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ABSTRACT

Porcine circovirus 3 (PCV-3) has been identified in pigs suffering from different
disease conditions, as well as in healthy animals. However, the mere detection of the virus
does not imply disease causality. Moreover, in most studies, a healthy control group was not
included, complicating the interpretation of the potential implication of the virus in the
disease development. Thus, this Thesis was aimed to study the potential of PCV-3 as a cause
of disease in pigs. To reach this main goal, four studies were conducted.

The first study assessed the potential association of PCV-3 with respiratory or enteric
diseases in pigs. Sera of postweaning pigs displaying respiratory (n=129) or digestive
(n=126) disorders and of healthy ones (n=60) were analyzed by PCR and, when positive, by
a real time quantitative PCR (qPCR). Moreover, selected samples were sequenced and
phylogenetically analyzed. PCV-3 was found in 6% in animals showing respiratory (8/129)
and digestive (7/126) disorders, and in 7% (4/60) of healthy pigs. The similar percentages
of infection among groups indicated that PCV-3 is not a potential cause of respiratory or
digestive disorders.

Secondly, the frequency of PCV-3 infection was studied in sera of primiparous
(n=57) and multiparous (n=64) sows at two time points, and in tissues (brain and lung) from
their respective stillborn or mummified fetuses (n=255) from three farms without
reproductive problems. Samples were tested by PCR and, when positive, by a qPCR;
selected samples were sequenced and phylogenetically analyzed. All sera from multiparous
sows were negative, while 19/57 (33%) sera from primiparous sows were positive. Fetuses
showed 33% (86/255) of PCR positivity; however, the frequency of viral detection in fetuses
from primiparous sows (73/91, 80%) was significantly higher than that from multiparous
ones (13/164, 8%). This study demonstrated that PCV-3 can cause intrauterine infections in
absence of overt reproductive disorders.

In a third study, the frequency of PCV-3 in cases of overt reproductive problems and
the possible association with the lesions observed in aborted fetuses were evaluated. Thus,
53 reproductive cases (tissue pools) were analyzed by qPCR. Samples with high PCV-3 load
were further tested by in situ hybridization (ISH), sequenced and phylogenetically analyzed.
PCV-3 DNA was detected in 18/53 (34%) cases by qPCR and in 4 out of the 6 tested by
ISH. Other viruses able to cause reproductive diseases (Porcine reproductive and respiratory
syndrome virus [PRRSV], Porcine parvovirus 1 [PPV1] and Porcine circovirus 2 [PCV-2])
were also investigated. PRRSV and PCV-2 were found in 4 and 5 cases, respectively. The



higher PCV-3 loads detected in some cases of reproductive disorders and their association
with lesions point out this virus as a potential agent able to cause reproductive failure.

In the phylogenetical analyses performed in these three studies, all whole genome
and ORF-2 PCV-3 sequences obtained were classified as PCV-3a, being closely related with
regards nucleotide identity.

In the fourth study, samples of four post-weaning pigs displaying wasting (negative
to PCV-2 and PRRSV), and a multisystemic inflammatory condition, were analyzed by a
PCV-3 ISH. Two non-affected animals from the same farm were also tested. PCV-3 was
found within histologic lesions in multiple tissues of the four diseased animals, while it was
not found in the two non-affected animals. The present case report further suggests PCV-3
as a potential infectious agent able to cause disease in post-weaning pigs.

In conclusion, this Thesis generated relevant knowledge on clinical, pathological and
virological data of PCV-3 infection. These data further support the potential pathogenicity
of this virus and, thus, highlighting the need to establish diagnostic criteria for the

reproductive and pre-/post-weaning disorders of swine.
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RESUMEN

El circovirus porcino 3 (PCV-3) se ha identificado en cerdos afectados por diversas
condiciones clinico-patolégicas, asi como en animales sanos. Sin embargo, la mera
deteccion del virus no implica causalidad en la enfermedad. Ademas, muchos de los estudios
publicados no incluyen un grupo de animales sanos como control, dificultando la
interpretacion de la posible implicacion del virus en la enfermedad. Esta Tesis tuvo como
objetivo estudiar el potencial de PCV-3 como causa de enfermedad. Para ello, se realizaron
cuatro estudios.

En el primer estudio se evalud la posible asociacion de PCV-3 con desordenes
respiratorios o entéricos. Se analizaron sueros de cerdos post-destete que presentaban
trastornos respiratorios (n=129) o digestivos (n=126) asi como de animales sanos (n=60).
Las muestras se analizaron mediante PCR y, en los positivos, mediante una qPCR. Parte de
las muestras positivas, se secuenciaron y analizaron filogenéticamente. PCV-3 se detectd en
un 6% tanto en animales con trastornos respiratorios (8/129) como digestivos (7/126), y en
un 7% (4/60) en los animales sanos. La similitud en los porcentajes de deteccion indicd que
PCV-3 no parece una posible causa de enfermedad respiratoria o digestiva.

En segundo lugar, se estudio la frecuencia de PCV-3 en sueros de cerdas primiparas
(n=57) y multiparas (n=64) en dos momentos de la gestacion, y en tejidos (cerebro y pulmoén)
de sus respectivos fetos mortinatos o momificados (n=255) procedentes de tres granjas sin
problemas reproductivos. Las muestras se analizaron mediante PCR y, en los positivos,
mediante una qPCR. Parte de las muestras positivas se secuenciaron y analizaron
filogenéticamente. Mientras que todos los sueros de cerdas multiparas fueron negativos, un
33% (19/57) de sueros de cerdas primiparas fueron positivos. Los fetos mostraron un 33%
(86/255) de positividad. La frecuencia de deteccion en fetos de cerdas primiparas (73/91,
80%) fue significativamente mayor que la de multiparas (13/164, 8%). Este estudio demostrd
que PCV-3 puede causar infecciones intrauterinas en ausencia de trastornos reproductivos
evidentes.

En un tercer estudio, se evaluo la frecuencia de deteccion de PCV-3 en casos de
problemas reproductivos evidentes y la posible asociacion con lesiones observadas en fetos
abortados. Se analizaron 53 casos reproductivos (mezcla de tejidos) mediante qPCR. Las
muestras con alta carga virica se analizaron mediante hibridacion in situ (ISH) y se
secuenciaron y analizaron filogenéticamente. PCV-3 se detecté en 18/53 (34%) casos

mediante qPCR y en 4 de los 6 analizados por ISH. También se investigaron otros virus
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causantes de enfermedades reproductivas (virus del sindrome respiratorio y reproductivo
porcino [PRRSV], parvovirus porcino 1 [PPV1] y circovirus porcino 2 [PCV-2]). PRRSV y
PCV-2 se detectaron en 4 y 5 casos, respectivamente. Los casos con mayor carga virica de
PCV-3 y su asociacion con las lesiones sugieren al virus como potencial causante potencial
de problemas reproductivos

Los analisis filogenéticos realizados en estos tres primeros estudios clasificaron a las
secuencias del genoma entero y del ORF-2 obtenidas como PCV3a, mostrando una elevada
identidad nucleotidica.

Por ultimo, se testaron muestras de tejidos de cuatro cerdos post-destete,
clinicamente afectados por desmedro (negativos a PCV-2 y PRRSV) y con inflamacién
multisistémica, mediante una ISH especifica de PCV-3. Ademas, también se incluyeron dos
animales de la misma granja no afectados clinicamente. El virus se detectd en histologicas
observadas en multiples tejidos de los cuatro animales enfermos, pero no en los dos animales
sanos. Estos resultados, apuntan que PCV-3 pueda causar enfermedad en cerdos post-
destete.

En conclusioén, en esta Tesis se han generado conocimientos relevantes sobre datos
clinicos, patologicos y virologicos de la infeccion por PCV-3. Estos datos sugieren que el
virus puede causar enfermedad en cerdos y resaltan la necesidad de establecer criterios

diagnosticos para los trastornos reproductivos y pre-/post-destete.
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RESUM

El circovirus porci 3 (PCV-3) s'ha identificat en porcs afectats per diversos
problemes clinics, aixi com en animals sans. No obstant, la mera detecci6 de virus no implica
causalitat en la malaltia. A més, molts dels estudis publicats no inclouen un grup d'animals
sans com a control, dificultant aixi la interpretaci6 de la possible implicaci6 del virus en el
desenvolupament de la malaltia. L’ objectiu d’aquesta Tesi va ser estudiar el potencial de
PCV-3 com a causa de malaltia a través de quatre estudis.

En el primer estudi es va avaluar la possible associacié de PCV-3 amb malalties
respiratories o enteriques. Es van analitzar serums de porcs post-deslletament que patien
trastorns respiratoris (n=129) o digestius (n=126) i d'animals sans (n=60). Les mostres es
van analitzar mitjangant PCR 1 els positius mitjangant una qPCR. Part de les mostres
positives, es van seqiienciar i analitzar filogenéticament. PCV-3 es va detectar en un 6% tant
en animals amb trastorns respiratoris (8/129) com digestius (7/126) i en un 7% (4/60) en els
animals sans. grups Aquest resultats indiquen que PCV-3 no és una possible causa de
trastorns respiratoris o digestius.

En segon lloc, es va estudiar la freqiiéncia de PCV-3 a sérums de truges primipares
(n=57) 1 multipares (n=64) en dos moments de la gestacio, i en teixits (cervell 1 pulmd) dels
seus respectius fetus nascuts morts o momificats (n=255) procedents de tres granges sense
problemes reproductius. Les mostres es van analitzar mitjancant PCR 1 els positius
mitjancant una qPCR. Part de les mostres positives es van seqiienciar 1 analitzar
filogeneticament. Mentre que tots els sérums de truges multipares van ser negatius, un 33%
(19/57) dels serums de truges primipares van ser positius. Els fetus van mostrar un 33%
(86/255) de positivitat. La freqiiéncia en fetus de truges primipares (73/91, 80%) va ser
significativament més gran que la de multipares (13/164, 8%). Aquests resultats indiquen
que PCV-3 pot causar infeccions intrauterines en abséncia de trastorns reproductius evidents.

En un tercer estudi, s’avalua la freqiiéncia de deteccid en casos de problemes
reproductius evidents i la possible associacié amb lesions observades en fetus avortats. Es
van analitzar 53 casos reproductius (mescla de teixits) mitjancant qPCR. Les mostres amb
alta carrega de PCV-3 es van analitzar mitjancant hibridacio in sifu (ISH) i es van seqiienciar
1 analitzar filogeneticament. PCV-3 es va detectar en 18/53 (34%) casos mitjangant qPCR i
en 4 dels 6 analitzats per ISH. També es van buscar altres virus causants de malalties
reproductives (virus de la sindrome respiratoria i reproductiva porcina [PRRSV], parvovirus

porci 1 [PPV1] i circovirus porci 2 [PCV-2]). PRRSV i PCV-2 es van detectar en 4 1 5 casos,
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respectivament. L’elevada carrega virica de PCV-3 i l'associacié amb les lesions observades
suggereixen a aquest virus com a un potencial causant de problemes reproductius.

L’analisi filogenetic realitzat en aquets tres estudis va classificar les seqiiencies
obtingudes del genoma sencer o de I’ORF2 com a PCV-3a.

Per ultim es van analitzar mitjangant una ISH mostres de quatre porcs post-
deslletament clinicament afectats per aprimament (negatius a PCV-2 i PRRSV) i amb
inflamacié multisistémica. També es van incloure dos animals de la mateixa granja no
afectats. PCV-3 es va detectar en les lesions histologiques en multiples teixits dels quatre
animals malalts, perd no en els dos animals sans. Aquests resultats, apunten que PCV-3
pugui causar malaltia en porcs post-deslletament.

En conclusid, en aquesta Tesi s’han generat coneixements rellevants sobre dades
cliniques, patologiques i virologiques de la infeccio per PCV-3. Aquestes dades suggereixen
que el PCV-3 pot causar malaltia en porcs i ressalten la necessitat d'establir criteris de

diagnostic per als trastorns reproductius i pre-/post-deslletament.
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General introduction

1.1 Porcine circoviruses (PCVs)

Porcine circoviruses (PCVs) are single stranded DNA (ssDNA) viruses, belonging
to the Circoviridae family (Tischer et al., 1982). Since 2016, this family is divided in two
different genera, namely Cyclovirus and Circovirus (Rosario et al., 2017).

The Circovirus genus comprises viruses that have been detected in different
vertebrate species (Lukert et al., 1995; Ldrinez et al., 2010; Ldrinez et al., 2012; Li et al.
2013; Rosario et al., 2017) and some of them are able to cause fatal diseases, such as Beak
and feather disease virus (BFDV) in birds and Porcine circovirus 2 (PCV-2) in pigs (Todd,
2000). So far, the International Committee of Taxonomy of Viruses (ICTV) describes three
species able to infect pigs within the Circovirus genus: PCV-1, PCV-2 and PCV-3 (Rosario
et al., 2017). Even though a fourth member, PCV-4, was recently proposed, it has been only
reported in China and in South Korea (Zhang et al., 2019; Nguyen et al., 2021) and it is not
yet included in ICTV reports. Table 1.1 shows the main characteristics of all four PCVs
described so far.

PCVs are small, non-enveloped viruses with icosahedral symmetry (Ritchie et al.,
1989). The diameter of the virions can range from 15 to 25 nm (Todd et al., 1991; Meehan
et al., 1998; Crowther et al., 2003; Rosario et al., 2017). PCV genomes are circular and the
size ranges from 1,758 to 1,760 nucleotides (nt) for PCV-1 (Fenaux et al., 2003; Meehan et
al., 1997), from 1,766 to 1,769 nt for PCV-2 (Fenaux et al.,2000; Guo et al., 2010), and from
1,999 to 2,001 nt for PCV-3 (Fux et al., 2018; Ha et al., 2018). The few information available
on PCV-4 reports a genome of 1,770 nt in length (Zhang et al., 2019).

PCV genomes have an ambisense organization and display two major open reading
frames (ORFs) arranged in the different strands of the double-stranded DNA (dsDNA)
replicative form (Rosario et al., 2017). Although ORF1 and ORF2 are present in all PCVs,
other ORFs have been predicted in each PCV species. In PCV-1 further five ORFs are
predicted to encode other proteins (Mankertz et al., 1998; Meehan et al., 1997). For PCV-2,
nine more ORFs are predicted but only ORF3 and ORF4 are well-characterized and known
to encode for functional proteins (Hamel et al., 1998; Gao et al., 2014). In PCV-3, ORF3 is
also predicted to codify for a protein, but its function is not yet characterized (Phan et al.,
2016; Palinski et al., 2017). For PCV-4, ten other ORFs have also been predicted but no

information is available about any of them (Zhang et al., 2019).
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Table 1.1. Main characteristics of Porcine circoviruses (adapted from Opriessnig et al., 2020)

Parameters PCV-1 PCV-2 PCV-3 PCV-4
Year of discovery 1974 1997 2016 2019
Earliest detection 1974 1962 1993 2018
First viral isolation 1974 1997 2020 NA
Genome size (nt) 1758-1760 1766-1769 1999-2001 1770
Distribution Worldwide Worldwide Worldwide China and South Korea
Prevalence Low High High NA
Serotypes One One One NA
Genotypes Non-described f Iflf{e e One NA
rom "a” to "1

Reproductive,
Pathology/ies reported (in pigs) in the None Reproductive, Respiratory, Respiratory, Enteric,
field Systemic, PDNS Systemic, PDNS, PDNS

Neurological
Pathology/ies reported (in pigs) under . : Systemic (very mild),
experimental conditions None Reproductive, Systemic PDNS-like None
Types of vaccines None Multiple (inactivated, None None

chimeric and subunit)

NA: Non-available information; PDNS: porcine dermatitis and nephropathy syndrome.
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ORFT1 is located on the positive sense strand of the virus, encodes for the replication-
associated proteins (Rep and Rep’), and is the most conserved region (Mankertz et al., 2004).
The ORF?2 is in the opposite strand and encodes for the capsid protein (Cap), considered the
most variable and immunogenic region of the PCVs (Nawagitgul et al., 2002; Grierson et
al., 2004). ORF3 encodes for a third protein with apoptotic capacity in PCV-1 and PCV-2
(Liu et al., 2005), but still not well-characterized in PCV-3 (Palinski et al., 2017). ORF4 has
only been well described in PCV-2, located in the negative strand, and codifies for an anti-
apoptotic protein (He et al., 2013; Gao et al., 2014; Lv et al.,, 2016).

Phylogenetic analyses indicate amino acid (aa) similarity regarding Cap gene of 67%
between PCV-1 and PCV-2 (Meehan et al., 1998), 24% between PCV-1 and PCV-3 (Phan
et al., 2016), and around 26-37% between PCV-2 and PCV-3 (Phan et al., 2016; Palinski et
al., 2017). The Cap gene from PCV-4 showed 43.1%, 45.0% and 24.5% of aa similarity
when compared to PCV-1, PCV-2 and PCV-3, respectively (Zhang et al., 2019). Regarding
the identity of Rep gene, PCV-1 and PCV-2 showed 86% of aa similarity between them
(Meehan et al., 1998), while between PCV-2 and PCV-3 was around 48% (Phan et al., 2016).
PCV-4 showed 48.1%, 47.2% and 51.4% aa identity within Rep gene of PCV-1, PCV-2 and
PCV-3, respectively (Zhang et al., 2019; Tian et al., 2020).

1.2 Porcine circovirus 1

In 1974, a small virus was described persistently infecting the CCL-33 porcine
Kidney (PK-15) cell line with no evidence of cytopathic effect (Tischer et al., 1974). The
origin of the infection was suspected to be a contamination from a serum or swine tissue
used in the cell culture (Dulac and Afshar, 1989). Firstly, the virus genome was thought to
be RNA (Tischer et al., 1974), but few years later the agent was confirmed to be a circular
ssDNA and named as PCV (Tischer et al., 1982), the currently named PCV-1. In vitro studies
subsequently showed the capacity of PCV-1 to grow in Vero cells (Allan et al., 1994),
besides the PK-15 ones (Tischer et al., 1974).

PCV-1 is considered able to infect pigs at any age, including the possibility of vertical
transmission. In fact, the virus has been found in milk from sows (Shibata et al., 2006) and
also in stillborn piglets displaying congenital tremors (Allan et al., 1995; Stevenson et al.,
2001; Choi et al., 2002). However, its wide distribution based on antibody tests in animals
without clinical signs (Tischer et al., 1986; Finsterbusch and Mankertz, 2009; Beach et al.,

2010) suggested that PCV-1 infections are probably subclinical.
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Experimental infection in pigs demonstrated that PCV-1 was not able to generate
lesions in the animal tissues, although it was detected in lymph nodes, spleen, thymus,
intestine, liver and lung in the absence of clinical signs (Tischer et al., 1986; Allan et al.,
1995; Fenaux et al., 2003). Despite the absence of signs and lesions, challenged animals
were able to elicit specific antibodies to PCV-1 (Tischer et al., 1986; Allan et al., 1995;
Tischer et al., 1995). Only one report has suggested that PCV-1 can replicate efficiently in
lungs, causing hemorrhages in porcine fetuses inoculated at 55 days of gestation (Saha et al.,
2011).

PCV-1 antibodies are found in pigs worldwide, from all production phases and to a
variable frequency (Allan et al., 1994; Dulac and Afshar et al., 1989; Tischer et al., 1982;
Muhlig et al., 2006). Although the virus is of ubiquitous nature, the higher prevalence of
seropositive pigs during the post-weaning period suggested the nursery phase as the most

probable period of infection (Tischer et al., 1995).

1.3 Porcine circovirus 2
1.3.1 History

In 1991, a new clinical-pathological condition in pigs named post-weaning
multisystemic wasting syndrome (PMWS) and characterized by wasting and microscopic
lymphoid lesions was detected in Canada (Clark, 1997; Harding, 1997). Subsequently, a
distinct circovirus from the previously known as PCV (nowadays PCV-1) was found through
electron microscopy, immunohistochemistry (IHC) and in situ hybridization (ISH) in the
lesions of diseased animals (Ellis et al., 1998; Allan et al., 1998; Rosell et al., 1999). The
genome of this new circovirus was far different from the non-pathogenic PCV-1 and the
novel pathogen was designated as PCV-2 (Meehan et al., 1998). A few years later, the virus
was found to be spread in many countries around the world, causing great economical losses
to the pig production sector (Segalés et al., 2013). Although the syndrome caused by PCV-
2 was firstly described in 1991, retrospective studies showed that the virus was already
present in pig tissues since 1962 and in PMWS lesions since 1985 (Jacobsen et al. 2009).

Despite the systematic presence of the virus in diseased animals (Clark, 1997;
Harding, 1996; Rosell et al., 1999), the perception about causality was not unanimous in the
scientific and veterinary world for a quite long period (Segalés et al., 2013). Such
discrepancies were probably due to the multifactorial nature of PMWS and the lack of

consistent disease reproduction through the first experimental infections (Balasch et al.,
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1999; Allan et al., 1999). The controversy on PCV-2 pathogenicity disappeared once
vaccines against the virus came into the worldwide market and drastically reduced PMWS
outbreaks preventing the associated economic losses (Segalés, 2015; Karuppannan and
Opriessnig, 2017).

Besides PMWS, PCV-2 is involved in other swine clinical conditions collectively
called porcine circoviruses diseases (PCVDs) (Segalés, 2012). PMWS is currently known as
PCV-2 systemic disease (PCV-2-SD), while the others conditions are named as PCV-2
reproductive disease (PCV-2-RD), PCV-2 subclinical infection (PCV-2-SI), and porcine
dermatitis and nephropathy syndrome (PDNS) (Segalés, 2012).

1.3.2 Genotypes

PCV-2 has a high mutation rate, close to the one of single stranded RNA viruses
(Firth et al., 2009). The genetic variability of this virus led to different proposals of sub-
classifications beyond the species level; four major genotypes of PCV-2 were initially
defined (PCV-2a to PCV-2d) (Segalés et al., 2008). However, over time, some new
genotypes have been suggested such as PCV-2e (Harmon et al., 2015; Davies et al., 2016)
and PCV-2f (Bao et al., 2018). A new classification in eight genotypes was further proposed,
from PCV-2a to PCV-2h (Franzo and Segalés, 2018), and a new genotype has been recently
suggested, PCV-2i (Wang et al., 2020). Indeed, considering the PCV-2 genomic
organization, efficient immune responses from pigs against the virus, vaccination pressure
and recombination capabilities, the emergence of new genotypes is expected in the future
(Franzo et al., 2016).

PCV-2a was the most prevalent genotype circulating during the 1990s and was
mainly linked with PCV-2-SD sporadic occurrence. By the end of 1990s and early 2000s, a
change in genotype prevalence towards PCV-2b (“genotype shift”) was described coinciding
with epidemic forms of PCV-2 SD in America, Asia and Europe (Carman et al., 2006;
Dupont et al., 2008; Cortey et al., 2011). In contrast, PCV-2c was firstly described in a
retrospective study in samples from 1980s from Denmark (Dupont et al., 2008) and, later
on, occasionally described in Brazil (Franzo et al., 2015) and China (Liu et al., 2016). During
last years, a second genotype shift from PCV-2b to PCV-2d has occurred globally (Xiao et
al., 2016; Franzo and Segalés, 2018), although reasons behind such change in genotype

prevalence are currently unknown. At field level, PCV-2 infection with more than one
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genotype in the same farm as well as in the same pig has been described (Hesse et al., 2008;

Grau-Roma et al., 2008).

1.3.3 Epidemiology

PCV-2 is a ubiquitous virus able to infect domestic pigs and other members of the
Suidae family, such as feral pigs (Franzo et al., 2015), wild boars (Ellis et al., 2003) and
peccaries (de Castro et al., 2014). Rodents (Kiupel et al., 2005; Csagola et al., 2008; Lorinez
et al., 2010) and flies (Musca domesticus) (Blunt et al., 2011) have been described as
potential vectors for the virus spread.

Considering the widespread nature of PCV-2 (Segalés et al, 2013), the probability of
a non-vaccinated animal to be infected by PCV-2 in its lifetime is high. PCV-2 can be shed
through several routes (Patterson and Opriessnig, 2010; Patterson et al., 2011), and it can be
found in saliva, serum, urine, colostrum, milk, semen and nasal, bronchial and ocular
secretions (Sibila et al., 2004; Segalés et al., 2005; Patterson and Opriessnig et al., 2010).
Thus, viral infection may occur indirectly by infected living vectors, fomites and aerosols,
but the most important transmission routes are horizontal (pig/sow-to-pig by nose contact)

and vertical (intrauterine) ones (Segalés et al., 2005; Madson and Opriessnig, 2011).

1.3.4 Disease association

Despite the association of PCV-2 with the systemic disease was firstly characterized
in 1991 in Canada (Clark, 1997; Harding, 1996), pathogenesis of PCVDs is not completely
elucidated so far.

PCV-2 is primarily found in lymphoid tissues (Rosell et al., 1999) and, in
consequence, the animals that develop PCV-2-SD develop characteristic lymphocyte
depletion and granulomatous lesions in lymphoid organs (Allan et al., 1998; Rosell et al.
1999; Sanchez et al., 2003; Yu et al., 2007). PCV-2 SD is a common problem in the late
nursery and early growing phases (Harding and Clark, 1997). PCV-2-Sl is characterized by
lack of evident clinical signs but decrease in the average daily weight gain (Young et al.,
2011). The viral infection can occur at embryonic stage, but also at mid-late gestation,
causing reproductive problems collectively named PCV-2-RD (Madson and Opriessnig,
2011; Segalés, 2012). PDNS can affect pigs at all stages of production, although mainly
growing animals (Drolet et al., 1999). The clinical manifestation and main pathological

findings found in PCVDs are displayed in Table 1.2.
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Table 1.2. Most common clinical signs and pathological findings of PCVDs (Segalés, 2012).

PCVD Clinical Signs Macroscopic lesions Microscopic lesions
No lesions or minimal
lymphocyte depletion

PCV-2-SI | Low gain weight No lesions and/or granulomatous
inflammation of lymphoid
tissues
Moderate to severe
Wasting, Enlargemgnt of l.y.mph- lymphocyte depletion,
- undice nodes, interstitial granulomatous
PCV-2-SD J ’ nephritis, interstitial inflammation of lymphoid
respiratory and/or . . ] e .
Jisestive siens pneumonia and tissues; lymphohistiocytic
& & catarrhal enteritis infiltrates in lung, kidney,
liver, and intestines
Reproductive Mummified fetuses,
failures .(abortlon, stillborn p{glets, dgad Fibrous and/or necrotizing
mummified and fetuses with cardiac "
PCV-2-RD . . myocarditis and
stillborn piglets); hypertrophy, Heumonia in fetuses
probable return- hydrothorax and/or p
to-estrus hydropericardium
Mild lymphocyte depletion
and granulomatous
Cutaneous lesions inflammation of lymphoid
Red papules and (hemorrhagic and tissues; necrotic and/or
PDNS . . . .
macules on skin | necrotic) and petechiae fibrinous
in kidney cortical area glomerulonephritis;
systemic necrotizing
vasculitis

1.3.5 Diagnosis and control

The laboratory assessment of PCV-2 infection can be done through the detection of
viral genome and/or antigen. However, due to the widespread distribution of the virus, the
mere presence of the virus is not enough to diagnose the clinical conditions caused by PCV-
2 (Segalés, 2012). Grau-Roma et al. (2012) proposed a herd case definition for PCV-2-SD,
which was based on two major criteria: 1) significant increase of mortality in post-weaning
pigs associated with clinical signs compatible with PCV-2-SD, mainly wasting and
respiratory problems, and 2) confirmation of PCV-2-SD by means of individual diagnostic
criteria in at least 1 out of 3-5 necropsied pigs. The individual diagnosis has in turn three
main criteria: 1) presence of PCV-2-SD compatible clinical signs, 2) moderate to severe

lymphocyte depletion with granulomatous inflammation of lymphoid tissues, and 3)
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detection of moderate to high amount of PCV-2 within the lymphoid lesions (Segalés, 2012).
Subsequently, specific diagnostic criteria were established for each PCVD (Segalés, 2012).
The presence of clinical signs together with histopathological lesions associated to the
presence of the agent are key elements for the diagnosis. Thus, the IHC and ISH are
laboratory techniques widely used to detect the presence of the virus within the damaged in
tissue (Rosell et al., 1999).

PCR and quantitative PCR (qPCR) are the most used techniques to detect the viral
genome. The qPCR technique allows quantifying the amount of virus in different samples.
This latter point is important, since it has been described that animals suffering from PCVD
have higher amount of virus (around or higher than 107 copies/mL of serum, depending on
the qPCR technique used) than subclinical infected ones (Grau-Roma et al., 2009; Segalés,
2012).

The ubiquitous nature of this virus prevents to use serological tests to diagnose
PCVDs; however, enzyme-linked immunosorbent assays (ELISAs), immunoperoxidase
monolayer assay (IPMA) and immunofluorescent assay (IFA) can be used for PCV-2
antibody surveillance to monitor evidence of natural infection, presence of maternally
derived antibodies or seroconversion due to vaccination (Allan et al., 1999; Sun et al., 2010;
Fraile et al., 2012; Feng et al., 2014).

The control of PCV-2 associated clinical manifestations, it is mainly done by herd
vaccination (Segalés, 2015). Nowadays, several commercial vaccines against PCV-2 are
available, and most of them are based on PCV-2a genotype; however, these vaccines have
been shown efficient against the other circulating genotypes, namely PCV-2b and PCV-2d
(Opriessnig et al., 2014). Current vaccines available in the market are based on 1) inactivated
virus, 2) chimeric viruses (inactivated PCV-1 expressing the PCV-2a Cap protein), and 3)
subunit (Cap protein expressed in baculovirus system). These vaccines can decrease the viral
loads in the animals, thus reducing the clinical manifestation of the virus (Reynaud et al.,
2004; Yang et al., 2012). In addition, PCV-2 vaccines have demonstrated to significantly
decrease the economic impact caused by the PCV-2-SI by improving the average daily
weight gain (Kurmann et al., 2011; Young et al., 2011). Some other measures, such as good
management practices (Madec et al 2008), co-infection control (Opriessnig and Halbur,
2012) and breeding selection (Opriessnig et al., 2009), can also help diminishing the disease
impact in the field. In fact, these measures were capital at the time when no PCV-2 vaccines

were available.



General introduction

1.4 Porcine circovirus 3
1.4.1 History

PCV-3 was discovered in 2015 in USA by next-generation sequencing (NGS)
methods in 3- to 9-week-old pigs suffering from different clinical conditions (Phan et al.,
2016; Palinski et al., 2017). Viral genome was found in animals affected by digestive
disorders, respiratory and neurological signs, cardiac and multisystemic inflammation,
reproductive failure, and a PDNS-like condition (Phan et al., 2016; Palinski et al., 2017).

Since its first description, PCV-3 has been detected in pigs from different countries
and in animals displaying a number of different clinical-pathological outcomes, such as
respiratory disease (Zhai et al., 2017; Kedkovid, et al., 2018b; Shen et al., 2018; Qi et al.,
2019), digestive disorders (Zhai et al., 2017; Qi et al., 2019), congenital tremors (Shen et al.,
2018), rectal prolapse (Phan et al., 2016), reproductive problems (Faccini et al., 2017,
Arruda et al., 2019; Deim et al., 2019), and multisystemic inflammation (Phan et al., 2016;
Arruda et al., 2019). Additionally, this novel virus has been detected in healthy animals of
different ages and countries (Stadejek et al., 2017; Zhai et al., 2017; Klaumann et al., 2018a;
Klaumann et al., 2018b; Klaumann et al., 2019; Franzo et al., 2018; Ye et al., 2018; Saporiti
et al., 2020).

Although the virus was firstly described in 2015, retrospective studies found that
PCV-3 was already circulating since 1967 in Brazil (Rodrigues et al., 2020), 1993 in Sweden
(Ye et al., 2018) and since 1996 in Spain and in China (Klaumann et al., 2018a; Sun et al.,
2018). It is thought that the virus may have emerged around the 1960s (Fu et al., 2018;
Saraiva et al., 2019) because of a recombination of other circoviruses (Ku et al., 2017; Franzo

et al., 2018b).

1.4.2 Genotypes

To date, there are 644 complete genome and 1030 capsid gene sequences of PCV-3
available on GenBank (June 3rd, 2021. Available in https://www.ncbi.nlm.nih.gov/nuccore).
The similarity among PCV-3 available sequences is high, ranging from 97% to 100% for the
complete genome and from 94% to 100% for the Cap gene. This high similarity makes
difficult to establish further sub-classification from species to genotypes (Zheng et al., 2017;
Klaumann et al., 2018b; Fux et al., 2018; Zou et al., 2018; Franzo et al., 2020). While for
PCV-2 it was verified that the Cap gene sequencing is suitable for genotype classification

(Olvera et al., 2007), different classifications based on potential marker positions located in
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the amino acids (aa) sites from ORF2 only or ORF1 and ORF2 have been proposed for PCV-
3 (Fuetal., 2018; Fux et al., 2018; Li et al., 2018; Franzo et al., 2020). Fux et al. (2018), by
analyzing complete genome and ORF2 gene sequences available at GenBank, proposed two
main groups (PCV-3a and PCV-3b) where the aa sites S122A (ORF1), and A24V and R27K
(ORF2) determined the clade divisions. The same authors also proposed the sub-groups a/,
a2, bl and b2; however, the sub-group a2 had aa motifs shared between groups a and b (Fux
et al., 2018). Li et al. (2018) analyzed the complete coding sequences (ORF1 + ORF2) and
also proposed two main groups (PCV-3a and PCV-3b) based on the same already mentioned
codons. In this study, group a was subdivided in a/ and a2, but some strains were randomly
distributed and were classified as intermediate (IM). It was also proposed a possible different
antigenicity between groups a and b due the difference of aa site 24 (ORF2) in each group.
Due to the lack of consistency when analyzing only ORF2, these authors recommended
analyzing the complete coding sequences (Li et al., 2018). On the contrary, Fu et al. (2018)
analyzed phylogenetically only the ORF2 gene and proposed three main groups (PCV-3a,
PCV-3b and PCV-3c) based on two aa mutations of the Cap gene (A24V and R27K). In this
classification, strains with alanine (A) at position 24 and arginine (R) at position 27 would
belong to PCV-3a, while strains with arginine (A) and lysine (K) would belong to PCV-3b,
and a putative PCV-3¢ would have valine (V) and lysine (K) at positions 24 and 27 (Fu et
al., 2018). The authors further subdivided the group a in a/, a2 and a3 based on evolutionary
analyses and/or other aa mutations (Fu et al., 2018).

Despite the previous classification proposals, a very recent study highlighted several
exceptions for the mentioned marker positions and suggested a definition based on a single
PCV-3 genotype, the PCV-3a (Franzo et al., 2020). The new proposal suggests that
sequences with aa maximum genetic distance of 3% and 6% at complete genome and Cap
gene levels, respectively, and bootstrap support higher than 90% would belong to the same
genotype (Franzo et al., 2020). This proposal intended to be a consensus among different
worldwide experts on PCV-3, and although two sequences from China may fall into the
category of a putative PCV-3b genotype, the very limited number of them and the
impossibility to re-check the sequences prevented the definitive establishment of such
second genotype to date.

Finally, up to now there are no evidence supporting a relationship between PCV-3
variability and any specific disease or virus pathogenicity (Arruda et al., 2019; Mora-Diaz

et al., 2020)
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1.4.3 Epidemiology

Shortly after the initial detection of the PCV-3 genome in USA (Phan et al., 2016;
Palinski et al., 2017), viral nucleic acid was demonstrated in domestic pigs samples from
different countries worldwide (Faccini et al., 2017; Stadejek et al., 2017; Franzo et al.,
2018a; Hayashi et al., 2018; Tochetto et al., 2018; Saporiti et al., 2020). Indeed, the virus
was also found in moderate to high prevalence in wild boar (Sus scrofa scrofa) without any
association with clinical conditions (Klaumann et al., 2018c; Franzo et al., 2018c; Prinz et
al., 2019; Tan et al., 2020). Indeed, a recent study demonstrated evidence of a long-term
infection in this species, which may suggest wild boar as a potential reservoir for the virus
(Klaumann et al., 2018c).

PCV-3 genome has been detected in domestic pigs from all production phases such
as in dams, suckling piglets, weaners, and growing-finishing pigs, also including mummified
and stillborn piglets (Palinski et al., 2017; Arruda et al., 2019; Klaumann et al., 2019;
Wozniak et al., 2020). The distribution of PCV-3 positivity in the different production phases
as well as the frequency of detection can be observed in Tables from 1.3 to 1.8. The duration
of viremia has been poorly studied. A longitudinally study from four Spanish farms sampling
pigs from 3-4 weeks of age to slaughter showed detection of PCV-3 genome in a number of
animals, and few pigs had an apparent long-term infection (4-23 weeks of duration)
(Klaumann et al., 2019). Noteworthy, frequency of viral nucleic acid detection did not show
association to any specific age (Klaumann et al., 2019).

From its first description, viral DNA has also been detected in non-Suidae species
such as dogs, mice, cattle, chamois, roe deer, red deer, fallow deer, mouflon, ticks and
mosquitoes (Franzo et al., 2019; Jiang et al., 2019; Sun et al., 2019; Wang et al., 2019;
Czyzewska-Dors et al., 2020; Ha et al., 2020). Although the very sporadic presence of PCV-
3 DNA in these species, there is no evidence of viral pathogenicity in them. However, the
presence of the virus may suggest a potential spillover between species, a subject that must
be further investigated.

The detection of PCV-3 in four baboons has been associated to a xenotransplantation
experiment using pig hearts subsequently confirmed to be PCV-3 positive by PCR (Kriiger
et al., 2019). After 182 and 195 days of survival time of transplant, high amount of viral
genome was found in organs such as spleen, liver, lung, kidney, skin, and muscle, in two out
of the four transplanted baboons, suggesting viral replication. The other two transplanted

baboons, which had shorter survival time after transplant (15 and 27 days), were found PCR
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negative to PCV-3 in the same analyzed organs, apart from the transplanted pericardium,
which was still PCV-3 PCR positive. However, the isolation of PCV-3 attempted in human
cells in the same study was unsuccessful (Kriiger et al., 2019).

The PCV-3 pattern of antibody dynamics is, up to now, unknown. Serological
surveillance is essential to obtain information on the immune response generated against
PCV-3 infection. However serological tests (ELISA) are available in few laboratories and
they are used just for research purposes (Palinski et al., 2017; Deng et al., 2018; Mora-Diaz
etal.,2020). A Chinese field study, showed that the percentage of seropositive pigs increased
from 22.3% (76/370) to 51.9% (152/293) in samples taken in 2015 and 2017, respectively
(Deng et al., 2018). Another small survey in USA found a 56.6% (47/83) of PCV-3
seropositive samples sent for other diagnostic purposes from multiple states (Palinski et al.,
2017).

In conclusion, PCV-3 evidence of infection is present worldwide at different ages
and frequency of detection. However, more studies are needed to elucidate the pattern of

PCV-3 circulation and seroconversion in swine farms.

1.4.4 Disease association

Since the first PCV-3 description, the viral DNA has been identified in samples from
pigs with several different disease conditions. Noteworthy, detection of PCV-3 genome in a
sick animal does not preclude that this virus is the cause of the clinical signs or lesions.
Moreover, the lack of proper negative controls (age-matched, healthy pigs) to compare with
in most of these studies further complicates the interpretation of the viral infection regarding
the causality of the disease problem.

Literature linking PCV-3 with different disorders is extensive already, mainly
regarding respiratory, digestive, reproductive and neurological disorders. However, most of
these studies do not provide information on viral genome detection in healthy pigs from the

same farms.

1.4.4.1 Respiratory disease
Several reports have been published on PCV-3 infected pigs displaying respiratory
clinical signs (Table 1.3). In some of them, histologic lesions were reported while in others

only clinical signs or eventually gross lesions were described.
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1.4.4.2 Enteric disease
So far, two studies have detected PCV-3 DNA in samples from pigs presenting
digestive disorders (Table 1.4). In both studies, no pathologic investigations were

performed.

1.4.4.3 Reproductive disease

PCV-3 has also been found in farms with pigs displaying reproductive problems, as
listed in Table 1.5. In many of these studies, no histological investigations were performed;
moreover, detailed clinical history of analyzed farms was not given.

Despite the important number of studies reporting the presence of the virus in farms
presenting an increase of aborted fetuses, stillborn and mummified piglets, the detection rate
of PCV-3 in farms with standard number of stillborn and mummified piglets has not been
thoroughly investigated. Therefore, the potential background infection with PCV-3 in

normally performing farms is still unknown.

1.4.4.4 Neurological disease

PCV-3 has been found in pigs suffering from neurological signs or congenital
tremors (Table 1.6). Histology was performed in three out of the four studies. Noteworthy,
Atypical porcine pestivirus (APPV) was also found in 5 out of 7 of the animals tested by
Chen et al. (2017) and in 3 out of 3 examined by Williamson et al. (2021).

1.4.4.5. Other conditions
PCV-3 has also been presumably associated to other disease conditions (Table 1.7)

than the ones previously mentioned in tables 1.3 to 1.6.

1.4.4.6. Healthy animals

As indicated previously, a significant number of studies did not test healthy animals
as a control group. Such approach makes difficult to reach consistent conclusions on the
causality between PCV-3 infection and disease, especially when no lesions are
characterized, and the presence of virus cannot be unequivocally linked to observed lesions.

Indeed, the virus has also been detected in samples from healthy animals all around the world

(Table 1.8).
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1.4.5 Co-Infections
Being a ubiquitous virus, PCV-3 has been found in co-infection with other pathogens
by many studies (Table 1.9). The existence of such co-infections in diseased animals,
emphasizes the need to study the eventual pathogenicity of PCV-3 in presence and absence
of other infectious agents. At least when mirroring with PCV-2, co-infection of this virus
with other pathogens leads to more severe disease presentation under field (Opriessnig and

Halbur, 2012) and experimental (Tomas et al., 2008) conditions.
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Table 1.3. List of respiratory problems reported in animals positive by PCV-3 PCR in at least one of the tested samples.

% and Proportion of PCV-3 PCR

infiltrating lymphocytes

Clinical Signs / Lesions Plrlg(sl:ctlon ;l;e;te;ie S positivity in: Country | Reference
P P Diseased animals | Healthy animals
Fpion ot it s | L
drtiuse 1 ymp Y nursery / | Tissues* 100.0% (3/3) ** | NI USA Phan et al., 2016
interstitial pneumonia and acute p :
i attening

bronchitis

Lung

. . homogenate / 0 o

Respiratory disease NA oral fluid / 12.5% (34/271) NI USA Palinski et al., 2017

nasal swab

Lactating Lung tissues | 26.6% (25/94) 0.0% (0/42) *** China Qietal, 2019
Severe respiratory disease Nursery Sera 63.7% (51/80) 1.85% (4/216) China Zhai et al.. 2017
Mild respiratory disease Nursery Sera 13.1% (23/175) 1.85% (4/216) China ’
Abdominal breathlng / lung swelling Nursery Tissues / sera | NA**** NI China Shen et al., 2018
and congestion
Porcine respiratory disease complex . o o :
related signs Growing Sera 60.0% (15/25) 28.0% (7/25) Thailand Kedkovid et al.,
Porcine respiratory disease complex / Lung and 2018b
espiratoty mp Growing lymph node | 62.5% (5/8) NI Thailand

broncho-interstitial pneumonia :

tissues
Respiratory distress / South
bronchointerstitial pneumonia and Growing Tissues 100% (2/2) NI Korea Kim et al., 2018a

NI: Not included in the published manuscript; NA: Non-available information in the published manuscript.

*Not specified; **NGS results; ***The type of samples analyzed in control animals (feces) was different from the ones used in diseased pigs

(lung tissues); ****Number of tested samples not included in the published manuscript.
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Table 1.4. Digestive disorders reported in PCV-3 PCR positive animals.

% and Proportion of PCV-3 PCR

/(?Ilj:SlicOaIiSSlgns Plrlg(::ctlon Tested samples | positivity in: Country Reference

P Diseased animals | Healthy animals
Diarrhea Nursery Fecal samples 17.14% (6/35) 2.86% (1/35) Chin