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Industry Summary:

Porcine circovirus associated disease presents a significant challenge to swine health and pork production globally.
Multiple types, including PCV2 and PCV3, have worldwide distribution. Since first being described in 2019, PCV4
has been detected in Asia and Europe but not previously in the US. In a study funded by the Swine Health Information
Center, PCV4 was detected for the first time in US clinical samples submitted to the lowa State University VDL from
June to September 2023. This study provides initial insight into the frequency of detection, tissue distribution, and
genetic characterization of PCV4 in the US. Further studies to understand PCV4 prevalence as well as its role in
coinfection and production losses are warranted to assess its importance and perhaps economic impact in the swine
industry.

The study has been published by the journal Nature Scientific Reports (available:
https://www.nature.com/articles/s41598-024-66328-y) Objectives of this study included (1) characterizing the
detection rate of PCV4 across different sample types from clinical submissions, (2) comparing molecular features of
US PCV4 ORF2 sequences to reference strains, (3) characterizing the co-detection rates by direct and indirect
methods for PCV2, PCV3, and other endemic viral and bacterial pathogens in PCV4 positive samples, and (4)
identifying the tissue distribution and immune cell types which facilitate PCV4 replication by direct detection
methods. Overall, PCV4 was detected in 8.6% of samples tested with an average PCR Ct value of 33. Lymphoid
tissue had the highest detection rate (18.7% positive) and PCV4 was most commonly identified in nursery to finishing
aged pigs displaying respiratory and enteric disease. Co-infection with PCV2, PCV3 and other endemic swine
pathogens was frequently observed.

To accurate asses PCV4 tissue distribution, the study utilized 512 porcine lung, feces, spleen, serum,
lymphoid tissue, and fetal tissue samples submitted for routine diagnostic investigation to the ISU VDL from June
through September 2023. Samples were randomly selected to be representative of those used to evaluate different
clinical syndromes. PCV4 was detected in 44 of the 512 samples evaluated (8.6%) with positive results in lung (9%),
feces (5%), spleen (9%), serum (10%) and lymphoid tissue (17.2%) but was not detected in fetal samples. PCV4 PCR
Ct value ranged from 21.3 to 36.2; the average Ct value for different sample types was not significantly different.
Direct detection by in situ hybridization confirmed viral replication in lymph nodes and the lamina propria of the
small intestine.

Fetal samples tested in the current study were negative for PCV4, including tissues from aborted fetuses,
mummies, and stillbirths. However, previous studies from other countries have reported the detection of PCV4 viral
DNA in aborted fetuses from sows with reproductive failure. Further studies are needed to investigate and
characterize the presence and significance of PCV4 detection in tissue from aborted fetuses and stillbirths to evaluate
its potential role in reproductive failure. The researchers noted that PCV4 tissue tropism may differ from PCV2 and
PCV3, thereby resulting in potential differences in clinical presentation and lesions associated with infection.

Two complete PCV4 ORF2 sequences were obtained from positive lymphoid tissue samples with a Ct value
of 21.3 and 25.6. To understand the potential origin of PCV4, the two complete US ORF2 sequences were compared
to 73 reference PCV4 ORF2 sequences obtained from GenBank including those sequences of Spanish, South Korean,
Tai, Chinese, and Malaysian origin. One strain had 98.98% nucleotide identity with a 2022 Spanish sequence and the
second had 98.69% nucleotide identity with a 2020 South Korean sequence. The phylogenetic analysis revealed
relatively high nucleotide identity between US sequences and reference sequences from other countries, suggesting
potential global dissemination of PCV4 strains.

Researchers reported PCV4 detection was most commonly observed in nursery to finishing aged pigs
displaying respiratory and enteric disease. Frequent co-infection with PCV2, PCV3, and other endemic pathogens
was observed, with researchers noting this highlights the complex interplay between different PCVs and their
potential roles in disease pathogenesis. All samples were analyzed for the presence of PCV2, PCV3, and PCV4 viral
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DNA by qPCR. The rates for single detection of PCV4 (3-5%) and co-detection of PCV4/2 (2-4%) were similar for
lung, feces, spleen, and serum. Additionally, data showed lymphoid tissue displayed the highest detection rate for
PCV4 single detection (10.9%) and PCV4/2 co-detection (4.7%). The PCV4/3 co-detection was relatively infrequent
and only confirmed in 1% of lung and serum samples.

For respiratory cases with PCV4 detected, co-infections with PCV2, Streptococcus suis, and PRRSV were
most frequently identified. In the instance of PRRSV and PCV4 co-infection, co-detection of the viruses occurred in
the lymph node but not in the lung. For enteric cases, Escherichia coli and Salmonella species were most commonly
identified with seven and three detections, respectively.

Although the pathogenesis of PCV4 remains poorly understood and its role in clinical disease and production
losses is still unknown, findings of the study confirm the presence of PCV4 in the US. Further research is warranted
to elucidate the pathogenic mechanisms and clinical implications of PCV4 infection, and the interaction of PCV4
with other pathogens in pigs. This study underscores the importance of ongoing surveillance and research efforts to
better understand and mitigate the impact of PCV4 as a potential emerging pathogen to swine health and production.
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Scientific Abstract:

Porcine circovirus type 4 (PCV4) has emerged as a potential pathogen in swine populations globally, yet its clinical
relevance and tissue distribution remain poorly understood. This study aimed to assess the distribution of PCV4
across various tissues collected from swine cases submitted to the lowa State University Veterinary Diagnostic
Laboratory (ISU VDL) between June and September 2023. A total of 512 porcine samples, including lung, feces,
spleen, serum, lymphoid, and fetal tissues, were randomly selected to represent diverse clinical syndromes. PCV4
was detected in 44 out of 512 samples (8.6%), with positive rates observed in lung (9%), feces (5%), spleen (9%),
serum (10%), and lymphoid tissues (17.2%). Notably, PCV4 was not identified in fetal tissues.

Quantitative PCR (qPCR) cycle threshold (Ct) values for PCV4 ranged from 21.3 to 36.2, with no significant
variation between tissue types. In situ hybridization confirmed viral replication primarily within lymph nodes and the
small intestine. Although PCV4 was not detected in fetal tissues in this study, previous reports have identified PCV4
in aborted fetuses, suggesting further investigation into its potential role in reproductive failure is warranted.

Two full-length PCV4 ORF2 sequences derived from lymphoid samples exhibited high nucleotide identity
(98.98% and 98.69%) to Spanish and South Korean strains, supporting the hypothesis of global PCV4 dissemination.
The highest detection rates were observed in nursery-to-finishing pigs with respiratory and enteric diseases,
frequently co-infected with PCV2, PCV3, and other endemic pathogens. Lymphoid tissues demonstrated the highest
PCV4 positivity (10.9%) and co-detection with PCV2 (4.7%). Co-detection of PCV4 with PRRSV, Streptococcus
suis, Escherichia coli, and Salmonella spp. was common, implicating a complex interplay between PCV4 and other
pathogens in disease pathogenesis.

This study highlights the need for continued surveillance of PCV4 in swine populations and further
investigation into its pathogenic potential. The absence of PCV4 in fetal samples in this cohort contrasts with previous
findings, reinforcing the necessity for larger-scale studies to elucidate the virus's role in reproductive and systemic
diseases. Understanding PCV4 tissue tropism, co-infection dynamics, and genetic diversity will be critical for
assessing its impact on swine health and production systems globally.

Project Introduction and Objectives

Porcine circoviruses (PCVs) belong to the Circovirus genus within the Circoviridae family, characterized by non-
enveloped virions containing single-stranded circular DNA genomes of approximately 1.7-2.0 kb. Among the four
genotypes of circoviruses detected in pigs, PCV2 stands out as the predominant pathogen associated with porcine
circovirus-associated diseases (PCVADs), contrasting with the non-pathogenic nature of PCV1. PCV3, discovered
in the US in 2015 through metagenomic sequencing, exhibits diverse clinical manifestations, including porcine
dermatitis and nephropathy syndrome (PDNS), , including multisstemic imflamation, reproductive failure and
sublicnical presentation. Meanwhile, the emergence of Porcine circovirus 4 (PCV4), initially identified in China in
2019 and subsequently detected in South Korea and Thailand, has raised interest due to its association with severe
respiratory distress and PDNS in pigs. However, PCV4's clinical role remains debated, particularly given its
concurrent detection with other pathogens like PCV2 or PCV3, implying potential coinfection implications.



Recent studies have extended PCV4's reach beyond Asia, with its detection in Europe, including wild boar and
domestic pigs in Spain. A retrospective study spanning 1998 to 2022 in Spain and Italy revealed PCV4's presence in
both wild and domestic pigs, suggesting intra and interspecific transmission and implicating wild boar as a potential
viral reservoir. Further studies revealed PCV4's presence in various tissues and its potential association with clinical
conditions like PDNS, respiratory symptoms, neurological disorders, and reproductive failure. Co-infections with
other PCVs are common, suggesting a complex interaction and potential impact on disease severity. Furthermore,
PCV4 has been reported in a pig displaying respiratory illness in Thailand, where the tracheobronchial lymph nodes
showed moderate multifocal lymphoid depletion with positive PCV4 in situ hybridization signals in the lymphocytes
and histiocyte-like cells in the lymphoid follicle, suggesting similar characteristics to PCV2 infection. However, the
clinical significance of PCV4 remains not fully elucidated.

The presence of PCV4 on the US swine population is unknown. Although PCV4 could be a silent player in swine
production systems and no noticeable outbreak solely attribute to a new emerging PCV, with unique clinical signs
has been reported, it cannot be neglected the potential presence in the US swine industry. Understanding PCV4
prevalence, role in pathological process, as well as its role in coinfection that can lead to exacerbation of clinical
problems is the first step to assess its importance and perhaps economic impact in the swine industry.

1. To determine the detection rate of PCV4 from varying samples matrixes submitted to the Iowa State
University Veterinary Diagnostic Laboratory (ISU VDL) and compare molecular features of the ORF2 to
reference strains.

2. To determine the codetection rate of PCV4 with PCV2 and PCV3 and identify other endemics viral and
bacterial pathogens in PCV4 positive samples

3. To identify by in situ hybridization the tissue distribution and immune cell types which facilitate PCV4
replication by direct detection methods

These objectives are directly aligned with the research priorities outlined in the SHIC 2024 plan of work. The work
will specifically address priorities numbers 3, 4, and 5 of the 2024 SHIC plan of work: “3. Responding to emerging
diseases; 4. Surveillance and discovery of emerging diseases; and 5. Swine disease matrices. The proposed study
will result in the evaluation of the presence of PCV4 and its effect on potential coinfection with other important
and prevalent pathogens. We will also develop diagnostic tools that will be readily available to swine
practitioners to assess and confirm the pathological role of PCV4 in clinical cases.

Materials & Methods:

1.1 Selection of Sample Matrixes and Cases

All cases were submitted to the lowa State University Veterinary Diagnostic Laboratory (ISU-VDL) for routine
diagnostic investigation. The ISU-VDL is a National Animal Health Laboratory Network accredited laboratory that
receives more than 120,000 cases per year, 75% of which are of porcine origin. Approximately 10,000 porcine cases
are submitted for gross and histologic evaluation of tissues. For this study, 512 DNA extracts were obtained from
clinical cases submitted to the ISU-VDL during June-September 2023 representing six sample matrixes including
lung (n=100), feces (n=100), spleen (n=100), serum (#=100), lymphoid tissue (LT, lymph node or tonsil, n=64), and
fetus (n=48). Samples were not selected based on the presentation of a specific clinical sign or excluded from the
study based on the identification or absence of the etiological agent ruled as the primary case diagnosis. One sample
per case was randomly chosen for the study for each sample matrix. No animal samples specifically for this project
were collected; therefore, no ethical approval was requested from the ISU institutional animal care and use committee.
All experiments were performed in accordance with relevant guidelines and regulations.

DNA extraction from all sample types was carried out at the ISU-VDL according to standard operating procedure.
Tissues were minced using sterile scissors and forceps, transferred to a 50 mL conical tube with Earle’s Balanced
Salt Solution (Sigma-Aldrich, St. Louis, MO, USA) to make a 10% weight/volume homogenate, the conical tube was
then placed in a Geno/Grinder® (SPEX Sample Prep, Metuchen, NJ, USA) 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.
Fecal swabs were collected from colon and placed immediately in 1 mL phosphate buffered saline (PBS). All swabs
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were vortexed for 15 sec at 4200 x g for 10 min at 4°C and supernatant was transferred into a 5 mL snap-cap tube.
DNA extraction from the tissue homogenate, serum, and fecal samples was performed using MagMAX-96Pathogen
RNA/DNA kit (Applied Biosystem, MA, USA) and KingFisher Flex 96 Deep-Well Magnetic Particle Processor
(Thermo Fisher Scientific, Waltham, MA) following the manufacturer’s instructions.

1.2 PCV4 qPCR

All samples were tested for the presence of PCV4 as previously described [24]. DNA extracts were used to detect a
region of the ORF1-ORF2 of PCV4 using Premix Ex Taq (TaKaRa, Dalian, China) with the forward primer 5'-
ATTATTAAACAGACTTTATTTGTGTCATCACTT-3, reverse primer 5'-
ACAGGGATAATGCGTAGTGATCACT-3', and probe 5'-/56-FAM/-
ATACTACAC/ZEN/TTGATCTTAGCCAAAAGGCTCGTTGA/3IABKFQ/-3'. The qPCR was performed (7500
Fast Real-Time PCR System, Applied Biosystems, Foster City, CA) with the following cycling conditions: 95°C for
30 s, followed by 95°C for 5 s and 60°C for 1 min for 40 cycles. One positive (plasmid DNA containing the PCV4
genome) and negative control (nuclease free water) was included for each 96-well plate of samples tested. Samples
with cycle threshold (Ct) value of <37 were considered positive. Cross-reactivity of the PCV4 qPCR to PCV2 and
PCV3 was tested by the addition of PCV2 virally extracted DNA and plasmid DNA containing the PCV3 genome at
250 ng per reaction under the specified cycling conditions. No amplification of the PCV2 and PCV3 DNA was
observed.

1.3 PCV2 and PCV3 Multiplex qPCR

All samples were tested for the presence of PCV2 and PCV3 according to standard operating procedure for a PCV2
and PCV3 multiplex qPCR at the ISU-VDL. DNA extracts were used to detect the conserved region of the ORF1 of
PCV2 and PCV3 using TagMan Fast Virus 1-step Master Mix (Life Technologies, MA, USA) with specific primers
previously described [21]. The ORF1 of PCV2 was detected wusing forward primer 5'-
GACTGTWGAGACTAAAGGTGGAACTGTA-3" and reverse primer 5-GCTTCTACACCTGGGACAGCA-3'
with the probe 5'-/56-FAM/-CCCGTTGGAATGGT/3MGBEc/-3' [26]. The ORF1 of PCV3 was detected using
forward primer 5’-TGTWCGGGCACACAGCCATA-3’ and reverse primer 5’-TTTCCGCATAAGGGTCGTCTT-
3’ with the probe 5’-/SSUN/ACCACAAAC/ZEN/ACTTGGCTC/31ABKFQ/-3” [21]. The 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 5 min, one cycle at 95°C for 20 s, 40 cycles at 95°C for 3 s and 60°C for 30 s. Each 96-well
sample plate contained three controls: a PCV2 control consisting of 250 ng PCV2 virally extracted DNA, a PCV3
positive control consisting of 250 ng of the PCV3 whole genome cloned into a plasmid, and negative control
consisting of nuclease free water. Samples with Ct values of <37 for either species were considered positive.

1.4 PCV4 open reading frame 2 sequencing and phylogenetic analysis

The DNA extracts from samples with a PCV4 qPCR Ct value of <34 were selected for ORF2 sequencing. Q5 high-
Fidelity 2X Master Mix (New England Biolabs, Ipswich, MA) was used with Forward Primer 5'-
TGAGGGAGGATGGGCAGTTGTATG-3" and Reverse Primer 5-CACCACCCACAGATGCCAATCA-3'" to
amplify the PCV4 ORF2. The PCR was performed (T100 Thermal Cycler, BioRad, Hercules, CA) with the following
cycling conditions: one cycle at 98°C for 30 s; 35 cycles at 98°C for 10 s, 64°C for 30 s, and 72°C for 30 s; and one
cycle at 72°C for 2 min. Successful amplification of the ORF2 was confirmed by the presence of an ~800 bp band on
a 1% agarose gel. Bidirectional Sanger sequencing of PCR products was carried out by the lowa State University
DNA Facility utilizing the previously specified primer set used for PCR amplification.

PCV4 ORF2 sequences were obtained from GenBank which includes 73 full-length ORF2 sequences as
previously described [10, 11]. Sequences were reverse complemented if applicable. Phylogenetic analyses were
conducted using Geneious Prime Version 2023.0.1 (http:/www.geneious.com). ORF2 nucleotide sequences were
aligned by Geneious Prime alignment (global alignment with free end gaps) with 65% similarity (5.0/-4.0). Phylogeny
reconstruction and determination of identity percentages utilized the statistical method of Maximum Likelihood (ML)
by PhyML [17] for the Geneious Prime software with the bootstrap method with 1,000 replications. ORF2 nucleotide
sequences were translated using standard genetic code and were aligned using Clustal Omega in Geneious Prime.
ORF?2 sequences obtained in the present study are available on GenBank with accession numbers PP457621 (Table
1, Case 1) and PP457622 (Table 1, Case 2) (Additional File 1).
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1.5 PCV4 in situ hybridization

In addition to the tissues selected for PCV4 PCR evaluation (lung, spleen, lymphoid tissue, and fetal tissues), clinical
submissions often include an array of tissues that are routinely evaluated for histopathology. Thus, in situ
hybridization was performed on all formalin-fixed paraffin-embedded (FFPE) stored tissues in all PCV4 positive
cases with Ct values of <30. FFPE samples were pretreated according to the Advanced Cell Diagnostics (ACD)
RNAscope 2.5 assay user manual (UM 322452), with a target retrieval for 15 min at 98—102°C and protease plus
incubation for 30 min at 40°C. PCV4 probes targeting the ORF2 gene of PP457621 (target region 2—677 base pairs,
ACD 1312351-C1) were utilized to target viral mRNA. The specific sequence used to design each probe is intellectual
property of the provider (ACD, Newark, CA, USA), and therefore, is not available for public access. Positive
hybridization signals represent a metabolically active virus characterized by the PCV4 mRNA-encoding Cap protein.
A PCV4 negative detection control was included by staining sections of lymph node negative for PCV4 by qPCR.
The technique controls, to assess background signal, include a house keeping positive control probe of Sus scrofa
peptidylprolyl isomerase B (PPIB) gene and a negative control probe of Bacillus subtilis dihydrodipicolinate
reductase (dapB) gene. RNAscope 2.5 HD Reagent Kit (ACD, Newark, CA, USA) was used as per manufacturer
recommendation.

1.6 Immunohistochemistry characterization of inflammatory cells

Inflammatory cell characterization was performed on sections of the lymph node and small intestine (both tissue
sections belong to Case 1, Table 1) by immunohistochemistry (IHC). T lymphocytes were stained with rabbit anti-
human CD3 (Agilent, Santa Clara, California, USA) at 1:200 dilution, B lymphocytes were immunolabeled with
rabbit anti-CD20 (Biocare Medical, Concord, California, USA) at 1:200 dilution, and macrophages/histiocytes were
immunolabeled with rabbit anti-Iba-1 (Abcam, Cambridge, United Kingdom) at 1:500 dilution. All antibodies were
incubated for 1 h at room temperature. After primary antibody incubation, tissues were incubated with anti-mouse
(DISCOVERY, Anti-Mouse HQ, Roche, Basel Switzerland) or anti-rabbit secondary antibody (DISCOVERY Anti-
Rabbit HQ, Roche, Basel, Switzerland) for 12 min at 37 °C and followed by chromogenic staining with Anti-HQ
HRP (DISCOVERY Anti-HQ HRP, Roche, Basel, Switzerland) for 12 min at room temperature (DISCOVERY HQ
HRP hapten-linked multimer detection System, Roche, Basel, Switzerland). Chromogenic staining was developed
with DAB chromogen (DISCOVERY ChromoMap DAB RUO, Roche, Basel, Switzerland) and counterstained with
hematoxylin for 8 min.

1.7 Direct detection methods for PCV3, PCV2, PRRSV, and Lawsonia intracellularis

The detection of PCV3 by in situ hybridization was performed as previously described [27]. Briefly, specific probes
targeting the specific reverse complementary nucleotide sequence of the PCV3 viral mRNA (2—1049 region of ORF1
gene, GenBank: HQ839721.1) (ACD, Newark, CA, USA), were used for viral confirmation. The RNAScope positive
control probe Sc-PPIB (catalogue no. 428591), which targets the eukaryotic PPIB gene, and the RNAScope negative
control probe DapB (catalogue no. 310043) were designed and synthesized by ACD. FFPE tissue sections were
deparaffinized and treated with hydrogen peroxide at room temperature for 10 min. The slides were hybridized using
a hybridization buffer, and sequence amplifiers were added. The red colorimetric staining detects the PCV3
hybridization signal, and counterstaining utilized hematoxylin.

Direct detection of PCV2, porcine reproductive and respiratory syndrome virus (PRRSV) and Lawsonia
intracellularis was performed by IHC. The PCV2 detection was performed under Leica Bond RX system (Lecia,
Wetzlar, Germany). All FFPE tissues were deparaffinized in xylene, rehydrated in gradients of ethanol followed by
peroxidase blocking step for 5 min (BOND Polymer Refine Detection System, Leica, Wetzlar, Germany). The
primary antibody against PCV2 at 1:1000 dilution (Rabbit Polyclonal ORF-2, ISU, Ames, IA, USA) was incubated
for 15 min at room temperature and followed by polymer incubation for 8§ min, Diaminobenzidine (DAB) chromogen
for 10 min and counterstained with hematoxylin (BOND Polymer Refine Detection System, Leica, Wetzlar,
Germany). The detection of PRRSV and Lawsonia intracellularis was performed under Ventana DISCOVERY
ULTRA platform (Roche, Basel, Switzerland). All FFPE were deparaffinized in xylene, rehydrated in gradients of
ethanol followed by digestion with Protease I for L. intracellularis and Protease II for PRRSV (Dispase II, Roche,
Basel, Switzerland) for 12 min at 37 °C and blocked with one drop of CM Inhibitor (Roche, Basel, Switzerland) for
8 min. A cocktail of equal concentration of SDOW17 and SR30 PRRSV monoclonal antibodies at 1:16,000 dilution
(RTL Brookings, SD, USA) was incubated for 27 min at 37 °C; and a monoclonal against L. intracellularis at 1:500
dilution (Bio-X Diagnostics, Rochefort, Belgium) were incubated for 28 min at 37°C. After primary antibody
incubation, tissues were incubated with anti-mouse secondary antibody (DISCOVERY Anti-Mouse HQ, Roche,
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Basel Switzerland) for 12 min at 37 °C and followed by chromogenic staining with Anti-HQ HRP (DISCOVERY
Anti-HQ HRP, Roche, Basel Switzerland) for 12 min at room temperature (DISCOVERY HQ HRP hapten-linked
multimer detection System, Roche, Basel Switzerland). Chromogenic staining was developed with DAB chromogen
(DISCOVERY ChromoMap DAB RUO, Roche, Basel Switzerland) and counterstained with hematoxylin for 8 min.
All samples were tested in duplicate and sections were controlled appropriately for PCV2, PRRSV and L.
intracellularis using standard positive controls validated at the ISU-VDL.

1.8 Statistical Analysis

Differences in average PCV4 Ct values were analyzed by one-way ANOVA with Tukey’s correction for multiple
comparisons with statistical significance set at an alpha value of 0.05 in GraphPad Prism (GraphPad Software, La
Jolla, CA, USA) (https://www.graphpad.com). The Venn diagrams with proportional areas representing the
differential proportion of PCV4/3/2 codetection in individual tissues were generated using the JMP® Pro 17.1.0 (SAS
Institute, Cary, North Carolina, USA) (https://www.jmp.com/en_us/home.html).



https://www.graphpad.com/
https://www.jmp.com/en_us/home.html

Results:

2.1 PCV4 was detected in different sample matrices

Overall, PCV4 was detected in 44 of the 512 samples (8.6%) [95% CI; 6.3-11.3] occurring in lung 9/100 [9%; 95%
CI; 3.4-14.6], feces 5/100 (5%) [95% CI; 0.7-9.2%], spleen 9/100 (9%) [95% CI,; 3.4-14.6%], serum 10/100 (10%)
[95% CI; 4.9-17.6%], and lymphoid tissue 12/64 (18.7%) [95% CI; 9.1-23.8%] (Figure 1a). Interesting, PCV4 was
not detected in the fetus samples (0/48, 0%). The overall average PCV4 Ct value was 33, ranging from 21.3 to 36.2.
Additionally, the average Ct value between different sample types was not significantly different (p>0.05) (Figure
1b).
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Figure 1. Detection of PCV4 from clinical cases submitted to the ISU-VDL from June-September 2023. Multiple sample types were evaluated
for the presence of PCV4 by qPCR (A). Average distribution of Ct values amongst different sample types. No significant difference (p>0.05)
in the average Ct value was observed amongst different sample types (B). Significance was established at p<0.05.



2.2 PCV4 open reading frame 2 sequencing and phylogenetic analysis
Two complete PCV4 ORF2 sequences were obtained from two positive lymphoid tissue samples (Table 1, cases 1
and 2) with a Ct value of 21.3 and 25.6, respectively. The two US sequences PP457621 and PP457622 had 98.25%
nucleotide identity. Compared to the 73 reference PCV4 ORF2 sequences, overall nucleotide identity ranged from
96.36-98.98% for the two sequences obtained in the present study (Figure 2b). Sequence PP457621 most closely
clustered with the Spanish sequence OR359763 (98.98% identity) and sequence PP457622 most closely clustered
with South Korean sequences MZ436811 and MW712667 (98.69% identity) (Figure 2a, b). Nucleotide percent
identities for the two sequences obtained in the present study had 98.39-98.98% identity with the Spanish sequence,
97.81-98.84% identity with the South Korean sequences, 97.96-98.39% identity with the Thai sequences, 97.09-
98.84% identity with Chinese sequences, and 96.36-97.67% identity with Malaysian sequences (Figure 2b).
Preliminary subtype classifications utilize primarily Cap protein residues 27, 28, 212 to characterize
sequences into PCV4a-1, PCV4a-2, and PCV4b subtypes [18, 19, 20]. The amino acids at these specific positions for
PP457621 are 27N, 28R, and 212M and for PP457622 are 271, 28R, and 212M (Figure 2c). Interestingly, the mutation
S271 in PP457622 is a unique molecular feature which has not been previously identified in available reference
sequences (Figure 2¢). Based on p-distance and Cap molecular features at residues 27, 28, and 212, both sequences
in the present study most closely can be classified in the PCV4b subtype.
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Figure 2. PCV4 ORF2 phylogenetic analysis and comparison of nucleotide percent identities. The phylogenetic tree of the two PCV4 ORF2
sequences obtained in the present study and 73 reference sequences was constructed using the maximum-likelihood method in Geneious Prime
software with the bootstrap method of 1,000 replications (A). The range of nucleotide percent identities is summarized for the two US PCV4
ORF2 sequences in comparison to Spanish, South Korean, Thai, Chinese, and Malaysian sequences (B). ORF2 nucleotide sequences were
translated using standard genetic code and were aligned using Clustal Omega in Geneious Prime. Comparison of PCV4 US ORF2 amino acids
proposed for subtype classification (residues 27, 28, 212) to PCV4a-1, PCV4-a2, and PCV4b subtypes (C).



Table 1. Summary of case diagnostic assay results conducted at the ISU-VDL and PCV2/3 multiplex gPCR for PCV4 positive
lymphoid tissue, lung, and spleen samples.

. PCV4 Viral Coinfections Ct Bacterial Coinfections
Case Site Age Clinical signs Histopatholo,
no. State (wk) & P &y Tissue Ct PRRSV 1AV PCV2 PCV3 Other (Ct) Respiratory Enteric
1 MO 16 Resp, systemic, IP, PE LT 213 D U U 33.2 NP SS, GP, BB EC (U), LI
diarrhea
2 NE F Resp No lesions LT 25.6 NP NP 18 U NP MHP (U) NP
3 MN 3 Resp 1P Lung 27 17.1 NP 28.7 U NP NP NP
4 MN 16 Diarrhea 1P, PE LT 30 NP NP U U NP NP LI
5 IN NR NR 1P LT 31.8 17.3 6] 34 36.9 NP SE NP
6 1A 5 Resp, death Br‘};‘;h‘s"gt‘s’ Spleen 322 U 27.9 U U NP ss EC, S. spp
7 A F Resp P, bronchiolitis, g 100 358 17.4 NP 17.7 30.8 NP ss NP
polyserositis
8 TX 3 Resp, death 1P, SC Spleen 33 U NP U U NP SS EC
9 1A 6 Resp, CNS No lesions Spleen 33 NP NP U U NP NP EC, S. spp.
10 IN G Resp BP, IN LT 33 29.6 6] 25.4 U NP MHP, PM NP
11 IN B Resp polyserositis LT 33.6 U 6] U 33.1 NP SS, GP NP
PEDV (U),
12 1A 3 Resp, enteric SC Lung 34 U U 33.2 u PDCoV (U), NP NP
TGEV (U)
13 NC 3 Systemic, Suppurative g 1o0n 34 U U 14.5 U NP NP NP
scours enteritis
14 1A 6 Resp, joint Bronchiolitis, g1 0 34 U 16.6 31 U NP Ss NP
swelling BP, synovitis
15 IL 16 Resp, death BP, polyserositis LT 34 NP 32.8 29 22.3 NP SS, GP, TP NP
IP, lymphoid
16 IN 23 Resp depletion, LT 34.1 U 6] 222 U NP SE, PM NP
myocarditis, IN
1P, BP,
17 1A 9 Resp, CNS lymphocytic Spleen 342 15.2 NP 34.4 U NP PM NP
encephalitis
Bronchiolitis. Rotavirus A,
18 1A 5 Diarrhea AE ’ Spleen 343 NP 27.2 U U B, C (D); NP EC
sapovirus (D)
19 IN 16 Resp, death 1P, EM Spleen 343 20.7 NP U U SS, SE NP
20 1A 3 NR NP Lung 34.4 U NP 36.2 U NP NP NP
21 1A 16 Systemic, death BP Lung 34.4 23 NP U U NP AS NP
. Bronchiolitis,
22 MO 4 Resp, enteric BP. AE, SC Lung 345 NP 21 U 29 NP SS, SE EC, S. spp
23 IN 8 NR NP LT 34.8 NP NP U U NP NP NP
24 IN 8 NR NP LT 34.9 NP NP U U NP NP NP
25 NC 17 Resp, death Chronic Lung 35 18.9 U D U NP NP NP
epicarditis
26 MO 12 Resp, systemic IP, BP LT 35.1 29.5 6] U U NP SS NP
Death, purple IP,
27 NE 22 discoloration of ~ necrosuppurativ LT 352 NP NP U U NP SE, AS NP
skin e BP
28 1A 6 Enteric Suppurative Lung 354 NP NP 343 U NP NP EC
enterocolitis
IN, IP, BP,
29 1A 12 Resp lymphoid Lung 35.4 positive NP 9.4 U NP NP NP
depletion
30 A 4 Diarrhea IP, BP, AE, Lung 362  positive U U U Rotavirus A ss EC

myocarditis (D)

Age abbreviations- B: Boars in breeding herd, F: Finishing aged pig, G: Gilts in breeding herd

Site state abbreviations- MO: Missouri, NE: Nebraska, MN: Minnesota, IN: Indiana, IA: Iowa, TX: Texas, NC: North Carolina, IL: Illinois

Clinical sign abbreviations- CNS: Central nervous system, Resp: Respiratory

Histopathology abbreviations- IP: interstitial pneumonia, PE: proliferative enteritis, BP: bronchopneumonia, SC: suppurative colitis, IN: interstitial nephritis,
AE: atrophic enteritis, EM: eosinophilic meningoencephalitis.

Molecular diagnostics abbreviations- D: Detected, NR: not reported, NP: not performed, U: undetected after cycle cut-off

Viral abbreviations- PRRSV: porcine reproductive and respiratory syndrome virus, IAV: influenza A virus, PCV2: porcine circovirus 2, PCV3: porcine
circovirus 3, PEDV: porcine epidemic diarrhea virus, PDCoV: porcine delta coronavirus, TGEV: transmissible gastroenteritis virus

Bacterial abbreviations- SS: Streptococcus suis, BB: Bordetella bronchiseptica, GP: Glaesseralla parasuis, SE: Streptococcus equisimilis, MHP: Mycoplasma
hyopneumoniae, PM: Pasteurella multocida type A, TP: Trueperella pyogenes, AS: Actinobacillus suis, EC: Escherichia coli; S. spp: Salmonella species, LI:
Lawsonia intracellularis,

2.3 PCV4 tissue distribution and immune cell characterization

Direct detection of PCV4 based on RNAScope (red signal) supports viral replication by detection of PCV4 mRNA
in sections of lymph nodes and lamina propria of the small intestine (Figure 3, Table 1 Case 1). Histologically,
affected lymph nodes present diffuse paleness of the germinal centers with moderate histiocytic replacement
(Supplementary Figure 1). Subjective quantification of the immune cell populations by IHC revealed a more
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prominent histiocytic (Iba-1) infiltration of the germinal centers in addition to the resident B lymphocytes (CD20),
which were located in areas associated with PCV4 infection (Figure 3). However, the paracortex T cell population
(CD3) did not overlap with the PCV4 staining (Figure 3). Additionally, Case 2 (Table 1) also displayed direct
detection of PCV4 in germinal centers of the lymph node (data not shown).

Direct detection of PCV4 based on RNAScope also demonstrated intense viral replication in the small
intestine inflammatory cells of the lamina propria (Figure 3, Table 1 Case 1). PCV4 replication was predominantly
detected in areas with histiocytic (Iba-1) and T cell infiltration (CD3) of the lamina propria (Figure 3). In contrast to
the staining pattern observed in lymph nodes, PCV4 detection did not show significant overlap with areas
characterized by resident B lymphocytes (CD20) (Figure 3).

PCV4 (ORF2) Macrophages (Iba-1) B Cells (CD20) T Cells (CD3)
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Intestinal
Lamina Propria

Figure 3. PCV4 in situ hybridization by RNAscope (red staining) targeting transcribed ORF2 mRNA revealed viral replication in the germinal
centers of lymph node (top) and in inflammatory cells of the lamina propria of the small intestine (bottom). In the lymph node, CD20 B
lymphocytes have a regular distribution in the germinal centers, and numerous macrophages (Iba-1) are present. Additionally, CD3 T
lymphocytes are diffusely distributed in the paracortex and scattered detection is observed in the germinal centers. In the lamina propria, the
predominant cells observed within this inflammatory response include macrophages (Iba-1) and CD3 T lymphocytes. A few resident CD20 B
lymphocytes, located within the lamina propria, were also observed. Both sections of lymph node and intestinal lamina propria displayed in
this figure were from Case 1 (Table 1).

2.4 Codetection of PCV4 with PCV2 and PCV3 by qPCR

The codetection of PCVs was assessed by PCV4 singleplex gPCR and PCV2/3 multiplex qPCR in all samples
selected for study (Figure 4a-f). Single detection of PCV4 and codetection of PCV4/2 were relatively similar for lung,
feces, spleen, and serum sample types, ranging from 3-5% for PCV4 single detection and 2-4% for PCV4/2
codetection (Figure 4a-d). However, lymphoid tissue displayed the highest detection rate for PCV4 single detection
(10.9%), and PCV4/2 codetection (4.7%) (Figure 4e). Codetection of PCV4/3 was relatively infrequent only
occurring in 1% of lung and serum samples (Figures 4a, d). Triple detection of PCV4/2/3 was also infrequent
occurring in 1% of spleen and serum samples (Figure 4c, d), but triple detection was more common in lymphoid
tissue (3.1%) (Figure 4e). PCV3 was not detected in fecal samples (Figure 5b) and PCV4 was not detected in fetus
samples (Figure 4f). In samples with codetection, the average PCV2 and PCV3 Ct was 27.4 and 32, respectively.
PCV2, PCV3, and PCV4 Ct values were not significantly different by sample type and codetection status (data not
shown).

10



POV3

A. Lung B. Feces C. Spleen

PCV2 Be ™., prv:
5% %
pout/ " e pova B h_——8 |
i o2 oL Rg— 5% ]
Yo # Woo _,-"’ . & ,u"( - - /Eﬁ 5% 09‘"
Jiy e [ 2% | [~ PCv2
a® - 3% | | 24% | Ao~ |
Nl / - PCV3
33% L [ 0%
PCv4
1%
am 42%
PCV2 :
g POV2
D. Serum E. Lymphoid Tissue F. Fetus
POV PCva_ SR
31% © 5 ~
N 5% S SN art PCV2Z \
[ a0\ { e~ 109% /’ . POV
ool i e |3-1* . O | .
e _ @* } \® o (& \\ /
peva [ N ey ame II 0 \.
| % /o — J | 183 42% g | 2.1%)
o — = /
b % == \ 4
PCV3 o \‘-._ i
48% b =
48.5% 7% A ,/
\""'\-\.\_ /

PCV2

Figure 4. Codetection rate of PCV4 with PCV2 and PCV3 in lung (A), feces (B), spleen (C), serum (D), lymphoid tissue (E), and fetus (F). A
total of 512 samples from clinical cases were tested by PCV4 singleplex qPCR and PCV2/3 multiplex qPCR. The Venn diagrams represent
proportional areas with the differential proportion of PCV4/3/2 codetection (JMP® Pro 17.1.0; SAS Institute, Cary, NC).

2.5 Association of PCV4 with respiratory and enteric coinfections

The case results and information including age, location, clinical signs, histopathology, PCV4 qPCR, PCV2/3
multiplex qPCR, and diagnostic test results associated with the PCV4 positive lymphoid tissue, lung, and spleen
samples (n=30) are summarized in Table 1. Reported clinical signs in cases where PCV4 was detected most
commonly included respiratory and enteric disease in 2-23-week-old pigs (Table 1). PCV4 was incidentally found in
28/30(93.3%) cases (Figure 5a). In respiratory cases where PCV4 was detected, nine additional respiratory pathogens
were identified. The most common viral pathogens identified were PCV2, PRRVS, and PCV3 and Streptococcus suis
was the most prevalent bacterial pathogen (Figure 5b). In a case with confirmation of PCV4 (Table 1, case 1) by in
situ hybridization (Figure 6a), direct detection for PCV3 by in situ hybridization failed to confirm PCV3 mRNA in
PCR-positive lymph nodes (Figure 6b) while IHC demonstrated the presence of PRRSV antigen in paracortical
macrophages and lymphocytes (Figure 6¢). In cases where enteric signs were the main clinical signs reported, the
four enteric pathogens were identified. Escherichia coli and Salmonella species were the most commonly identified
coinfections (Figure 5¢). In a case with enteric clinical signs and detection PCV4 in feces (Table 1, case 1), Lawsonia
intracellularis direct detection by IHC revealed antigen signal in crypt enterocytes (Figure 7b) while PCV4 detection
by RNAScope was located in the inflammatory cells of the lamina propria (Figure 7a).
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Figure 5. Summary of coinfections from ISU-VDL diagnostic case reports on cases with PCV4 detection in lymphoid tissue, lung, and spleen
samples (n=30). Percentage of PCV4 positive cases with 0-5+ coinfections identified in the diagnostic case report (A). Respiratory (B) or
enteric (C) pathogens most commonly identified in PCV4 positive cases. Pathogens listed were identified in more than one PCV4 positive case.
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Figure 6. Direct detection of PCV4 in a PCV3/PRRSV coinfection case. PCV4 in situ by RNAscope (red staining) targeting transcribed ORF2
mRNA revealed viral replication in the germinal centers of lymph nodes (A). Meanwhile, the presence of PRRSV was confirmed by IHC,
detecting viral antigen in the paracortical region of the lymph node (C). The presence of PCV3 was confirmed by qPCR; however, no PCV3
mRNA was detected in the lymph node by PCV3 RNAscope (B).

Figure 7. Direct detection of PCV4 in a case of Lawsonia intracellularis. PCV4 in situ by RNAScope (red staining) was confirmed within
inflammatory cells of the lamia propria of the small intestine (A). Meanwhile, L. intracellularis was confirmed by IHC, displaying a
characteristic staining pattern within enterocytes of the intestinal crypts (B).

Discussion:

PCV4 was initially identified in China in 2019 [6] and has subsequently been detected in Mongolia [7], South Korea
[8], Thailand [9], Malaysia [10], and Spain [11]. Various detection methods have been utlized, including conventional
or real-time quantitative PCR techniques, yielding variable detection rates ranging between 1.6% and 45.39% [7, 12].
In the present study, PCV4 was detected for the first time in the US from clinical samples submitted to the ISU-VDL
from June to September 2023. Samples evaluated in this study did not target a specific clinical syndrome and selection
was based on random sampling of representative sample types used to evaluate different clinical syndromes. Thus,
the overall positivity rate of this study (8.6%) falls within the range reported globally [18]. Interestingly, the detection
rate varied by sample type for lymphoid tissue (17.2%), serum (10%), lung (9%), spleen (9%), and feces (5%),
supporting the notion that the virus can be detected and may affect different organ systems. Relatively low amounts
of PCV4 viral DNA were detected in most samples with an average Ct value of 33.0, which was not significantly
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different between sample types. Previous studies have reported the detection of PCV4 in a broad range of sample
types including, lymph nodes, tonsils, serum, lungs, spleens, kidneys, hearts, livers, brains, intestines, and oral fluids
[18]. In alignment with our results, lymph nodes have been identified with high detection rates of PCV4 ranging from
33.7 to 51.85% in different studies [11, 12, 19]. Several previous studies reported the detection of PCV4 viral DNA
in aborted fetuses from sows with reproductive failure [8, 12, 28], suggesting that PCV4 could be considered among
the causes of reproductive failure in sows, abortion, mummies, and stillbirths. [8, 13]. However, our results, based on
a relatively small sample size (n=48), did not identify the presence of PCV4 in fetal tissue collected from a wide array
of samples obtained from aborted fetuses, mummies, and stillbirths. Our results also align with similar results
previously reported in an extensive study evaluating the presence of PCV4 in abortions and stillborn piglets in
Colombia [14]. Reproductive failure in sows associated with PCV2 and PCV3 infection is characterized by abortion,
mummies, and stillbirths. Furthermore, PCV2 and PCV3 can be detected by qPCR in addition to confirmation of viral
replication by direct detection methods in the fetal tissues [28, 29]. Thus, further studies are needed to characterize
the presence and significance of PCV4 detection in tissue from aborted fetuses and stillbirths and confirm its potential
role in reproductive failure. Based on our results, PCV4 tissue tropism may differ from PCV2 and PCV3, therefore
potentially resulting in differences in clinical presentation and lesions associated with its infection.

Two full-length PCV4 ORF2 sequences were obtained from two PCV4 positive lymphoid tissues (Table 1, cases
1 and 2). Phylogenetic analysis was carried out with the two sequences from the present study and 73 full-length
PCV4 ORF2 sequences obtained from GenBank, inclusive of sequences from Spain, South Korea, Thailand,
Malaysia, and China (Additional File 1). The overall nucleotide identity of the two US sequences was relatively high
with all reference sequences, ranging from 96.36-98.98%. US sequence PP457621 clustered with the Spanish
sequence OR359763 (98.98% identity). Interestingly, OR359763 was obtained from a fecal sample from an Iberian
pig located in mid-southwestern Spain collected in 2022 [19]. US sequence PP457622 most closely clustered with
South Korean sequences MZ436811 and MW712667 (98.69% identity). These South Korean sequences were
obtained from oral fluid samples from commercial pigs in 2020 [30].

Proposed preliminary subtype classification is based on the genetic distance between subtypes as 0.05 [20] and
amino acid patterns of the Cap protein at residues 27, 28, 212, yielding three subtypes: PCV4a-1 (278S, 28R, 212L),
PCV4a-2 (278, 28G, 212L), and PCV4b (27N, 28R, 212M) [18, 19, 20]. Although the amino acids 28 and 212 for
both sequences obtained in the present study were consistent (28R and 212M), the sequences differed at residue 27.
Sequence PP457621 contained the 27N mutation, aligning with previous classification systems for the PCV4b
subtype. However, sequence PP457622 contained a unique S271 mutation, which has not been previously identified
in PCV4 reference sequences. Based on the p-distance, sequence PP457622 can be classified as PCV4b. Given that
evidence is lacking to support specific amino acid mutations result in biological differences, further research is needed
to provide robust criteria for the PCV4 classification schemes as the number of PCV4 sequences increase. Several
different PCV4 nomenclatures have been proposed which have not been standardized at the international level,
potentially leading to confusing and misleading interpretations similar to what previously occurred with initial PCV2
and PCV3 classification systems [31, 32, 33, 34, 35]. Since, the PCV2 subtype definition is based on the following
criteria: maximum within subtype p-distance of 13%, minimum cluster internal node bootstrap support of 70%, and
at least 15 sequences identified [36]. PCV3 subtypes are defined based on bootstrap support (or posterior probability)
> 0.9, maximum genetic distance of 3% and 6% at the complete genome and ORF2 levels, concordant results between
ORF2 and the complete genome, and at least five sequences available [37]. Based on the limited number of sequences
obtained in this study and the absence of correlation between the different subtypes reported and specific clinical
presentations, this classification cannot be used to associate the role of different subtypes with various clinical
manifestations. Additional studies are needed to evaluate whether amino acid mutations may lead to potential changes
in immunodominant regions, affecting the host immune response and resulting in viral escape.

Multiple previous studies have described the codetection of PCV4 with PCV2 and PCV3 in several sample types
[7,9, 12,13, 16, 19, 22, 23, 24]. In the present study, all samples were analyzed for the presence of PCV2, PCV3,
and PCV4 viral DNA by qPCR. Single detection of PCV4 and codetection of PCV4/2 showed similar detection rates
for lung, feces, spleen, and serum, which ranged between 3 and 5% for PCV4 single detection and 2 and 4% in
samples with PCV4/2 codetection. Additionally, lymphoid tissue displayed the highest detection rate for PCV4 single
detection (10.9%) and PCV4/2 codetection (4.7%). The PCV4/3 codetection was relatively infrequent and only
confirmed in 1% of lung and serum samples. Thus, our results are consistent with previous studies indicating a higher
prevalence of PCV4/2 codetection in comparison to the codetection of PCV4/3 [12, 13, 22, 23]. Previous reports have
reported PCV2/3/4 triple detection with positive rates ranging from 0.36 to 14.47% [12, 13, 23, 30]. In our current
investigation, triple detection of PCV4/2/3 was infrequent, occurring in only 1% of spleen and serum samples.
Although, triple detection was relatively more common in lymphoid tissue (3.1%). Most investigations assessing co-
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detection rates have been conducted with relatively modest sample sizes. Therefore, there is a pressing need for larger-
scale studies encompassing a broader array of sample types to delineate the specific tissue types which are more
frequently associated with the co-detection of multiple PCVs. Based on the present and previous results, coinfection
with multiple PCVs is possible. Therefore, it is imperative to establish the pathogenic relationship between PCVs and
determine if coinfection has a synergistic effect on disease expression.

In addition to reports documenting the coinfection of PCV4 with PCV2 and PCV3, PCV4 coinfection with
pseudorabies, porcine epidemic diarrhea virus (PEDV), and PRRSV have been reported. These coinfections have
been observed in pigs exhibiting lesions and clinical manifestations more closely associated with other PCVs, such
as PDNS, PMWS, and reproductive failure. Furthermore, pigs with PCV4 coinfections have also been linked to a
spectrum of nonspecific clinical signs, including respiratory, enteric, and neurologic signs [12, 13, 18, 22, 23, 24]. In
this study, samples were acquired from ISU-VDL cases which provides a comprehensive data set encompassing
various diagnostic tests conducted and allows for determining the presence of coinfections. This approach facilitated
a more thorough assessment of coinfection occurrences at the individual case level, thereby enhancing our
understanding of coinfection dynamics. From the lung, spleen, and lymphoid tissue PCV4 positive samples (n=30),
the overwhelming majority of cases had at least one additional pathogen identified (93.3%) and cases most commonly
had two pathogens identified (33.3%). Additionally, the most commonly reported clinical signs in PCV4 positive
cases were respiratory and enteric disease in 2-23-week-old pigs. Accordingly, respiratory and enteric pathogens were
the most common coinfections identified. Amongst respiratory cases with PCV4 detected, coinfections with PCV2,
Streptococcus suis, and PRRSV were most frequently identified with 14, 12, and 11 detections, respectively. In an
observed case of PRRSV and PCV4 codetection (Table 1, Case 1), direct detection of both pathogens was identified
by direct detection in the lymph node, however, direct detection for both viruses was unsuccessful in the lung.
Notably, PRRSV was localized in the paracortical region, while PCV4 was detected within germinal centers. Further
investigation is needed to determine whether PCV4 predominantly replicates within resident macrophages or is
disseminated to different anatomical locations by circulating histiocytes, thereby clarifying its direct involvement in
potential lung lesions. Although data on the cellular and anatomical compartmentalization of PCV4 within the lung
were unavailable, its detection in histiocytes within lymph nodes suggests the possibility of its presence in pulmonary
macrophages, especially during an exacerbated histiocytic response characteristic of PRRSV infection. In this case,
the absence of PCV4 direct detection in the lung may be attributed to a low viral load or the sensitivity limitations of
the employed direct detection methods. Moreover, further investigation is warranted to evaluate whether this
coinfection exacerbates pulmonary lesions associated with PRRSV or lymphoid lesions linked to PCV4 and to
elucidate the intricate interplay between these pathogens in modulating the immune response. Additionally, the lack
of direct PCV3 detection in the same case may be due to a low viral load, as indicated by Ct PCR values, and the
sensitivity limitations of the employed detection methods.

Escherichia coli and Salmonella species were most commonly identified with 7 and 3 detections, respectively,
amongst enteric cases. Anecdotally, one case demonstrated the presence of PCV4 and L. intracellularis coinfection
within the small intestine confirmed by direct detection techniques. PCV4 was detected in the feces by qPCR and by
RNAscope suggesting replication was occurring in areas overlapping with inflammatory cells in the lamina propria.
Interestingly, L. intracellularis was also present in the small intestine as evidenced by antigen signal in crypt
enterocytes by IHC. Coinfection with PCV2 and L. intracellularis has been documented in clinical cases [38] and
reproduced experimentally [39]. It has been speculated that L. intracellularis may boost the possibility of PCV2
replication, especially in acute cases. Therefore, this hypothesis should be considered and further evaluated in cases
of enteric bacterial disease and PCV4. Taken together, these results confirm that PCV4 is often detected with other
coinfections. Samples in this study were randomly selected, and no specific clinical syndrome or the presence of
infection was a prerequisite for inclusion in this survey, which may partially explain the large number of cases with
coinfections with relatively low amounts of PCV4 present. We emphasize that confirmed viral replication in tissue
by RNAscope and detection by qPCR does not establish causation of clinical disease. Identifying PCV4 in tissues
submitted for the identification of various clinical syndromes may suggest potential coinfection scenarios, and the
role of PCV4 either as a primary or predisposing factor for clinical disease warrants further investigation.

Although the pathogenesis of PCV4 remains poorly understood and its role in clinical disease is still debated, the
present study confirms viral replication through direct detection. Only one previous study has attempted to
demonstrate viral replication by direct detection using in situ hybridization, which showed viral replication in
respiratory epithelial cells and lymphocytes [9]. In this study, the use of RNAscope technology enabled the
confirmation of viral replication as the probes target replicative ORF2 mRNA. Our study detected viral replication in
the germinal centers of lymph nodes and inflammatory cells in the small intestine. The cellular characterization in the
lymph node suggests that PCV4 may have a higher affinity for B lymphocytes (CD20) and macrophages (Iba-1). The
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presence of positive macrophages within germinal centers may indicate ongoing chronic inflammation or perhaps
migration of antigen-presenting cells to the germinal centers. However, cellular characterization of the areas of
inflammation in the small intestine revealed that PCV4 has a higher affinity for T lymphocytes (CD3) and
macrophages (Iba-1). These two cell types are not resident populations of the intestinal lamina propria, suggesting
that PCV4 may replicate within these inflammatory cells. Since there is an ongoing coinfection with L. intracellularis,
we speculate that primary inflammatory processes induced by bacterial infection may exacerbate PCV4 local
replication. The main limitation of this histological evaluation is the lack of co-localization of cellular markers and
PCV4. While a co-localization could be more informative, based on staining of replicated sections targeting the same
organ, it can be speculated that PCV4 consistently replicates in macrophages (Iba-1) and B lymphocytes (CD20)
within lymph nodes and areas of inflammation. These results may also suggest a similar cellular tropism of PCV4 as
previous studies have identified for PCV2, where replication efficiently occurs in the lymphoid tissues [40, 41, 42,
43]. Macrophages rarely support PCV2 replication and act as a “Trojan horse” to carry virus throughout the body [44,
45, 46, 47]. The lesions of PCV4 infection in the lymph node seem to more closely resemble PCV2 lymphoid
depletion [3, 9] in contrast to multisystemic perivasculitis, which is more commonly associated with PCV3 infection
[28].

In conclusion, this study provides valuable insights into the frequency of detection, distribution, and genetic
characteristics of PCV4 in the US. Since its initial identification in China in 2019, PCV4 has been detected in various
countries in Asia and Europe and now the US. This study identified PCV4 in clinical samples submitted to the ISU-
VDL, with an overall positivity rate similar to what has been reported in other countries. The detection rate varied
across different sample types, emphasizing the importance of considering tissue tropism when evaluating PCV4
infection. Furthermore, phylogenetic analysis revealed relatively high nucleotide identity between US sequences and
reference sequences from other countries, suggesting potential global dissemination of PCV4 strains. Current
classification schemes based on genetic and amino acid variations require further standardization to enable accurate
subtype classification. Coinfection with other pathogens, including PCV2 and PCV3, was also observed, highlighting
the complex interplay between different PCVs and their potential roles in disease pathogenesis. Further research is
warranted to elucidate the pathogenic mechanisms and clinical implications of PCV4 infection, and the interaction
with PCV4 and other pathogens in pigs. This study underscores the importance of ongoing surveillance and research
efforts to better understand and mitigate the impact of PCV4 infections on swine health and production.

References

1. Breitbart M, Delwart E, Rosario K, et al. ICTV Virus Taxonomy Profile: Circoviridae. The Journal of general
virology. 2017 Aug;98(8):1997-1998. doi: 10.1099/jgv.0.000871. PubMed PMID: 28786778; PubMed Central
PMCID: PMCPMC5656780. eng.

2. Rosario K, Breitbart M, Harrach B, et al. Revisiting the taxonomy of the family Circoviridae: establishment of
the genus Cyclovirus and removal of the genus Gyrovirus. Archives of Virology. 2017 2017/05/01;162(5):1447-1463.
doi: 10.1007/s00705-017-3247-y.

3. Segales J. Porcine circovirus type 2 (PCV2) infections: clinical signs, pathology and laboratory diagnosis. Virus
Res. 2012 Mar;164(1-2):10-9. doi: 10.1016/j.virusres.2011.10.007. PubMed PMID: 22056845.

4. Allan GM, Ellis JA. Porcine circoviruses: a review. J Vet Diagn Invest. 2000 Jan;12(1):3-14. doi:
10.1177/104063870001200102. PubMed PMID: 10690769; eng.

5. Palinski R, Pifieyro P, Shang P, et al. A Novel Porcine Circovirus Distantly Related to Known Circoviruses Is
Associated with Porcine Dermatitis and Nephropathy Syndrome and Reproductive Failure. J Virol. 2017 Jan 1;91(1).
doi: 10.1128/jvi.01879-16. PubMed PMID: 27795441; PubMed Central PMCID: PMCPMC5165205. eng.

6. Zhang HH, Hu WQ, Li JY, et al. Novel circovirus species identified in farmed pigs designated as Porcine
circovirus 4, Hunan province, China. 2020;67(3):1057-1061.

7. Ha Z, Yu C, Xie C, et al. Retrospective surveillance of porcine circovirus 4 in pigs in Inner Mongolia, China,
from 2016 to 2018. 2021;166(7):1951-1959.

8. Nguyen V-G, Do H-Q, Huynh T-M-L, et al. Molecular-based detection, genetic characterization and phylogenetic
analysis of porcine circovirus 4 from Korean domestic swine farms. 2022;69(2):538-548. doi:
https://doi.org/10.1111/tbed.14017.

9. Sirisereewan C, Nguyen TC, Piewbang C, et al. Molecular detection and genetic characterization of porcine
circovirus 4 (PCV4) in Thailand during 2019-2020. Sci Rep. 2023 Mar 30;13(1):5168. doi: 10.1038/s41598-023-
32382-1. PubMed PMID: 36997663; PubMed Central PMCID: PMCPMC10063680. eng.

15



10. Tan CY, Thanawongnuwech R, Arshad SS, et al. First molecular detection of porcine circovirus type 4 (PCV4)
in Malaysia. Trop Biomed. 2023 Sep 1;40(3):301-306. doi: 10.47665/tb.40.3.005. PubMed PMID: 37897162; eng.
11. Holgado-Martin R, Arnal JL, Sibila M, et al. First detection of porcine circovirus 4 (PCV-4) in Europe. Virology
Journal. 2023 2023/10/10;20(1):230. doi: 10.1186/s12985-023-02181-1.

12. Hou C-Y, Zhang L-H, Zhang Y-H, et al. Phylogenetic analysis of porcine circovirus 4 in Henan Province of
China: A retrospective study from 2011 to 2021. 2022;69(4):1890-1901. doi: https://doi.org/10.1111/tbed.14172.

13. Tian RB, Zhao Y, Cui JT, et al. Molecular detection and phylogenetic analysis of Porcine circovirus 4 in Henan
and Shanxi Provinces of China. Transboundary and emerging diseases. 2021 Mar;68(2):276-282. doi:
10.1111/tbed.13714. PubMed PMID: 32634296; eng.

14. Vargas-Bermudez DS, Mogollén JD, Jaime J. The Prevalence and Genetic Diversity of PCV3 and PCV2 in
Colombia and PCV4 Survey during 2015-2016 and 2018-2019. Pathogens. 2022 May 31;11(6). doi:
10.3390/pathogens11060633. PubMed PMID: 35745487; PubMed Central PMCID: PMCPM(C9228467. eng.

15. Franzo G, Ruiz A, Grassi L, et al. Lack of Porcine circovirus 4 Genome Detection in Pig Samples from Italy and
Spain. 2020;9(6):433. PubMed PMID: doi:10.3390/pathogens9060433.

16. Ge M, Hu WQ, Ning KM, et al. The seroprevalence of the newly identified porcine circovirus type 4 in China
investigated by an enzymed-linked immunosorbent assay. 2021;68(6):2910-2914.

17. Guindon S, Dufayard J-F, Lefort V, et al. New Algorithms and Methods to Estimate Maximum-Likelihood
Phylogenies: Assessing the Performance of PhyML 3.0. Systematic Biology. 2010;59(3):307-321. doi:
10.1093/sysbio/syq010 %J Systematic Biology.

18. Wang D, Mai J, Yang Y, et al. Current knowledge on epidemiology and evolution of novel porcine circovirus 4.
Veterinary Research. 2022 2022/05/31;53(1):38. doi: 10.1186/s13567-022-01053-w.

19. Xu T, Hou C-Y, Zhang Y-H, et al. Simultaneous detection and genetic characterization of porcine circovirus 2
and 4 in Henan province of China. 2022;808:145991.

20. Wu M, Chen Y, Lang W, et al. Genetic Variation Analysis of Porcine Circovirus Type 4 in South China in 2019
to 2021. 2022;14(8):1736. PubMed PMID: doi:10.3390/v14081736.

21. Arruda B, Pifieyro P, Derscheid R, et al. PCV3-associated disease in the United States swine herd. Emerging
Microbes & Infections. 2019 2019/01/01;8(1):684-698. doi: 10.1080/22221751.2019.1613176.

22. Sun W, Du Q, Han Z, et al. Detection and genetic characterization of porcine circovirus 4 (PCV4) in Guangxi,
China. 2021;773:145384.

23. Zhang D, Bai C, Ge K, et al. Establishment of an SYBR Green-based real-time PCR assay for porcine circovirus
type 4 detection. 2020;285:113963.

24. Chen N, Xiao Y, Li X, et al. Development and application of a quadruplex real-time PCR assay for differential
detection of porcine circoviruses (PCV1 to PCV4) in Jiangsu province of China from 2016 to 2020. Transboundary
and emerging diseases. 2021 May;68(3):1615-1624. doi: 10.1111/tbed.13833. PubMed PMID: 32931644; eng.

25. Niu G, Zhang X, Ji W, et al. Porcine circovirus 4 rescued from an infectious clone is replicable and pathogenic
in vivo. Transboundary and emerging diseases. 2022 Sep;69(5):e1632-e1641. doi: 10.1111/tbed.14498. PubMed
PMID: 35240007; eng.

26. Opriessnig T, Yu S, Gallup JM, et al. Effect of vaccination with selective bacterins on conventional pigs infected
with type 2 porcine circovirus. Vet Pathol. 2003 Sep;40(5):521-9. doi: 10.1354/vp.40-5-521. PubMed PMID:
12949409; eng.

27. Temeeyasen G, Lierman S, Arruda BL, et al. Pathogenicity and immune response against porcine circovirus type
3 infection in caesarean-derived, colostrum-deprived pigs. The Journal of general virology. 2021 Jan;102(1). doi:
10.1099/jgv.0.001502. PubMed PMID: 33206034; eng.

28. Kroeger M, Temeeyasen G, Pifieyro PE. Five years of porcine circovirus 3: What have we learned about the
clinical disease, immune pathogenesis, and diagnosis. Virus research. 2022 Jun;314:198764. doi:
10.1016/j.virusres.2022.198764. PubMed PMID: 35367483; eng.

29. Madson DM, Opriessnig T. Effect of porcine circovirus type 2 (PCV2) infection on reproduction: disease, vertical
transmission, diagnostics and vaccination. Animal Health Research Reviews. 2011;12(1):47-65. doi:
10.1017/S1466252311000053.

30. Kim H-R, Park J, Kim W-I, et al. Prevalence and co-infection status of three pathogenic porcine circoviruses
(PCV2, PCV3, and PCV4) by a newly established triplex real-time polymerase chain reaction assay. Korean J Vet
Serv. 2022;45(2):87-99. doi: 10.7853/kjvs.2022.45.2.87. eng.

31. Cortey M, Olvera A, Grau-Roma L, et al. Further comments on porcine circovirus type 2 (PCV2) genotype
definition and nomenclature. 2011;149(3-4):522-523.

16



32. Franzo G, Cortey M, Olvera A, et al. Revisiting the taxonomical classification of Porcine Circovirus type 2
(PCV2): still a real challenge. 2015;12(1):1-8.

33. Kwon T, Yoo SJ, Park CK, et al. Prevalence of novel porcine circovirus 3 in Korean pig populations. Veterinary
microbiology. 2017 Aug;207:178-180. doi: 10.1016/j.vetmic.2017.06.013. PubMed PMID: 28757021; eng.

34. Kim SH, Park JY, Jung JY, et al. Detection and genetic characterization of porcine circovirus 3 from aborted
fetuses and pigs with respiratory disease in Korea. Journal of veterinary science. 2018 Sep 30;19(5):721-724. doi:
10.4142/jvs.2018.19.5.721. PubMed PMID: 30041289; PubMed Central PMCID: PMCPMC6167340. eng.

35. Kedkovid R, Woonwong Y, Arunorat J, et al. Porcine circovirus type 3 (PCV3) infection in grower pigs from a
Thai farm suffering from porcine respiratory disease complex (PRDC). Veterinary microbiology. 2018 Feb;215:71-
76. doi: 10.1016/j.vetmic.2018.01.004. PubMed PMID: 29426409; eng.

36. Franzo G, Segalés JJPo. Porcine circovirus 2 (PCV-2) genotype update and proposal of a new genotyping
methodology. 2018;13(12):¢0208585.

37. Franzo G, Delwart E, Fux R, et al. Genotyping Porcine Circovirus 3 (PCV-3) Nowadays: Does It Make Sense?
2020;12(3):265. PubMed PMID: doi:10.3390/v12030265.

38. D'Annunzio G, Ostanello F, Muscatello LV, et al. Porcine Lawsonia intracellularis Ileitis in Italy and Its
Association with Porcine Circovirus Type 2 (PCV2) Infection. Animals : an open access journal from MDPI. 2023
Mar 26;13(7). doi: 10.3390/ani13071170. PubMed PMID: 37048426; PubMed Central PMCID: PMCPMC10093578.
eng.

39. Opriessnig T, Madson DM, Roof M, et al. Experimental reproduction of porcine circovirus type 2 (PCV2)-
associated enteritis in pigs infected with PCV2 alone or concurrently with Lawsonia intracellularis or Salmonella
typhimurium. Journal of comparative pathology. 2011 Aug-Oct;145(2-3):261-70. doi: 10.1016/j.jcpa.2010.12.016.
PubMed PMID: 21334002; eng.

40. Sanchez Jr RE, Meerts P, Nauwynck HJ, et al. Characteristics of porcine circovirus—2 replication in lymphoid
organs of pigs inoculated in late gestation or postnatally and possible relation to clinical and pathological outcome of
infection. 2004;16(3):175-185.

41. Lefebvre D, Meerts P, Costers S, et al. Increased porcine circovirus type 2 replication in porcine leukocytes in
vitro and in vivo by concanavalin A stimulation. 2008;132(1-2):74-86.

42. Nauwynck H, Sanchez R, Meerts P, et al. Cell tropism and entry of porcine circovirus 2. 2012;164(1-2):43-45.
43. Yu S, Opriessnig T, Kitikoon P, et al. Porcine circovirus type 2 (PCV2) distribution and replication in tissues and
immune cells in early infected pigs. Veterinary Immunology and Immunopathology. 2007 2007/02/15/;115(3):261-
272. doi: https://doi.org/10.1016/j.vetimm.2006.11.006.

44. Yu S, Halbur PG, Thacker E. Effect of porcine circovirus type 2 infection and replication on activated porcine
peripheral blood mononuclear cells in vitro. Vet Immunol Immunopathol. 2009 Feb 15;127(3-4):350-6. doi:
10.1016/j.vetimm.2008.10.332. PubMed PMID: 19118906; eng.

45. Chang HW, Jeng CR, Lin TL, et al. Immunopathological effects of porcine circovirus type 2 (PCV2) on swine
alveolar macrophages by in vitro inoculation. Vet Immunol Immunopathol. 2006 Apr 15;110(3-4):207-19. doi:
10.1016/j.vetimm.2005.09.016. PubMed PMID: 16310858; eng.

46. Chang HW, Pang VF, Chen LJ, et al. Bacterial lipopolysaccharide induces porcine circovirus type 2 replication
in swine alveolar macrophages. Veterinary  microbiology. 2006 Jul  20;115(4):311-9.  dot:
10.1016/j.vetmic.2006.03.010. PubMed PMID: 16626898; eng.

47. Gilpin DF, McCullough K, Meehan BM, et al. In vitro studies on the infection and replication of porcine
circovirus type 2 in cells of the porcine immune system. Vet Immunol Immunopathol. 2003 Aug 15;94(3-4):149-61.
doi: 10.1016/s0165-2427(03)00087-4. PubMed PMID: 12909411; eng.

Submitted electronically to research@swinehealth.org. You will receive an electronic response when your report is
received and verified for proper format. Final reports will be published on our Web Site exactly as submitted 12 months
after receipt or as mutually agreed, but the industry summary will be released immediately.

Any publications, presentations or abstracts of the project results, need to recognize proper funding credit. A statement
such as this would be sufficient: “Funding, wholly or in part, was provided by the Swine Health Information Center”.

Thank you for your attention to these instructions. Please contact Ashley Parrish (phone-515/223-2765 or E-mail:
research(@swinehealth.org if you have any questions.

Revised 2/23

17


mailto:research@swinehealth.org
mailto:Bev.Everitt@porkboard.org

	SWINE HEALTH INFORMATION CENTER
	Project Title and Project identification number: Exploratory study to evaluate the presence of PCV4 in different sample matrices and confirmation of its role in histological changes by direct detection
	Principal Investigator: Pablo Pineyro
	Institution: Iowa State University
	1.1 Selection of Sample Matrixes and Cases
	1.2 PCV4 qPCR
	1.3 PCV2 and PCV3 Multiplex qPCR
	1.4 PCV4 open reading frame 2 sequencing and phylogenetic analysis
	1.5 PCV4 in situ hybridization
	1.6 Immunohistochemistry characterization of inflammatory cells
	1.7 Direct detection methods for PCV3, PCV2, PRRSV, and Lawsonia intracellularis
	1.8 Statistical Analysis
	2.1 PCV4 was detected in different sample matrices
	2.2 PCV4 open reading frame 2 sequencing and phylogenetic analysis
	2.3 PCV4 tissue distribution and immune cell characterization
	2.4 Codetection of PCV4 with PCV2 and PCV3 by qPCR
	2.5 Association of PCV4 with respiratory and enteric coinfections
	Revised 2/23



