were
likely due to human error rather than the reproducibility of the assay. The inter-
assay % CV was found to be 4.58%, less than the 20% threshold considered

acceptable, therefore the test was considered reproducible.
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Table 3-12: Percentage coefficient of variance (% CV) for inter-and intra-
assay reproducibility using a blank corrected normalised OD value of the
positive control diluted at 1:50 (two technical replicates).

. . Standard Intra-
Assay | Replicate 1 | Replicate 2 | Mean deviation assay %
CcVv

1 2.28 2.30 2.29 0.02 0.71
2 2.23 2.34 2.29 0.08 3.56
3 2.32 2.25 2.29 0.05 2.07
4 2.26 2.31 2.29 0.03 1.39
5 2.52 2.05 2.29 0.33 14.38
6 2.07 2.50 2.29 0.31 13.45
7 2.48 2.09 2.29 0.27 11.97
8 2.43 2.15 2.29 0.20 8.75
9 2.42 2.15 2.29 0.19 8.20
10 2.30 2.27 2.29 0.02 1.05
11 2.35 2.22 2.29 0.09 3.99
12 2.10 2.48 2.29 0.27 11.69
13 2.33 2.25 2.29 0.06 2.57
14 2.26 2.32 2.29 0.04 1.89
15 2.31 2.27 2.29 0.03 1.27
16 2.31 2.26 2.29 0.03 1.52
17 2.28 2.29 2.29 0.01 0.40
18 2.22 2.35 2.29 0.09 3.87
19 2.47 2.11 2.29 0.25 11.04
20 2.27 2.30 2.29 0.02 1.05
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Continuation of Table 3-12: Percentage coefficient of variance (% CV)
for inter and intra assay reproducibility using a blank corrected
normalised OD value of the positive control diluted at 1:50 (two

technical replicates).

: : Standard Intra-
Assay | Replicate 1 | Replicate 2 | Mean deviation assay %
Ccv
21 2.35 2.22 2.29 0.09 3.99
22 2.10 2.48 2.29 0.27 11.69
23 2.33 2.25 2.29 0.06 2.57
24 2.26 2.32 2.29 0.04 1.89
25 2.31 2.27 2.29 0.03 1.27
26 2.31 2.26 2.29 0.03 1.52
27 2.28 2.29 2.29 0.01 0.40
28 2.22 2.35 2.29 0.09 3.87
29 2.47 2.11 2.29 0.25 11.04
30 2.27 2.30 2.29 0.02 1.05
Overall intra-assay % CV 5.07%
Overall standard deviation 0.10
Overall mean 2.29
Inter-assay % CV 4.58%
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3.3.3 Evaluation of antibodies for APPV

immunohistochemistry

The antibodies listed in Table 3-13 were tested for cross-reactivity to APPV as
potential candidates for immunohistochemistry (IHC). The veterinary
pathology Moredun (VPM) antibodies generated at MRI were lysates from cells
infected with cytopathic border disease virus (BDV). These antibodies had
shown cross-reactivity to non-cytopathic BDV and cross-reacted with several
BVDV strains (Dutia, Entrican and Nettleton, 1990). Two dilutions of the VPM
antibodies were tested: 1:50 and 1:200, alongside a pan-pestivirus antibody
pre-diluted at 1:100,000 provided by APHA. APPV-positive brain sections cut
and mounted onto slides (SuperFrost Plus, Fisher Scientific) from a
paraformaldehyde-fixed capsular brain tissue block (from NOR-0417-01, see
Chapter 6, Table 6-1 for further case details) also provided by APHA were
stained to determine the presence of cross-reactivity. BVDV positive brain
sections cut from paraformaldehyde-fixed tissue collected from a positive case
submitted to the histopathology surveillance unit at MRl were used as a
positive control for the pan pestivirus antibody test. As the pan pestivirus
antibody was performed simultaneously with VPM antibody testing, a “no
antibody” control for both tissue types was shared; APPV and BVDV positive
slides without primary antibody were included to exclude non-specific staining

due to the secondary antibody.
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Table 3-13: Antibodies used to determine cross-reactivity for APPV IHC.

Antibody Isotype Production method
VPM 20 lgG2a Cell culture supernatant
VPM 21 IgG1 Cell culture supernatant
VPM 22 lgG2b Ascites fluid
VPM 25 lgG2a Ascites fluid
VPM 26 lgG2a Cell culture supernatant

All the steps of the IHC protocol were performed at room temperature unless
otherwise specified, using an established in-house protocol for BVDV
detection with a proteinase K antigen retrieval step. Briefly, the section slides
were dewaxed and rehydrated using a preloaded program (slides moved
through stations containing Xylene, 100% ethanol, 50% ethanol and water) on
the Varistain machine. The slides were then loaded using distilled water into a
Sequenza staining rack, and 100 pl of proteinase K (20 uyl/ml in 1 M Tris
hydrochloride) added to each slide and incubated for 5 minutes. The slides
were removed from the rack and washed for 5 minutes in a Coplin jar
containing phosphate-buffered saline (PBS) and 0.5% Tween 80 (forming
PBST-80), before incubating the slides for 20 minutes in a Coplin jar containing
PBST-80 and 0.3% hydrogen peroxide (peroxidase block). The slides were
washed for 5 minutes in PBST-80 and loaded into the Sequenza rack using
PBS and aspecific reactivity was blocked with 100 ul of 25% normal goat
serum (diluted in PBST-80) for one hour. One hundred microlitres of the diluted
antibodies were applied to the APPV and BVD positive slide-mounted tissue
sections and incubated at 4°C overnight. The slides were washed twice with
PBS before remounting into the rack and incubating with 100 pl of undiluted

goat anti-mouse polymer-HRP from the Dako-Envision kit (Dakocytomation)
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for 30 minutes. The sections were then washed twice with PBS and incubated
with DAB substrate (Dakocytomation) for 7.5 minutes. After a final wash with
distilled water, the slides were loaded into the Varistain to be counterstained
with haematoxylin and dehydrated using a pre-set program (slides moved
through stations containing haematoxylin, water, Scotts tap water substitute
(STWS), water, 95% ethanol, 50% ethanol/xylene and 100% xylene). The
slides were removed from the Varistain and left in a chemical safety cabinet
fume hood until the excess xylene evaporated prior to the addition of a

coverslip using DPX mountant (Sigma-Aldrich).

The immunohistochemistry results are shown in Figure 3-14. No staining at
either 1:50 or 1:200 dilution was observed for VPM 20 or VPM 21, indicating
no cross-reactivity. VPM 22 showed non-specific staining at both dilutions and
no cross-reactivity with APPV. However, both VPM 25 and VPM 26 showed a
limited staining in the cell cytoplasm of a few cells, indicating possible cross-
reactivity with APPV. Therefore, both VPM 25 and 26 were considered as
viable candidates for optimisation. VPM 25 and VPM 26 showed a slightly
stronger cell-specific staining compared to the intensity of background at a
1:50 dilution, however the intensity of background staining was considered too
high and differentiation between specific and non-specific staining was difficult
to interpret. Conversely, VPM 25 at a dilution of 1:200 showed little background
staining, however, the intensity of specific staining was much weaker, also
making differentiation difficult. VPM 26 had a similar level of staining (both
specific and background) at the 1:200 dilution to the 1:50 dilution. Further work
is needed to determine the optimal dilution of the antibodies for the purpose of
demonstrating APPV by IHC staining. The pan-pestivirus antibody provided by
APHA pre-diluted at 1:100,000 (Figure 3-15) showed specific staining with no
background staining on brain tissue from a cow infected with BVDV (positive
control), however no staining was observed on APPV PCR positive porcine
brain tissue. No staining was observed in the no primary antibody control (see
Figure 3-15).
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Figure 3-14: Cross-reactivity of VPM antibodies to APPV. IHC staining is
shown for VPM 20, VPM 21, and VPM 22 at an antibody dilution of 1:50 and
1:200. No antibody control included for this test shown in Figure 3-15.
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Continuation of Figure 3-14: Cross-reactivity of VPM antibodies to APPV.
IHC staining is shown for VPM 25 and 26 at an antibody dilution of 1:50 and
1:200. No antibody control included for this test shown in Figure 3-15.
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Figure 3-15: Test of cross-reactivity of the APHA pan-pestivirus antibody.
The APHA pan-pestivirus antibody with APPV at a dilution of 1:100,000 on
both a BVDV positive bovine brain tissue and APPV positive porcine brain
tissue (left). A ‘no primary antibody control’ for both tissue types is shown on
the right.

3.3.4 BaseScope in situ hybridisation

To produce a GB APPV specific BaseScope ISH assay, two probes were
designed based on partial NS3 gene sequences amplified using the RT-gPCR
discussed previously in this chapter. The first probe set (BA-V-APPV-2zz-st)
was based on sequences of clinical field cases from Great Britain (Figure A-2)
as outlined in Chapter 6, Table 6-1 and the second probe set (BA-V-APPV-
2zz-stl) was designed specifically for the Perthshire farm study (Chapter 4)

using positive tissue sequences from the first farrowing group and positive
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semen sample sequences from the second farrowing group (Figure A-1) due
to genetic diversity from the other available British strains (probes sequences
are detailed in Table 3-14).

Table 3-14: BaseScope probe design based on the consensus sequences
(124 bp) of the Perthshire farm case and other British field strains
sequenced using the NS3 RT-gPCR primers (Arruda et al., 2016).

Name |Probe | Viral target sequences for probe |Location
design within
NS3
gene

BA-V- 2272 |TTGCCTGGTATTCGTGGCAACCAAAG | 409-512

APPV- AAGCCGCGGAAACGGAGGCTAAAGA

2zz-st GCTGCGTGCTAGAGGAATCAACGCC
ACCTACTACTATTCAGGTATAGACCC
CAAG

TTGCCTGGTATTCGTGGCGACCAAA 409-513
GAAGCCGCGGAGACAGAGGCCAAA

277 | GAGCTGCGTGCCAGAGGAATTAACG
CAACCTATTACTATTCAGGTATAGAC

CCCAAA
BA-V- 227 | TGCCTGGTATTCGTGGCAACCAAAG
APPV- AAGCAGCGGAGACGGAGGCTAAAGA | 478-554
2zz-stl ACTGCGTGCCCGAGGAATTAATGCC
ACATATTATT

The basic BaseScope ISH protocol (Advanced Cell Diagnostics, 2018) was
optimised over four experiments as shown in Table 3-15 using a positive
control (BA-Ss-PPIB-1ZZ based on Sus scrofa peptidylprolyl isomerase B
[cyclophilin B] PPIB partial mRNA) and negative control (BaseScope ISH
negative control probe DapB designed with a single ZZ probe pair) on the
formalin-fixed paraffin-embedded (FFPE) tissues from the experimental
postnatal APPV infection study (E10/18) described in 3.5. The APPV general
GB probe (BA-V-APPV-2zz-st) was optimised using the same tissue as also
used for the control optimisation process. The second APPV probe, specifically
designed for the Perthshire field study (BA-V-APPV-2zz-stl), was optimised
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on FFPE tissues from farrowing group 1 of the field study (Chapter 4) and right
cardiac lung tissue from the co-infection study (Chapter 5). Optimisation of the
pre-treatment stages for target retrieval and proteinase digest were conducted
to determine the optimal protocol for the level of fixation of the tissues and to
ensure preservation of the morphology of the tissue while enabling access to
the probe hybridisation sequences. The optimal incubation length of the
penultimate amplification stage of the BaseScope ISH protocol (AMP7) was
also assessed to improve the intensity and clarity of staining. The final protocol
is detailed in Chapter 2, Section 2.5.2
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Table 3-15: BaseScope ISH optimisation of experimental conditions
(Exp) for pre-treatment; target retrieval incubation time in minutes (mins)
and temperature (temp,°C), protease treatment incubation time in
minutes (mins) and amplification (stage AMP 7) incubation time (min) for
different tissue types.

Exp Probe T_irssuee r;ar:g\(/eztall rg{ar:g\?gl :?/rczri?iissi éi\f:)s?)
yp temp (°C) | (mins)
BA-SS-PPIB- | o iﬁgslutr:]ord
1 177 P 100—104 25 40 15
DanB Spleen
P Lymph node
Spinal cord
2 | BAYAPPVS | Lymphnode | 98—100 20 35 15
zz-st
3 BA-V-APPV- Brain 98—100 30 o5 60
27z-st Spleen
BA';/Z' ?_Z,[PV' Spinal cord
3 BA-V-APPV- LymLpuhnnode 98—100 25 25 60
2zz-stl 9
Brain
Spinal cord
4 | BAV-APPV- | Tighleen | 98—100 20 15 60
2zz-st
Lymph node
BA-V-APPV-
4 277-st1 Lung 98—100 8 15 60
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In the first experiment, shown in Figure 3-16, the assay results indicated that
the integrity of the fixed tissue varied between tissue types, with spinal cords
and lymph nodes appearing over digested. A milder protocol with a lower
temperature for the target retrieval stage and shorter incubation times for both
target retrieval (reduced from 25 minutes to 20 minutes) and protease
digestion steps (reduced from 40 minutes to 35 minutes) was therefore
developed for these tissues. The negative control probe showed no signal on
any of the tissues tested indicating that the level of non-specific staining was
minimal. The positive control peptidylprolyl isomerase B (PPIB) was visible
within all tissue types although at lower concentration in the brain, in
agreement with its natural distribution. The strength of the positive signal in all
tissues appeared weak and diffuse indicating that further optimisation was

needed to improve the clarity and signal strength.
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Figure 3-16: Optimisation experiment 1. BA-Ss-PPIB-1ZZ positive control
probe (A) brain frontal cortex, (B) cervical spinal cord, (C) spleen and (D)
submandibular lymph node. The negative control probe was tested on (E)
brain frontal cortex. The experimental conditions for all tissues were a target
retrieval step at 100—104°C for 25 minutes, protease IV digestion step at 40°C
for 40 minutes and AMP7 amplification of the probe for 15 minutes at room
temperature. APPV signal is observed as red dots indicated by arrows and
tissue nuclei counterstained with haematoxylin.

97



The second optimisation experiment, shown in Figure 3-17, showed that the
general APPV probe designed from the British field sequences was able to
detect APPV RNA within all the tissue types tested from the APPV
experimentally infected animals. The negative control hybridization on brain
tissue showed no signal, suggesting minimal levels of non-specific binding,
whereas the positive control staining of the spinal cord exhibited a stronger
signal than in experiment 1, albeit diffused. To further improve sensitivity,
incubation of the tissue with AMP 7 was increased from 15 minutes to 60
minutes at room temperature. Overall, there was an improvement in the tissue
morphology. However, some of the tissues still remained over digested,
including spinal cord and lymph node, even when tested using the milder
protocol; therefore, the length of the protease IV incubation was reduced by
10 minutes for both protocols. The results of these changes are shown in
Figure 3-18.
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Figure 3-17: Optimisation experiment 2. BA-V-APPV-2zz-st APPV probe
tested on (A) cervical spinal cord and (B) submandibular lymph node. The
positive control probe was tested on (C) cervical spinal cord and the negative
control probe was tested on (D) brain frontal cortex. Experimental conditions
for the brain tissue were the same as used in optimisation experiment 1 where
as those for the spinal cord and lymph node were as follows: target retrieval
step at 98—100°C for 20 minutes, protease IV digestion step at 40°C for 35
minutes and AMP7 amplification of probe for 15 minutes at room temperature.
APPV signal is observed as red dots indicated by arrows and tissue nuclei
counterstained with haematoxylin.
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Figure 3-18: Optimisation experiment 3. BA-V-APPV-2zz-st APPV probe
tested on (A) brain and (B) spleen with a target retrieval step at 98-100°C for
30 minutes, protease IV digestion step at 40°C for 25 minutes and AMP 7
incubation for 60 minutes at room temperature. BA-V-APPV-2zz-st1 APPV
probe was optimised on (C) cervical spinal cord, (D) submandibular lymph
node and (E) lung tissue with a target retrieval of step at 98-100°C for 25
minutes, protease IV digestion step at 40°C for 25 minutes and the same
AMP7 conditions. Both the (F) positive control and (G) negative control were
tested on cervical spinal cord following the milder protocol. APPV signal is
observed as red dots indicated by arrows and tissue nuclei counterstained with
haematoxylin.
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In experiment 3, both the APPV probes were able to detect APPV in their
respective tissues with an increased intensity of staining. The negative control
showed no signal detection suggesting specificity. There was some
background staining observed on lung tissue sections due to suboptimal
adhesion which is common with areas that have a higher volume of lumen and
a smaller surface area of cells available to interact with BaseScope ISH
reagents, such as in the alveoli. The smaller area of cells contactable by the
reagents can lead to chromogen becoming trapped between the tissue and
the slide. Even though the background staining could be easily differentiated
from the positive APPV signal, an additional baking step of 37°C for 30 minutes
was included for lung tissue only prior to the protease IV stage to reduce this
background.

The integrity of all tissues tested was still slightly compromised due to over
digestion. Therefore, to reduce this further and improve the sharpness of the
signal, the pre-treatment protocols were adjusted so that the final conditions
used for brain, spleen and lymphoid tissue were as follows: a target retrieval
incubation at 98—100°C for 20 minutes followed by a 15-minute protease IV
treatment at 40°C with the extended AMP 7 step of 60 minutes at room
temperature. The milder protocol for more fragile tissues (lung and spinal cord)
followed the same protocol with the exception of a shortened target retrieval
step of 8 minutes. The results of this final optimisation (experiment 4) are
shown in Figure 3-19. The negative control had minimal signal and the
background staining was greatly reduced. The positive control had a sharp,
bright signal of the expected frequency and the APPV probes showed greater
signal strength and clarity. All of the tissues tested showed improvement in
structural integrity appearing less digested. Therefore, the assay was

considered optimised.
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Figure 3-19: Optimisation experiment 4. BA-V-APPV-2zz-st1 APPV probe
tested on (A) brain and (B) spleen and (C) submandibular lymph node tissue

with a target retrieval step at 98—100°C for 20 minutes, protease IV digestion

step at 40°C for 15 minutes and AMP 7 incubation for 60 minutes at room

temperature. (D) cervical spinal cord and (E) lung tissue were tested using the

same probe under the same conditions with the exception of a reduced target

retrieval of step at 98—100°C for eight minutes. The negative control shown

on lung tissue (F) was tested following the milder protocol. APPV signal is

observed as red dots indicated by arrows and tissue nuclei counterstained with

haematoxylin.
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3.4 Virus isolation

Isolation was attempted in pre-seeded 80% confluent cells in 2 ml cell culture
tubes (Cellstar) alongside a negative control (PBS only) and a cell control. The
BT, PK-15 and SPEV 0008 cells were washed twice with Hank’s buffered salt
solution (HBSS) without calcium or magnesium prior to inoculation with 0.2 ml
of the sample and incubated for one hour at 37°C. SPEV 0008 cells were
inoculated with 0.5 ml of the samples following the same protocol to determine
optimum inoculum dose for isolation. After incubation, either 0.8 ml or 0.5 mi
(for cells inoculated with 0.2 ml or 0.5 ml respectively) of the appropriate media
containing 1% horse serum and 1% Penicillin (100 units/ml final) and

streptomycin (0.1 pg/ml final) was added.

Initially, BT cells were harvested after 3-, 5-, and 7-days post-inoculation (DPI)
and the viral load quantified by RT-gPCR. All other cell lines were incubated
for three- or five-days post-inoculation prior to harvesting. Adherent cells were
removed from the culture tubes by trypsinisation and were freeze-
thawed twice, and cell debris removed by centrifugation in a benchtop
centrifuge at 800 RPM for 5 minutes at 4°C. Five blind passages were
performed for each virus isolation attempt before quantification by RT-gPCR
(described in 2.2.3). Viral load for the zero time points of each serial passage
was calculated by correcting for the amount of inoculum used in respect of the
total media volume. Each attempted SPEV 0008 and BT virus isolation
replicate was passaged separately, however PK-15 replicates were pooled
prior to re-passaging to increase uniformity of inoculum between replicates. An
isolation attempt was considered successful if the virus quantity increased 10-
fold (or more than three RT-gPCR Cts) over two consecutive cell culture

passages.
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3.4.1 Bovine turbinate cells

Virus isolation was attempted on BT cells (Chapter 2, Section 2.6.1) in
duplicate using 0.22 um filtered heart and spleen sample supernatant from the
APPV subclinical infection study (E10/18) over three passages. In this study,
BT cells were chosen due to their routine use for isolation of other pestiviruses.
It has been found that APPV is non-cytopathic, therefore in absence of CPE
or of a cytological staining, the only possibility to quantify virus growth was to
follow the changes in copy number in the cultures. APPV copy number (viral
load) after each passage in each of two replicates was measured by RT-gPCR
on day three, five and seven post-inoculation to determine the optimal length
of incubation before passages. Cultures were maintained up to day seven,
then passaged to avoid carrying over a large amount of debris and toxic
metabolites from older cultures. As outlined in Table 3-16, both the heart and
spleen supernatant viral isolation attempts were unsuccessful as the virus
copy number/ul failed to increase 10-fold (or decrease more than three Cts)
over two passages. Viral load showed a general tendency to decrease but also
a high variability between time points of the same cultures: in some instances,
(e.g. heart two passage 3, day zero to three and spleen two, passage 1 day
five to seven) a limited increase in viral copy humber was observed between
time points however this was not maintained over time and this increase was
never substantially higher than the initial inoculum. A number of time points or
replicates returned a zero value; in these samples, as the assay was
performed before the re-optimisation of the RT-qgPCR (described in 3.3.1.3); it
Is possible that the culture contained a viral load below the analytical sensitivity
of the original assay (3.19x102 copies/ul) therefore the viral genomes present

in these replicates might not have been detectable.

Aside from a general trend of reduction of the viral load in each culture over
time, a reduction in copy number was also observed between passages, with
the exception of a time point for spleen two (passage 1, day seven) which gave

a viral load marginally higher than the initial inoculum.
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As the viral load had essentially reduced 10-fold with each passage for both
tissues, the virus isolation attempt was deemed unsuccessful and ceased. No
virus was detected in either the cell control or the sham-inoculated culture
throughout the isolation attempt.

Due to the time point results for each passage, and the observation that the
cell line showed cellular overgrowth after seven days with acidic media,
further isolation attempts were made over a maximum of five days on other
epithelial cell types that were found to grow at a similar rate. As the spleen
sample still retained a modest viral load at passage 3, the passage number

was increased to five passages.
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Table 3-16: Virus isolation attempt on BT cells. The average viral load (copies/ul, technical replicates=2) of the culture
tested inoculated with E10/18-2 heart and spleen supernatant shown over 3 passages. Each passage was monitored at three-
time points: day three, five and 7 post-inoculation by APPV RT-gPCR. ND = Not done.

Passage number
0 1 2 3
Sample Tube Days post-inoculation
0 3 5 7 0 3 5 7 0 3 5 7
2.0 1.4 1.2 2.4 6.3 7 1.4
1 35 x10° x10° x10° x10% ND x10% | x10% | x108 0 0 0
E10/18-2 Heart %108
5 1.3 11 1.1 2.2 1.4 0 54 1.1 3.1 0 0
x10° x10° x10° x10* | x10* x10% | x10* | x10°
1 4.5 2.4 4.2 8.4 55 3.6 3.1 6.2 9.4 0 1.7
x108 x108 x108 x10° | x10° | x10° | x10° | x10* | x10? x10%
E10/18-2 Spleen 4.7
> x108 3.0 3.0 5.3 1.6 6.0 4.1 2.4 4.8 3.7 1.4 2.0
x10° x108 x108 x10% | x10° | x10° | x10° | x10* | x10* | x10* | x10*
Negative control 1 0 0 0 0 0 0 0 0 0 0 0 0
Cell control 1 0 0 0 0 0 0 0 0 0 0 0 0
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3.4.2 Porcine Kidney-15 (PK-15) cells

Viral isolation was attempted using APPV positive clinical serum samples
(NEE-0419-01-03, Chapter 6, Table 6-1), supplied by APHA, and serum
collected on day 10 post-inoculation from the postnatal APPV infection study
(E10/18 1-3). The virus isolation attempts (results outlined in Table 3-17) using
the 10 DPI serum collected from the subclinical APPV infection study (E10/18
1-3) was unsuccessful, with the viral load reducing over the course of the five
passages and becoming undetectable at passage three for sample E10/18-1,
at passage 4 for E10/18-3 and at passage 5 for sample E10/18-2. Similarly,
the virus isolation attempts using clinical serum samples from the North East
England 2019 (NEE-0419) outbreak also proved unsuccessful with diminishing
viral loads observed for all three samples until the virus was undetectable at
passage 3 for sample one and passage 2 for sample three. Sample two was
undetectable at passage 3, however 36.2 copies/ul of the virus was observed
at passage 4, then load became undetectable again at passage 5. This
variability could be attributed to the viral load being very close to the limit of

detection of the assay (3.19x102 copies/pl).
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Table 3-17: Virus isolation attempt on PK-15 cells. The average viral load
(copies/ul, technical replicates=2) of the culture inoculated with 0.2 ml of serum
collected either a