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ABSTRACT

Porcine circovirus-associated disease encompasses multiple disease syndromes including porcine circovirus 2 systemic
diseases, reproductive failure, and porcine dermatitis and nephropathy syndrome. Until recently, porcine circovirus 2
was the only species associated with the porcine circovirus-associated disease. In this report, diagnostic investigations
of thirty-six field cases submitted from multiple production systems, numerous sites and varied geographic locations
demonstrated porcine circovirus 3 within lesions by in situ hybridization including fetuses with myocarditis, weak-born
neonatal piglets with encephalitis and myocarditis, from cases of porcine dermatitis and nephropathy syndrome, and
in weaned pigs with systemic periarteritis. Porcine circovirus 3 was detected by PCR in numerous fetuses and perinatal
piglets at high viral loads (trillions of genome copies per mL of tissue homogenate). Samples from all cases in this
study were assayed and found negative for porcine circovirus 2 by PCR. Metagenomic sequencing was performed on
a subset of reproductive cases, consisting of sixteen fetuses/fetal sample pools. PCV3 was identified in all pools and
the only virus identified in fourteen pools. Based on these data, porcine circovirus 3 is considered a putative cause of
reproductive failure, encephalitis and myocarditis in perinatal piglets, porcine dermatitis and nephropathy syndrome,

and periarteritis in swine in the United States.
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Introduction

Porcine circovirus (PCV) is a group of circular, single-
stranded DNA viruses belonging to the family Circoviri-
dae, genus Circovirus [1]. Circoviruses are the smallest
known autonomously replicating viruses [1]. The genome
encodes two major open reading frames (ORFs) where
ORF1 encodes a replication-associated protein (rep) and
OREF?2 encodes the viral capsid (cap) protein that deter-
mines the antigenic characteristics of the virus [1].

PCV is common in the United States and global
swine herds, and until recently, the only two species
identified were PCV1 and PCV2 [2]. PCV1 was first
identified as a cell culture contaminate and has not
been associated with disease [3]. In contrast, PCV2
is an economically important pathogen that has
been associated with a broad range of clinical diseases
including porcine circovirus 2 systemic disease
(PCV2-SD), respiratory and enteric disease, reproduc-
tive failure, and porcine dermatitis and nephropathy
syndrome (PDNS) [4-7].

Pigs with clinical signs and lesions of PCV2-SD
were first reported in Canada, and this syndrome

was subsequently associated with PCV2 in the mid-
to-late 1990s [5,8]. Shortly thereafter, epidemics of
severe systemic disease characterized by rapid loss
of condition, high mortality, and failure to thrive
were documented in Europe, Asia, and the United
States [9-14]. Histologic lesions consistently included
lymphoid depletion and lymphohistiocytic or granu-
lomatous inflammation in multiple organ systems in
which PCV2 was readily detected by immunohisto-
chemistry. Subsequently, PCV2 infection was associ-
ated with other syndromes collectively termed
porcine circovirus-associated disease (PCVAD),
which includes PCV2-SD, interstitial pneumonia,
PDNS, and reproductive failure [6,7]. The broad
range of clinical diseases of PCVAD may be
influenced by concurrent infection with other swine
pathogens or risk factors, as infection with PCV2
alone is commonly subclinical [7].

Reproduction of PCV2-SD under controlled con-
ditions has usually included coinfection with patho-
gens such as porcine parvovirus (PPV), porcine
reproductive and respiratory syndrome virus
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(PRRSV), or immune stimulation [15]. PDNS is
thought to be the result of an immune-complex depo-
sition and is included as a PCVAD because of the
association between PDNS lesions and PCV2 detec-
tion. However, there are a subset of cases in which
lesions in the kidney and/or skin are consistent with
PDNS without detection of PCV2. Gross lesions of
PDNS are characterized by prominent well-demar-
cated red to dark purple macules and papules most
prevalent on the hindquarters and dependent portions
of the pig [7]. Renal lesions include cortical pallor and
petechiae. Histologic lesions of PDNS in kidney are
characterized by vasculitis and fibrinous glomerulitis
and interstitial nephritis with tubular degeneration
and necrosis [6,7]. Skin lesions are characterized by
epidermal necrosis, dermal hemorrhage, and leukocy-
toclastic vasculitis [16].

Naturally occurring PCV2-associated reproductive
failure has mainly been reported in newly established
production facilities with first parity gilts [17-19]. His-
tologic lesions in fetuses can include lymphocytic or
lymphohistiocytic myocarditis, with the highest viral
titers and the highest proportion of infected cells in
the heart [2]. Criteria for the diagnosis of PCV2-associ-
ated reproductive disease have included later-term
abortions and stillbirths, extensive fibrosing and/or
necrotizing myocarditis, and the presence of high
amounts of PCV2 in myocardial lesions and other
fetal tissues [20]. However, these classic criteria are
insufficient to accurately diagnosis a majority of
PCV2-associated reproductive failure cases [21].
Quantitative PCR has been shown to be a more sensi-
tive diagnostic method and is now used routinely to
diagnose PCV2-associated reproductive failure cases
in the absence of fetal cardiac lesions [21].

In 2015 and 2016, a new PCV species was detected in
sows with lesions consistent with PDNS and concur-
rently in mummified fetuses on a sow farm [22], as
well as in pigs with lesions of cardiac and multisystemic
inflammation in the United States [23]. Metagenomic
sequencing and analysis, showed this new virus was
genetically distinct from PCV2, with only 48% amino
acid identity in the rep protein and 26% amino acid iden-
tity in the cap protein between the two viruses [22,23].
Thus, this new PCV species was designated PCV3 [22].
The virus has since been identified in multiple countries,
including Germany [24], Japan [25], Korea [26], Russia
[27], China [28], Thailand [29], Italy [30], Spain [31],
Denmark [32], South Korea [33], Poland [34], Brazil
[35], and Sweden [36]. While testing is somewhat limited
to date, the finding of PCV3 in retrospective samples
indicates that this species of circovirus has likely been cir-
culating in swine populations decades prior to the initial
detection and case reports [36].

Phylogenetic analysis of contemporary and retro-
spective samples has shown a consistent mutation in
certain amino acids of the cap protein. Accordingly,
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it has been proposed that mutations in amino acids
24 and 27 of the cap protein could be potential molecu-
lar markers to classify PCV3 into three clades: PCV3a,
PCV3b and PCV3c [37]. PCV3a has been further
divide into three subclades (PCV3al, PCV3a2 and
PCV3a3) based on the evolutionary relationship and
other molecular features of the cap protein [37].

Following the initials reports [22,23], PCV3 has been
detected in herds reporting clinical signs of reproductive
failure [27,30,35,36], PDNS [27], diarrhea [38], and res-
piratory disease [29,38,39]; however, these reports do
not provide strong evidence that PCV3 is associated
with clinical disease because they report limited infor-
mation on tests and testing of other concomitant
swine pathogens, lack pathologic evaluation, and/or do
not detect PCV3 in lesions through in situ. Detection
of an endemic agent does not suffice for disease diagno-
sis. The array of clinical syndromes occurring in differ-
ent production systems from which there is concurrent
detection of PCV3 by PCR and in situ in lesions has not
been reported, leaving many to question the clinical rel-
evance of an apparently endemic PCV3 in the United
States and global swine herds. Accordingly, this report
investigates the role of PCV3 and its cell tropisms in var-
ious clinical syndromes in samples submitted for diag-
nostic investigation from different productions systems
through the aggregation of clinical history, clinical
signs, and diagnostic results that include histopathology
and in situ hybridization (ISH) assays.

Materials and methods
Selection of cases

All cases were submitted to the Iowa State University
Veterinary Diagnostic Laboratory (ISU-VDL) for rou-
tine diagnostic investigation. The ISU-VDL is a National
Animal Health Laboratory Network accredited labora-
tory that receives more than 80,000 cases per year,
75% of which are the porcine origin. Approximately
10,000 porcine cases include gross and histologic evalu-
ation of tissues. Reproductive cases were selected based
on the detection of PCV3 by qPCR at cycle quantifi-
cation (Cq) values at or below 30.0 in the absence of
other known viral causes of reproductive failure in
swine. Perinatal infection cases were selected based on
the detection of PCV3 by qPCR and ISH in lesions pre-
sent in weak-born piglets. Weaned pig case selection was
based on the presence of consistent histologic lesions
that included periarteritis and arteritis and detection of
PCV3 by qPCR and ISH. All weaned pig cases were
reviewed by BA as the assigned diagnostic pathologist.

Gross and histologic evaluation

Gross evaluation of all fetuses, intact pigs, and fresh
and fixed tissue was performed by a diagnostic
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pathologist. Findings were recorded in the case
record. Tissues were fixed in 10% neutral buffered
formalin, processed by standard technique and
stained by hematoxylin and eosin (H&E) technique.
Histologic evaluation was performed by a diagnostic
pathologist. Sections from these same paraffin blocks
were also used for RNAscope® ISH.

PCV3 in situ hybridization

RNA ISH was performed using the RNAscope® 2.5
HD Reagent Kit -RED (catalog no. 322350
Advanced Cell Diagnostics, Newark, CA) and the
RNAscope® 2.5 HD Reagent Kit - BROWN (catalog
no. 322300 Advanced Cell Diagnostics, Newark,
CA) according to the manufacturer’s instructions
for formalin-fixed paraffin-embedded samples
(document numbers: 322452, 322360 and 322310
Advanced Cell Diagnostics, Newark, CA). Paraffin
blocks stored at room temperature (RT) from each
selected case were retrieved and 4 pm sections
were trimmed and mounted on Superfrost® Plus
slides (catalog no. 48311-703 VWR, Radnor, PA).
Slides were then dried overnight at RT. Next slides
were heated for 1h at 60°C and afterwards depar-
affinized with two consecutive 5 min immersions
in xylene and two consecutive 1 min immersions
in 100% alcohol. Slides were air dried, treated
with RNAscope® Hydrogen Peroxide at RT for
10 min and then rinsed with distilled water. Slides
were then immersed in the prepared RNAscope®
1X Target Retrieval Reagent for 15 min at 100°C.
This was followed with a distilled water rinse,
100% alcohol immersion for three minutes, air dry-
ing of the slides and application of a hydrophobic
barrier using the ImmEdge™ pen around each tis-
sue section. Slides were then treated with RNA-
scope® Protease Plus for 30 min at 40°C in the
HybEZ™ Oven followed by a distilled water rinse.
Preheated probes were then dispensed on to the
samples which then hybridized for 2 h at 40°C in
the HybEZ™ Oven. The RNAscope® probe targeting
PCV3 RNA (catalog no. 463961 or 530431) along
with the RNAscope® positive control probe Ss-
UBC (catalog no. 400641) and RNAscope® negative
control probe DapB (catalog no. 310043) used were
designed and synthesized by Advanced Cell Diag-
nostics. After probe hybridization, six rounds of
amplification were performed (RNAscope ° 2.5
AMP 1-6) followed by incubation with either red
or brown chromogenic detection solution for
10 min at RT. Slides were counterstained with a
50% hematoxylin solution for 2 min, rinsed and
dipped three times in 0.02% ammonia water fol-
lowed by a tap water rinse Slides with the red detec-
tion were then dried at 60°C for 15 min and cooled
down at RT for 5 min. Finally, slides were quickly

submerged into xylene and immediately cover-
slipped after applying two drops of EcoMount (cat-
alog no. EM897L Biocare Medical, Pacheco, CA).
Slides with brown detection were dehydrated
through one change of 70% alcohol and two
changes of 95% alcohol for 2 min each before pla-
cing in xylene for 5 min. Slides were finally cover-
slipped with a mounting medium suitable for use
with xylene. Slides were visualized by a diagnostic
pathologist using an Olympus BX43 bright-field
microscope (Olympus Corporation, Tokyo, Japan).

PCV3 and PCV2 gPCR

All samples were tested at the ISU-VDL for the pres-
ence of PCV3 and PCV2. Tissues were minced using
a sterile scissors and forceps, transferred to a 50 mL
conical tube with Earle’s Balanced Salt Solution
(Sigma-Aldrich, St. Louis, MO) to make a 10%
weight/volume homogenate, the conical tube was
then placed in a Geno/Grinder® (SPEX® SamplePrep,
Metuchen, NJ) at 1000 RPM for 2 min followed by
centrifugation at 4200 x g for 10 min at 4°C and the
resulting supernatant was transferred into a 5 mL
snap-cap tube. DNA extraction from the tissue hom-
ogenate was performed using the MagMAX-96
Pathogen RNA/DNA kit (Applied Biosystem™, MA,
USA) with KingFisher™ Flex 96 Deep-Well Magnetic
Particle Processor (Thermo Fisher Scientific, Wal-
tham, MA) following the manufacturer’s instructions.
DNA extracts were used to detect the conserved
region of the capsid gene of PCV3 using TagMan™
Fast Virus 1-step Master Mix (Life Technologies,
MA, USA) with specific primers previously described
[17]. The ORF1 of PCV2 was detected using forward
primer 5-TGGCCCGCAGTATTCTGATT-3' and
reverse primer 5-CAGCTGGGACAGCAGTTGAG-
3’ with the probe 5-56-FAM-CCAGCAATC-ZEN-
AGACCCCGTTGGAATG-31ABKFQ-3' [40]. Internal
control RNA (Xeno™, Life Technologies Corpor-
ation) was included in the master mix to monitor
PCR amplification and detection of PCR inhibition.
Two positive extraction controls, one negative extrac-
tion control, and a negative amplification control
were included. RT-qPCR was performed (7500 Fast
Real-Time PCR System, Applied Biosystems®, Foster
City, CA) with the following cycling conditions: one
cycle at 50°C for 5min, one cycle at 95°C for
20 min, 40 cycles at 95°C for 3s, and 60°C for 30 s.
Samples with Cq values <37 for either species were
considered positive. The PCV3 genome copy number
per mL of tissue homogenate was calculated from
standard curve created by the ten-fold serial dilution
of plasmid DNA containing full genome of PCV3 iso-
late 29160 (GenBank accession no. KT869077). The
equation for PCV3 genome copy number per mL of
tissue homogenate was 10((Ca=53-799)/=3.6391),



PRRSV, PPV, and APPV qPCR

All testing was performed at the ISU-VDL. Tissue pro-
cessing and nucleic acid extraction were performed as
above. For PRRSV, RT-qPCR was performed on nucleic
acid extracts using a commercially available NA and EU
PRRSV-specific PCR assay (Applied Biosystems™ Tagq-
Man® NA and EU PRRSV Reagents, Thermo Fisher
Scientific). The assay contained multiple primers and
probes to detect North American (Type 2) and Euro-
pean (Type 1) strains. For PPV qPCR was performed
as above with forward primer 5'-CCAAAAATGCAAA
CCCCAATA-3 and reverse primer 5-TCTGGCGGT
GTTGGAGTTAAG-3 with the probe 5-56-FAM-C
TTGGAGCCGTGGAGCGAGCC-IA Black FQ-3' [41].
For APPV, RT-qPCR was performed as above with for-
ward primer 5-TGCCTGGTATTCGTGGC-3' and
reverse primer 5-TCATCCCATGTTCCAGAGT-3
with the probe 5-5-FAM-CCTCCGTCTCCGCGGC
TTCTTTGG-3BHQ_2-3 [42]. Internal controls,
equipment and cycling conditions are as described
above. Samples with Cq values <37 for either
PRRSV genotype were considered positive. Samples
with Cq values <35 for PPV and APPV were con-
sidered positive.

Metagenomic sequencing

In reproductive failure Case nos. 1, 3, and 7, metage-
nomic sequencing was performed as previously
described [40,41]. First-strand ¢cDNA synthesis of
viral DNA was performed with the Superscript III
first-strand synthesis kit in accordance with the man-
ufacturer’s instructions with previously published pri-
mers [42]. Amplification of the double-stranded
cDNA was performed with primers identical to
those used for first-strand synthesis but lacking the
random hexamer and TaKaRa DNA polymerase.
Reads were assembled de novo and contigs were ident-
ified by BLASTX. Template assembly was performed
using PCV3-IT/MN2017 (accession no. MF162299)
as a reference. For most assemblies, a gap was present
in the intergenic region downstream of the cap and
rep ORFs. To complete the genome sequence, this
region was amplified by PCR using primers PCV3
733 Forw (5-AAACGCGGGAAGCTTGTGC) and
PCV3 1782 Rev (5-ACCCGCCTAAACGAATGG).
These primers were designed based on the assembled
PCV3 genome sequence adjacent to the gap in the
assembly in order to amplify the region of the genome
encompassing the gap. The resulting amplicon was
sequenced using an Illumina MiniSeq with libraries
prepared using the Nextera XT library preparation
kit. Amplicon sequencing reads were combined with
reads generated by metagenomic sequencing of the
original sample to generate the complete genome
sequence.
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In reproductive failure Case nos. 19, 20, 21, and
22, metagenomics sequencing was performed using
IMlumina technologies and NextEra XT library prep-
aration. Each sample was processed in two methods
to enrich for either RNA or DNA viruses. Sequences
were aligned to Sus scrofa to remove host and
remaining sequences were assembled de novo and
analyzed by BLASTN and BLASTX.

PCV3 open reading frame 2 sequencing and
phylogenic analysis

All samples were tested at the ISU-VDL. DNA extraction
from tissues was performed using the MagMAX-96
Pathogen RNA/DNA kit (Applied Biosystem™, MA,
USA) with KingFisher™ Flex 96 Deep-Well Magnetic
Particle Processor (Thermo Fisher Scientific, Waltham,
MA) following the manufacturer’s instructions. QScript
XLT Custom One-Step RT-PCR kit was used with
Quanta Custom Tough Mix and two primer sets devel-
oped at the ISU-VDL. The first primer set consisted of
forward primer 1 5'-GTGTACAATTATTGCGTTGGG
-3’ and reverse primer 1 5-AAAACACAGCCGTTAC
TTCACC-3'. The second primer set consisted of forward
primer 2 5-GCTTTGTCCTGGGTGAGCG-3" and
reverse primer 2 5-CCTGCGGCATCAAAACACG-3.
Sequencing was performed (ABI 2720 thermal cycler,
Applied Biosystems®, Foster City, CA) with the following
cycling conditions: one cycle at 94°C for 3 min, 45 cycles
at 94°Cfor 30 s, 55°Cfor 30 s, and 68°C for 45 s, one cycle
at 68°C for 7 min, and 1 cycle at 4°C. Successful perform-
ance of the assay was determined when a PCR product of
444 and 643 bp was obtained from primer set one and
two, respectively.

For phylogenetic analysis, a full PCV3 ORF2 sequence
from 11 clinical cases was aligned with PCV3 reference
strain sequences obtained from GenBank (https://www.
ncbinlm.nih.gov/nucleotide/). PCV3 clade reference
strains were selected from US strains with the exception
of PCV3b as a US strain was not available (PCV3a:
PCV3USA/MO/2015 (KX778720), PCV3/USA/29160/
NC/2016 (NC031753), PCV3/USA/MN20162016 (KX8
98030); PCV3b: PCV3/CN/Jiangxi-$1/2017 (MF589133);
and PCV3c: PCV3/USA/SD2016/2016 (KX966193)).
Multiple sequence alignment and sequence comparisons
were carried out using the ClustalW algorithm by Gen-
eious R9 software (Biomatters Ltd, Auckland, NZ).
Phylogenetic analysis was completed using PAUP (phy-
logenetic analysis using parsimony) version 4.0b10 by
the maximum parsimony (MP) method. The MP tree
was executed using a heuristic search with stepwise
option. The clade of trees was estimated with 1000 repli-
cates of bootstrap (BT) analysis. The trees were visualized
with Geneious R9 software based on full sequence of the
OREF2. All sequences were translated and PCV3 cluster-
ing was evaluated based on the amino acid composition
of the ORF2 as previously proposed [37].
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Results
Reproductive failure cases

Cases and clinical history

A summary of reproductive failure cases is presented in
Table 1. Between January and November 2018, PCV3
was detected by qPCR in fetal thoracic tissues (pooled
heart and lung) in 22 cases that included 36 fetuses or
fetal groups. Cases usually included multiple fetuses
and often fetuses from multiple litters or sow groups.
These 22 cases originated from 20 different sites
located in Iowa, Indiana, Nebraska, Kansas, South
Dakota, Michigan, Minnesota, North Carolina, or
Ohio. Information from submission forms often
reported an increased mummy and stillbirth rate,
most commonly in low parity sows. Two cases

specifically reported a 5% mummy rate. Rarely weak-
born pigs or decreased farrowing rate were also
reported. The single batch farrow farm in this study
(Case no. 1), reported multiple batches affected with
most of the losses occurring over two farrowings.
Initially, gilt litters were reported to be affected with
more multiparous sows having affected litters in the
next batch. It was reported that up to 35 litters of
100 total litters per farrowing were affected, with
around three-fourths of the pigs stillborn. In Case
nos. 19-21, gilts were sourced from the same multi-
plier. These three geographically distinct and unrelated
commercial farms reported widespread reproductive
failure in gilts that included early embryonic death,
increased mummy rate, and decreased farrowing rate
(77-83% compared to historical 88-91%).

Table 1. Summary of diagnostic assay results for reproductive failure cases.

PCR Cq

Case no. Site state Site ID PCV3 Cq? - group® PCV2° PPRSVY pPPV® NGSf ISH?

1 IN A 20.6 un u u PCV3 Heart and kidney

2 MN B 197 - A U NP' u NP NP
141-B
Uu-¢D

3 IA C 9.4 U U U PCV3 Heart not kidney

4 NE D 152-A U NP NP NP NP
U-B
122-C
283-D
248 - E
300-F

5 OH E 17.8 U NP U NP NP

6 1A C 148 - A U 0] 0] PCV3 Heart, kidney, placenta - A
307 -8B
108 - C Heart and kidney - C
U-D,EF

7 NE F 18.0 U U U PCV3 Heart and kidney

8 KS G 247 - A U NP U NP NP
U-B8,C

9 MN H 136 - A U U U NP Heart not kidney
300-B
333-C
145-D

10 MN B 13.1 U U U NP NP

11 NE [ 206 U NP NP NP NP

12 IA J 17.9 U U U NP NP

13 IN K 217-A U U U NP NP
278-B

14 IA L 13.8 U U NP NP NP

15 NC M 19.8 U U U NP NP

16 NE N 246 U U U NP NP

17 SD 0 10.0 U U U NP NP

18 IA P U-AB U U U NP NP
175-C

_ 135-D

19 M Q 235 U U U PCV3 NP

20 M R 14.0 U U U PCV3 NP

21 M S 209 U U u PCV3 NP

22 MN T 1M4-A U U U PCV3 NP
140 - B
269 - C

?PCV3 Cq: Porcine circovirus 3 cycle quantification value.
BGroup: Individual fetuses or pooled fetal group identification.
“Porcine circovirus 2.

dPorcine reproductive and respiratory syndrome virus.
Porcine parvovirus.

*Metagenomics sequencing detection of PCV3.

9ISH: In situ hybridization; tissues in which PCV3 was detected by RNAscope® ISH assay.

"U: Undetected after cycle cut-off.
'NP: Not performed.

ICase No. 19-21: The same gilt source was used by three different commercial farms.



Pathology and PCV3 ISH

Gross examination of stillborn fetuses was diagnosti-
cally unremarkable. Fetuses which had died earlier in
utero, often with in utero dehydration or mummifica-
tion without abortion, had a crown-to-rump length
that varied from 7 to 17 cm. Histologic examination
of the heart, lung, spleen, liver, kidney and placenta
was unremarkable in a majority of cases. Lymphocytic
myocarditis was observed in fetuses of two cases that
originated from the same site (Figure 1(a)).

PCV3 was detected by ISH in 5 out of 5 cases
assayed. The most abundant labeling was present in a
section of heart that also had inflammation (Figure 1
(b)). Replication of PCV3 was most commonly noted
in the smooth muscle of arteries in the heart and kid-
ney and within cardiac myocytes (Figure 1(c,d)). In
one case placenta was tested and found positive for
the presence of PCV3 in trophoblasts (Figure 1(e)).

PCV3 detection in tissues by qPCR

PCV3 was detected in multiple fetuses and usually 50% or
more of fetuses within litters or pooled fetal groups. The
Cq value of fetal thoracic tissue ranged between 9.4
(1.58 x 10"? gc/mL) to 33.3 (4.28 x 10° gc/mL). Three
cases had litters or groups of pooled fetal thoracic tissue
with Cq values at or above 30.0 (3.46 x 10° gc¢/mL). In
these cases, multiple fetal groups were submitted and
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tested individually with the lowest Cq values found to
be 12.2 (2.69x 10" gc/mL), 10.8 (6.53 x 10'! gc/mL),
and 13.6 (1.11 x 10" gc/mL). The mean and median
Cq value of all positive fetal thoracic tissues tested (n =
36) was 19.26 (3.09x 10° gc/mL) and 17.95 (7.08 x
10° gc/mL), respectively. The standard deviation of Cq
values was 6.87. In one case multiple sample types across
three positive litters were tested including fetal thoracic
tissue, fetal thoracic fluid, liver and kidney. In this case,
fetal thoracic fluid had the lowest Cq value of any sample
type (Supplementary Table 1). Concurrent testing of kid-
ney and fetal thoracic tissue occurred in three cases. Kid-
ney had a slightly higher Cq value than fetal thoracic
tissue (Supplementary Table 1).

Viral pathogen detection in tissues by qPCR

PCV2 was not detected by qPCR in any fetus or fetal
group. PRRSV was not detected by RT-qPCR in any
case tested (n=17). PPV was not detected by qPCR
in any case tested (n=19).

Metagenomic sequencing

A summary of metagenomic sequencing results is pre-
sented in Supplementary Table 2. The MiSeq runs gener-
ated a total of 6,858,986 reads. Reads were assembled de
novo. PCV3 was identified in sixteen fetal pools assayed
from eight cases. The complete PCV3 genome was
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Figure 1. Histologic lesions and detection of PCV3 by ISH in reproductive failure cases. (a) Fetal heart with lymphocytic myocarditis
from Case no. 6 fetal group C. (b) PCV3 replicating in fetal heart from Case no. 6 fetal group C. (c) PCV3 replicating in the smooth
muscle of an arteriole in the heart from a fetus in Case no. 7. (d) PCV3 replicating in the smooth muscle of an arteriole in the kidney
from a fetus in Case no. 7. (e) PCV3 replicating in trophoblasts of the placenta from Case no. 6 fetal group A.



690 (&) B.ARRUDAETAL.

recovered from at least one sample in each case with 99—
100% genome similarity to a reference strain, when ana-
lyzed by BLASTX. In fourteen samples, the remaining
reads showed no similarity to any known eukaryotic
virus. An adventitious agent along with PCV3 was ident-
ified in two samples: torque teno sus virus (TTSuV-1) and
porcine cytomegalovirus (PCMV). Assemblies from
RNA processing methods revealed no evidence of RNA
viral infection (data not shown).

Perinatal infection cases

Cases and clinical history

Between March and August of 2018, PCV3 was detected
in three cases that included suckling piglets. Two cases
were submitted a month apart from the same high-
health, newly populated “start-up” herd in Missouri
reporting poor estrus activity, periods of higher abortion
rates, and increase in fetal mummies. The first of these

was fresh and fixed cerebrum from a 12-day-old pig
reported with tremors. Submitted in the second case
was fresh and fixed tissues including cerebrum
(fresh only), heart, thymus, lymph node, spleen, tonsil,
lung, kidney, liver, small intestine, and large intestine
from an 8-day-old piglet taken from a litter born with
multiple mummified fetuses. The third case originated
from a genetic multiplier herd in North Carolina and
consisted of fresh and fixed tissues including cerebrum,
lung, heart, and kidney from three 1-day-old piglets
from a gilt litter, with a third of the pigs displaying tre-
mors. Other pigs in the litter were reported to be weak
and not nursing well.

Pathology and PCV3 ISH

Gross examination of fresh and fixed tissues was diagnos-
tically unremarkable. Gliosis and lymphocytic perivascu-
lar cuffing were noted in the cerebrum in the first and
third case (Figure 2(a,b)). Lymphocytic perivasculitis
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Figure 2. Histologic lesions and detection of PCV3 by ISH in perinatal infection cases. (a) Lymphocytic perivascular cuffing in the cere-
brum of the 12-day-old piglet from Case no. 1. (b) Lymphocytic perivascular cuffing and gliosis in the cerebrum of a 1-day-old piglet from
Case no. 3. (c) Lymphocytic myocarditis and perivasculitis in the 8-day-old piglet from Case no. 2. (d) Lymphocytic myocarditis in a piglet
from Case no. 3. (e) PCV3 replicating in cardiac myocytes and the smooth muscle of an artery of a piglet from Case no. 2. (f) PCV3 replicat-
ing in cardiac myocytes of a piglet from Case no. 3. (g) PCV3 replicating in neurons and ependymal cells in the cerebrum at the level of the
hippocampus of a piglet from Case no. 3. (h) PCV3 in the body and axons of a neuron in the cerebrum of the piglet from Case no. 1.



and myocarditis were present in the second and third case
(Figure 2(c,d)).

PCV3 was detected by ISH in all three cases. Repli-
cation of PCV3 was noted in smooth muscle of arteries
in the heart (Figure 2(e)), cardiac myocytes (Figure 2(e,
f)), the white and grey matter of the cerebrum, smooth
muscle of arterioles in the cerebrum, ependymal cells,
numerous neurons (Figure 2(g,h)), and smooth muscle
of arterioles of the kidney and renal tubular epithelium.

PCV3 detection in tissues by qPCR

PCV3 was detected by PCR in all three cases at very low
Cq values. PCV3 was detected in the brain from piglets
of all three cases at Cq values of 12.2 (2.69 x 10"" gc/
mL), 13.3 (1.34 x 10" gc¢/mL), and 7.5 (5.27 x 10> gc/
mL), respectively. PCV3 was also detected in pooled
lung and spleen (Cq 13.7; 1.04x 10" gc/mL) and
liver (Cq 19.3; 3.01 x 10° g¢/mL) from the piglet in
the second case. PCV3 was detected in pooled lung
and heart (Cq 14.4; 6.69 x 10'° gc/mL) from the piglets
in the third case.

Viral pathogen detection in tissues by qPCR

PCV2 was not detected by qPCR in any case. PRRSV
was not detected by RT-qPCR in the single case
assayed. APPV was detected by RT-qPCR in the
brain of piglets from the first (Cq 28.1) and third
case (Cq 27.8) that reported tremors.

Metagenomic sequencing

Metagenomic sequencing of the cerebrum from Case no.
2, identified PCV3 alone. The MiSeq runs generated a
total of 2,790,668 reads. Reads were assembled de novo,
resulting in 296 contigs. One contig consisted of 1617-
bp composed of 1615 reads that mapped to the reference,
PCV3-IT/MN2017 (accession no. MF162299) via tem-
plated assembly with 98-99% genome similarity, when
analyzed by BLASTX. The remaining reads mapped to
host (Sus scrofa) genome.

Weaned pig cases

Cases and clinical history

A summary of weaned pig cases is presented in Table 2.
Between February and October of 2018, PCV3 was
detected in eleven cases from nine different sites. Five
of the cases came from three sites that were supplied
by the same sow farm. In all cases, pigs ranged in age
from 3- to 10-weeks-old but were most commonly 3
to 6 weeks of age. Clinical signs varied and included
acute deaths, poor condition and dermatopathy in
0.25% of pigs from a “start-up” herd.

Pathology and PCV3 ISH detection

In two cases that consisted of 3-week-old pigs from two
different sites supplied by the same sow farm, multifo-
cal to coalescing, slightly raised, red to dark red,
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irregular, well-delineated macules and papules that
occasionally had military central areas of depression
(palpable purpura) were observed primarily in depen-
dent areas (Figure 3(a)). Gross examination of other
fresh and fixed tissues from other cases was commonly
diagnostically unremarkable.

Histologic examination of the first two cases in
which palpable purpura was observed, a leukocytoclas-
tic vasculitis and fibrinoid necrosis with epidermal
necrosis was present (Figure 3(b)). Mott cells and
abundant macrophages were also present in lymph
nodes. In the second case, a lymphohistiocytic and
plasmacytic periarteritis and arteritis were present in
the heart, kidney and mesenteric vessels. In the six
other cases from distinct unrelated farms and three
additional cases from the same flow that had previously
observed palpable purpura, a predominately lympho-
cytic inflammatory infiltrate was commonly and con-
currently present in the heart and kidney and less
commonly concurrently in the mesentery (Figure 3
(c-f)). In some cases, vasculitis was also present.

PCV3 was detected by ISH in all cases. PCV3 was
detected in the epidermis, follicular epithelium and
arterioles in PDNS cases (Figure 4(a,b)). Replication of
PCV3 was most commonly noted in the smooth muscle
of arteries (Figure 4(c—e)) and less commonly in cardiac
myocytes and gut-associated lymphoid tissue (Figure 4
(c,e)). PCV3 was also observed in the smooth muscle of
the large intestine and adipocytes (Figure 4(f,g)).

PCV3 detection in tissues by qPCR

PCV3 was detected in the lung of all affected pigs with
an average Cq value of 24.3 (1.27 x 10* gc/mL) and a
median Cq value of 23.6 (1.98 x 10® gc/mL). In four
cases, multiple tissue types were assayed. PCV3 was
commonly detected at a similar Cq value across mul-
tiple tissue types (Supplementary Table 3).

Viral pathogen detection in tissues by qPCR

PCV2 was not detected by qPCR in any case. PRRSV
was not detected by RT-qPCR in most cases. PRRSV
was detected by RT-qPCR in three cases (Cq 23.3,
31.4, and 31.1; PRRSV sequencing was not performed).
PRRSV RT-qPCR was not performed in two cases.

PCV3 open reading frame 2 phylogenetic analysis

The ORF2 genomic sequences of 11 cases including 1
perinatal case, 1 weaned pig case and 9 reproductive fail-
ure cases were determined using either metagenomic or
OREF?2 sequencing. Phylogenetic analysis of the nucleo-
tide sequence encoding the cap protein was performed
comparing four reference strains representing all PCV3
clades and three PCV3a subclades. Based on the ORF2
nucleotide sequence of three PCV3a reference strains,
one perinatal infection case belonged to the PCV3a
clade. The percent identity of the ORF2 genome of this
individual case compared with reference sequences of
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Table 2. Summary of diagnostic assay results for weaned pig cases.

Case Site Site Age - -
no. state ID (wk) Clinical signs  Gross Histopathology PCV3® PCV2¢ PRRS? ISH®
1 1A K 3 Dermatopathy Palpable Haired skin: Vasculitis and 234 U Skin: Adipocytes in panniculus
purpura perivasculitis, fibrinoid and LN9: Rare lymphocytes
leukocytoclastic with epidermal
necrosis S
2" 1A L 3 Derma- Palpable Haired skin: Vasculitis and 26.5 NP'  SP: Adipocytes of mesentery, mesothelial
topathy purpura perivasculitis, fibrinoid and cells, rare crypt cells, rare enterocytes,
leukocytoclastic with epidermal rare smooth muscle of tunica
necrosis muscularis, smooth muscle of arteries
Heart, kidney, and mesenteric LI*: Smooth muscle of arteries
arteries: Periarteritis and arteritis, Skin: Endothelial cells, epithelium of
lymphohistiocytic and hair follicle, adipocytes in panniculus,
plasmacytic epithelium
3 1A M 5 Sudden death DU' Heart, kidney, mesentery of spleen: 25.0 NP Lung: Low numbers of mesothelial cells
Periarteritis and arteritis, of pleura, pneumocytes, smooth
lymphohistiocytic and muscle of arteries
plasmacytic Liver: Not detected
Heart: Occasional cardiac myocytes,
smooth muscle of arteries,
lymphocytes surrounding arteries
Kidney: Smooth muscle of artery
Spleen: Mesothelial cells of
mesentery, smooth muscle of arteries
in spleen and mesentery, adipocytes
in mesentery, smooth muscle of
trabeculae, lymphocytes
4 1A M 8 Resp® DU Heart: Lymphohistiocytic 25.8 314 Liver: Hepatocytes in low numbers
myocarditis, multifocal, mild with commonly in clusters
segmental periarteritis Heart: Rare cardiac myocytes
Kidney: Interstitial nephritis,
lymphohistiocytic, multifocal,
moderate
5 A M 9 Resp DU Kidney: Periarteritis, 27.0 U  Spleen: Lymphocytes
lymphohistiocytic and Lung: Not detected
plasmacytic Kidney: Rare renal tubular epithelium;
adipocytes surrounding kidney
6 1A N 10 Sudden death DU Heart: Periarteritis, 28.0 23.3 Heart: Smooth muscle of artery
lymphohistiocytic
7 1A 0 3 Enteric Fluid filled Heart: Periarteritis and arteritis, 227 U  Heart: Cardiac myocytes and smooth
LI lymphohistiocytic and muscle of arteries
plasmacytic LI: Scattered smooth muscle cells of the
Large intestine; mesocolon: tunica muscularis; lymphocytes of GALT
Periarteritis and arteritis, Mesocolon: Smooth muscle of arteries
lymphohistiocytic and LN: Low numbers of lymphocytes
plasmacytic Thymus: Not detected
Liver: Rare hepatocytes
8 MN P 6 Resp Fibrinous  Heart, kidney, and mesocolon: 23.2 U  Heart: Smooth muscle of arteries;
epicarditis  Perivasculitis, lymphocytic cardiac myocytes
Heart: Myocarditis, LI: Smooth muscle of tunica
lymphohistiocytic and fibrinous muscularis; rare colonocytes,
epicarditis adipocytes; smooth muscle of arteries
in mesocolon
Liver: Rare hepatocytes; smooth
muscle of artery
9 NC Q 5 Resp DU Heart and kidney: Periarteritis and ~ 23.6 U  Kidney: Smooth muscle cells of artery
arteritis, lymphohistiocytic and mononuclear inflammatory cells
Heart: Rare cardiac myocytes
10 IL R NA Poor DU Myocarditis and periarteritis 199 U  Heart: Smooth muscle cells of an artery;
condition rare cardiac myocytes
1 IL S 4 Resp DU A: Myocarditis, lymphocytic 31.1- A: Rare cardiac myocytes and renal
Spleen; mesentery: Arteritis, focal 27.2- B tubular cells
B: Myocarditis, periarteritis, A B: Cardiac myocytes, adipose
arteritis 22.1- surrounding kidney, and smooth
Kidney: Periarteritis and arteritis B muscle of arteries in the heart and

kidney

2Cq: Cycle quantification value.

bPorcine circovirus 3.
“Porcine circovirus 2.

dPorcine reproductive and respiratory syndrome virus.

€ISH: In situ hybridization; tissues in which PCV3 was detected by RNAscope® ISH assay.

fU: Undetected after cycle cut-off.

9LN: Lymph node.

PCase No. 2-5: Pigs originated from the same sow source as site ID K.

'NP: Not performed.
JSI: Small intestine.
k: Large intestine.

DU Diagnostically unremarkable.

MResp: Respiratory.
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A

Figure 3. Gross and histologic lesions in weaned pig cases. (a) Palpable purpura and (b) epidermal necrosis, vasculitis and inflam-
mation surrounding hair follicles in the 3-week-old pig from Case no. 2. (c) Lymphocytic periarteritis in the heart and (d) intestinal
mesentery of the 25-day-old pig from Case no. 7. (e) Lymphocytic periarteritis in the kidney of the 5-week-old pig from Case
no. 9. (f) Lymphocytic periarteritis and myocarditis in the 6-week-old pig from Case no. 8.

PCV3al, PCV3a2 and PCV3a3 was 98.76%, 98.14%, and
98.60%, respectively. Only one reproductive case was rep-
resented within the clade PCV3b with a 99.2% nucleotide
identity compared with a reference strain. Eight repro-
ductive failure cases and one weaned pig case were rep-
resented within the PCV3c clade. The percentage of
nucleotide identity amongst reproductive failure cases
within the PCV3Db clade varied from 98.76% to 99.84%.
The only weaned pig case evaluated had the lowest hom-
ology with the PCV3c reference strain (98.14%)
(Figure 5). In addition, genetic differences resulted in
amino acid mutations (A24 V and R27 K) represented
with one perinatal case (A24: R27), one weaned pig
case (A24:K27), and nine reproductive failure cases
(V24:K27; Figure 6). These results further validate the
genotyping results that were obtained based on the phy-
logenetic structure.

Discussion

PCV2 was initially but sporadically identified in cases
of PCV2-SD in Canada in the 1990s [5, 8]; however,

epidemics of this severe systemic disease due to
PCV2 were not seen in the global swine population
until the ensuing decade [9-14]. Although there are
effective commercially available vaccines, PCV2
remains an endemic infection that can cause several
disease syndromes of economic significance in swine
[6,7]. The clinical and histopathologic manifestations
of PCV2 infection include mummies and stillbirths,
myocarditis in fetuses, interstitial pneumonia with
peribronchiolitis, granulomatous lymphadenitis with
lymphoid depletion, PDNS, and enteritis; however,
clinical signs and lesions occur in only a portion of
infected animals [6,7]. Similar to PCV2, PCV3 can be
found in apparently healthy and diseased pigs [43,44].

In this report, PCV3 was identified by qPCR in
mummified and stillborn fetuses in 22 cases that
included 36 fetuses or fetal groups from multiple pro-
duction systems located in different states and 20
different sites. PCV2, which has previously been associ-
ated with these clinical presentations, was not ident-
ified. High levels of PCV3 nucleic acid were detected
in mummified and stillborn fetuses by qPCR, with
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Figure 4. Detection of PCV3 by ISH in weaned pig cases. (a) PCV3 in hair follicle epithelium of the 3-week-old pig from Case
no. 2. (b) PCV3 in an endothelial cell of a small arteriole in the dermis of the 3-week-old pig from Case no. 2. (c) PCV3 in cardiac
myocytes and smooth muscle of an arteriole surrounded by inflammation in the 25-day-old pig from Case no. 7. (d) PCV3 in smooth
muscle of an arteriole surrounded by inflammation in a 6-week-old pig from Case no. 8. (e) PCV3 in smooth muscle of multiple
arterioles surrounded by inflammation and gut-associated lymphoid tissue of the 25-day-old pig from Case no. 7. PCV3 in the
(f) smooth muscle and lamina propria of the large intestine and (g) adipocytes of the panniculus of the 3-week-old pig from

Case no. 2.

Cq values suggesting high viral titers in the billions to
trillions of genome copies per mL of tissue homogen-
ate. Metagenomic sequencing was performed on fetal
thoracic tissue in eight of these cases that included six-
teen fetal pools, PCV3 was the only virus identified in
fourteen fetal pools. Histopathologic examination of a
majority of fetuses was unremarkable, which is not
unusual with viral causes of reproductive failure or in
utero death. However, lymphocytic myocarditis was
noted in two cases, which is similar to what has been
observed in PCV2-associated reproductive failure
[6,7]. Additionally, ISH provides evidence for replica-
tion of PCV3 within sections of fetal heart, kidney, pla-
centa and the smooth muscle of arteries, with the most
abundant nucleic acid detection present in a fetus with
lymphocytic myocarditis. In fetuses, microscopic
lesions associated with PCV2, when present, are most
prominent in the heart making this the organ of choice
for diagnostic work-up of PCV2-induced fetal deaths

[6]. PCV3 appears to be similar to PCV2 in this regard.
The exact timing of cardiac lesions in fetuses is difficult
to determine as time of exposure of the fetus depends
on dam viremia and spread to the fetus either through
the placenta or from adjacent fetuses. The crown to
rump length of mummified fetuses ranged from 7 to
17 cm suggesting in utero fetal death occurred some-
time between 45 and 70 days of gestation.

To compare frequency of detection and to estimate
relative frequency of common causes of reproductive
failure as determined by fetal thoracic tissue testing,
Iowa State University Veterinary Diagnostic Labora-
tory (ISU-VDL) data were reviewed. During a 10
month period (1 January 2018 to 10 January 2018),
PRRSV, PCV2, PCV3 or PPV were detected by PCR
in fetal tissues at a Cq value of less than or equal to
30 in 63 cases. PRRSV was detected in 38 of the 347
cases tested (11% of tested cases positive). PCV3 was
detected in 18 of 138 cases tested (13% positive).
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Figure 5. Phylogenetic tree of 11 clinical cases compared with 5 reference strains. Maximum parsimony (MP) tree based on the
nucleotide sequences of the cap protein reconstructed using Geneious R9 software. The value along the branches represent sub-

stitutions per site.
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for PCV3 clade division (A24 V and R27 K). Strains in clade PCV3a, PCV3b and PCV3c are shown in the upper, middle and bottom box,

respectively.
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PPV and PCV2 were detected in 7 of 140 and 10 of 200
cases tested (5% positive), respectively. Concurrent
detection of these viral agents in a subset of cases not
included above did occur (PRRSV/PCV2: n=2;
PCV2/PCV3: n=2; PPV/PRRSV: n=1; PPV/PCV2:
n=1; and PPV/PCV3: n=1). Although limited, this
information suggests that PCV3 has an impact on the
fetal wastage in the United States swine herd.

PCV3 was also detected in high quantities in the
brain of neonatal pigs in three cases. Cq values of
7.5-13.3 in the cerebrum indicate high viral titers of
billions to trillions of genome copies per mL of tissue
homogenate. Lymphocytic perivascular cuffs and glio-
sis were noted in the two cases in which cerebrum was
evaluated histologically. APPV, experimentally demon-
strated to be a cause of congenital tremors [42,45], was
also identified by RT-qPCR in the two cases in which
tremors were reported; however, piglets with APPV-
associated congenital tremors do not have inflam-
mation present in their cerebrum due to the pathophy-
siology of the virus-host interaction [2]. The possibility
of a synergistic relationship between PCV3 and APPV
requires further evaluation. Lymphocytic myocarditis
and perivasculitis were also observed in two cases
with PCV3 replication noted in the cardiac myocytes
and smooth muscle of arteries. These findings are
very similar to a report of an 8-day-old pig with myo-
carditis due to PCV2 [46]. As with PCV2, PCV3
appears to have a proclivity for the cardiovascular
system.

PCV3 was also detected by qPCR consistently in the
lung of growing pigs with periarteritis and arteritis in
multiple tissues similar to what has been previously
reported [23]. PCV3 was also detected by ISH in the
smooth muscle of arteries and arterioles of all cases.
Severe diffuse segmental to circumferential lymphohis-
tiocytic and plasmacytic periarteritis and endarteritis in
several organs has also been reported in a pig naturally
infected with PCV2 [47]. In that report, the affected
arterioles were observed in the heart, meninges,
lungs, medulla and pelvis of the kidneys and intestinal
mesentery and PCV2 was detected by immunohisto-
chemistry in smooth muscle-like cells of arteries. The
presence of PCV3 was not evaluated in that report,
and severe polyarteritis in a single pig with PCV2 as
was reported is not a frequent observation in pigs sub-
mitted to diagnostic laboratories with PCV2-associated
disease [47].

PCV3 was also detected in pigs with gross and his-
tologic lesions consistent with PDNS. Interestingly,
Mott cells were present in the lymph nodes of these
pigs. Mott cells may be present in neoplastic con-
ditions; however, they can be commonly found in situ-
ations of chronic and/or intense antigen stimulation
[47]. The cause or causes of intense antigen stimulation
in these pigs were not identified but perhaps represent
a risk factor in the development of PDNS.

In all cases assayed, PCV3 replication was noted in
the smooth muscle of arteries. Based on this evidence,
virus isolation of PCV3 in a smooth muscle cell culture
may be rewarding and perhaps additional research
should focus on the interaction of PCV3 and arteries/
arterioles. Interestingly, PCV3 was also noted in adipo-
cytes. The implications of this finding are currently
unknown and require further investigation.

It has been previously proposed that mutations in the
amino acids 24 and 27 of the cap protein could be poten-
tial molecular markers to identify different PCV3 clades
[37]. Phylogenetic analysis of the ORF2 demonstrated
that clinical cases evaluated in this study are represented
in all three PCV3 clades. A majority of the reproductive
cases evaluated in this study belonged to the PCV3c
clade. The only PCV3c US reference strain (PCV3/
USA/SD2016/2016(KX966193)) was originally described
in cases of multisystemic inflammation [23]. A single
reproductive failure case was characterized as PCV3b.
Although in the United States there are a few strains
reported to belong to the PCV3Db clade, this clade seems
to be widely distributed in China. PCV3a was associated
with disease in a single perinatal infection case [37,48].
Based on the ORF2 analysis, all three PCV3 clades are cir-
culating in the United States swine herd and strongly
associated with disease.

Similar to PCV2, the detection of PCV3 in retro-
spective samples indicates that PCV3 has likely been
circulating in swine populations decades prior to the
initial reports [36]. However, the seroprevalence and
association with disease over time remains unknown.
As with any endemic agent, expression of disease will
be highly dependent on the seroprevalence of the
herd and coinfections. It is expected that as testing
increases, PCV3 will be identified in more countries
and more retrospective sample sets.

Since the initial descriptions of PCV3-associated
disease, there has been a sparsity of detection of
PCV3 in lesions with many of the publications focused
on detection of PCV3 by PCR. Detection of an endemic
agent alone does not suffice in the diagnosis of disease.
Using histopathology and ISH, this report documents
PCV3 as a putative cause of reproductive failure as
well as multisystemic inflammation in perinatal and
grow-finish pigs derived from multiple US swine
farms and production systems, with some features
similar to those reported with PCV2-associated
PCVAD in the absence of PCV2. Retrospective studies
suggest that PCV2 infection resulted in sporadically
systemic disease as earlier as 1985 before devastating
epidemics were observed in the late 1990s and was pre-
sent in some populations at least since 1962 [11,49].
PCV3-associated disease may also follow a similar
course. Based on the evidence presented, further
studies investigating the pathophysiology, epidemiol-
ogy, immunopathogenesis, and economic impact of
PCV3 are warranted [50-53].
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