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ABSTRACT. Porcine circovirus 2 (PCV2) causes porcine circovirus-associated disease, and co-
infection with porcine reproductive and respiratory syndrome virus (PRRSV) severely affects the
pig breeding industry. Both viruses target the macrophages in lymphoid tissues. Various porcine
pathogens enter via the nasal cavity, and the nasopharynx-associated lymphoid tissue (NALT) acts
as the mucosal immune system. However, the pathological analysis has not progressed. This study
aimed to histologically examine the NALT of pigs with suspected PCV2 and PRRSV infections. Six pigs
were subjected to necropsy, and their NALT, tonsils, and mesenteric lymph nodes were collected.
Macrophages, lymphocytic depletion, multinucleated giant cells, intracytoplasmic inclusion bodies,
and neutrophil infiltration increased in the NALT. In situ hybridization revealed positive signals for
J. Vet. Med. Sci. PCV2 in the NALT of all pigs and PRRSV in the NALT of three pigs. PCV2-positive macrophages were
84(11): 15361542, 2022 mainly identified in the follicles, whereas PRRSV-positive tissues were found primarily around the
) o crypt and directly below the epithelium. Quantitative PCR revealed 108-10'0 copies of PCV2 DNA/pL
doi: 10.1292/jvms.22-0231 and 10?-10* copies of PRRSV DNA/pL in the NALT. Therefore, both PCV2 and PRRSV were detected in
the NALT of pigs. In conclusion, the infection and replication of both viruses in the NALT and tonsils
may suppress host immunity and promote co-infection with other pathogens.

KEYWORDS: Nasopharynx-associated lymphoid tissue (NALT), Porcine circovirus 2 (PCV2), Porcine
circovirus-associated disease (PCVAD), Porcine reproductive and respiratory syndrome virus (PRRSV),
tonsils

Received: 10 May 2022
Accepted: 9 September 2022
Advanced Epub:

13 October 2022

Porcine circovirus-associated disease (PCVAD), a syndrome caused by porcine circovirus 2 (PCV2), is a serious problem in the
swine industry worldwide [1]. PCV2 targets immune cells, such as macrophages and dendritic cells, and its main infection/transmission
routes are the nasal and oral cavities [20, 29, 31]. PCV2 mainly infects pigs aged 5—13 weeks, with PCVAD often occurring in piglets
aged 7—-15 weeks [16, 19]. PCVAD is diagnosed based on three criteria: (a) clinical signs, including wasting or weight loss, pallor,
respiratory distress, diarrhea, occasional icterus, and subcutaneous lymphadenopathy; (b) pathological features, including lymphoid
depletion, absence of follicles, granulomatous inflammation, sparse multinucleated giant cells, and the presence of intracytoplasmic
botryoid inclusion bodies in the lymphoid and other tissues; and (c) detection of PCV2 at the characteristic lesions in lymphoid
organs, including abundant PCV2 antigen or nucleic acid identified via immunohistochemistry (IHC), in situ hybridization (ISH), or
molecular methods [4, 19, 33, 34]. The PCV2 vaccine was developed in the 2000s and has been remarkably effective in controlling
and preventing PCVAD. However, vaccinated pigs with suspected PCVAD have recently been reported [15, 25, 33, 38]. In contrast,
the porcine reproductive and respiratory syndrome virus (PRRSV) primarily targets immune cells, such as macrophages and dendritic
cells, and increases in the lymphatic tissues, followed by other organs [7].

Organs with a mucosal surface exposed to the external environment, such as those of the respiratory and digestive systems, have

*Correspondence to: Hirai T: t-hirai@cc.miyazaki-u.ac.jp, Department of Veterinary Pathology, Faculty of Agriculture, University of Miyazaki,
Gakuen-Kibanadai-nishi-1-1, Miyazaki 889-2192, Japan
©2022 The Japanese Society of Veterinary Science

@@@ This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial No Derivatives (by-nc-nd)
@ T License. (CC-BY-NC-ND 4.0: https://creativecommons.org/licenses/by-nc-nd/4.0/)

1536


https://creativecommons.org/licenses/by-nc-nd/4.0/

The Journal of

Veterinary

Medical

Science NALT OF PIGS WITH PCV2 AND PRRSV

an immune system different from the systemic immune system called mucosa-associated lymphoid tissue (MALT) [18, 21]. Found
in the nasal mucosa of rodents and humans, the nasopharynx-associated lymphoid tissue (NALT) is a MALT that plays an important
role in the defense against the early stages of infection [5, 8]. A dome-shaped epithelial layer covers the lymphoid surface of MALTS,
such as the NALT and Peyer’s patches. It contains a few cells, such as goblet cells and intestinal endocrine cells, that secrete mucus
to physically eliminate foreign substances that can easily come into contact with foreign antigens [27]. This class switch is induced
in the follicles of NALT. NALT induces an antigen-specific immune response during nasal immunization, and antigen-specific IgA
induction into the nasal discharge can be observed. Thus, the NALT acts as a mucosal immunity-inducing tissue that induces and
controls the immune response in the upper respiratory tract, such as the nasal cavity [36]. The anatomical location of the NALT has
been reported in miniature pigs [17]. We have previously demonstrated the presence of swine influenza A virus (SIV) and PRRSV in
the NALT and reported that these viruses enter the NALT through M cells or degenerated epithelium [23].

Histopathologic analysis of the upper respiratory tract mucosa, the gateway for pathogenic invasion, could elucidate the pathogenic
mechanisms of infectious diseases and help establish preventive measures against infections. NALT plays an important role in the
defense mechanism of the body against the early stages of infectious diseases and is considered critical to the development of mucosal
vaccines. However, a few pathological studies on the nasopharynx, including the NALT, have been performed in domestic animals
[14, 43]. The present study aimed to histopathologically examine the lymphoid tissue, including the NALT, of pigs with suspected
PCV2 and PRRSV infection.

MATERIALS AND METHODS

Animals and farms

Pigs were selected from one farm in Miyazaki Prefecture, Japan. However, they exhibited poor growth. At this farm, pigs were
vaccinated with a PRRS vaccine at 1 week of age and a PCV2 vaccine at 3 weeks of age. Three pigs (#1-3) were euthanized while
one pig (#4) died. Pigs #1-3 were 17 weeks old, and pig #4 was 11 weeks old. Necropsy was performed on all pigs. Tissue samples
from the NALT, tonsils, and mesenteric lymph nodes were collected for pathological examination and viral genome detection. The
NALT is located in the nasopharynx. Tissue collection was performed as previously described [17]. Briefly, the lower jaws of the pigs
were removed, and the upper palates were excised carefully, following the medial contours of the incisors and molars. The NALT
is located on the roof of the nasopharynx and the dorsal side of the soft palate tonsil. The NALT and tonsils were collected together
[23]. As an additional experiment, pigs #5 and #6 from the same farm were tested six weeks later. They were 10 weeks old and had
already died at the time of observation. Necropsy was performed, and samples were collected as described above. As the control
group, NALT was collected from three healthy pigs (approximately 24 weeks old) slaughtered at a slaughterhouse. There was an age
difference between the examined and control pigs in this study, which was not optimal. It was challenging to find pigs negative for
PCV2 and PRRSV among those raised on farms because both viruses are present in many farms in Japan, and many pigs are already
infected at a subclinical level. In addition, farmers are reluctant to provide healthy pigs as a negative control, as this would result in
economic loss. Therefore, slaughtered pigs were used as the controls in this study. Control pigs not administered with the PRRSV
vaccine were obtained from a PRRSV-negative farm. PCV2 detection was not performed on the entire farm. Moreover, the pigs were
administered the PCV2 vaccine at weaning, while control pigs were found to be negative for PRRSV and PCV2 via PCR.

Histopathological examination

Tissue samples were fixed in 4% paraformaldehyde for one day, embedded in paraffin, cut to 2-um-thick sections, and stained with
hematoxylin and eosin (HE). The obtained sections were also used for IHC and ISH. The primary antibodies used were: anti-Iba-1
antibody (1:1,000, rabbit, monoclonal, No. 019-19741, Wako, Osaka, Japan) to detect macrophages, anti-DAK-Pax5 antibody (1:30,
mouse, monoclonal, No. M7307, Dako, Glostrup, Denmark) to detect B cells, and anti-CD3 antibody (ready to use, rabbit, polyclonal,
No. IR503, Dako) to detect T cells. For IHC, the antigens were retrieved by incubating the sections with 10 mM citrate buffer (pH
6.0) at 121°C for 5 min. Endogenous peroxidase activity was suppressed by treating the sections with 3% H,0, in methanol for 10
min at 25°C. Non-specific binding was inhibited using a blocking reagent (Blocking One; Nacalai Tesque, Kyoto, Japan) for 30 min
at 37°C in a moist chamber. The sections were incubated at 4°C overnight with the primary antibodies diluted in phosphate-buffered
saline (PBS). After washing with PBS thrice, the samples were incubated with Histofine simple stain Rat MAX-PO (Goat, Nichirei
Bioscience, Tokyo, Japan) as a secondary antibody for 30 min at 37°C. After incubation, the cells were washed three times with PBS
and stained using a peroxidase-based diaminobenzidine staining kit (Nacalai Tesque). Subsequently, the sections were counterstained
with Mayer’s hematoxylin for 1 min, rinsed, dehydrated, cleared, and mounted on coverslips.

For biotinyl tyramide-based ISH, a complementary RNA (cRNA) probe specific for PCV2 and PRRSV mRNA was synthesized
from the PCR product, as previously described [13, 37, 40]. A digoxigenin-labeled cRNA probe was prepared using a commercial
RNA labeling kit (Roche™, Tokyo, Japan). ISH was performed as previously described [39].

Quantitative PCR (qPCR)

To detect PCV2, 10% homogenates were prepared from each tissue sample, 50 pL of which was incubated with 2 pL of proteinase
K at 37°C for 2 hr. Subsequently, proteinase K was inactivated by heating the cell suspensions at 95°C for 2 min. The suspensions
were centrifuged at 15,000 rpm for 5 min at room temperature, and the collected supernatant was used as the source of extracted
DNA. gPCR was performed as previously described [26].

To detect PRRSV, RNA extraction was performed as previously described [40]. The isolated RNA was then processed using a
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commercial RT-PCR kit (LSI VetMAX PRRSV EU/NA, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s
instructions.

RESULTS

Gross and histopathological findings

Gross analysis showed that all pigs (#1-6) had enlarged mesenteric lymph nodes. Histopathological analysis showed increased
macrophages and lymphoid depletion in the NALT (Fig. 1), tonsils, and mesenteric lymph nodes. In addition, multinucleated giant cells
were present in the NALT and mesenteric lymph nodes. Intracytoplasmic botryoid inclusion bodies were present in only two pigs (#5
and #6). Basophilic or amphophilic intracytoplasmic botryoid inclusion bodies were observed in the cytoplasm of the macrophages
(Fig. 1), while neutrophil infiltration was observed in the NALT, tonsils, and mesenteric lymph nodes (Table 1). In the NALT, neutrophil
infiltration was mainly observed in the tissues around the crypt and those immediately below the epithelium (Fig. 1). IHC revealed
numerous positive reactions against the anti-Iba-1 antibody in the NALT follicles (Fig. 2) for macrophages. However, in the same
area, Pax5-positive signals were absent or weak (Fig. 2), and CD3 was absent.

Detection of viral nucleic acids via ISH and gPCR

ISH revealed PCV-positive signals in the NALT and mesenteric lymph nodes of pigs #1-3, #5, and #6 (Table 2). PCV2 nucleic acids
were present in the cytoplasm of macrophages (Fig. 3). Positive PRRSV signals were confirmed in the NALT of three of the six pigs
(Table 2). PRRSV nucleic acids were also present in the cytoplasm of the macrophages (Fig. 3). PCV2-positive macrophages were
mainly found in the follicle, whereas PRRSV was observed in the tissues around the crypt and immediately below the epithelium.
gPCR revealed that 108-10° copies of PCV2 DNA/uL were present in the NALT, while 103-10!! copies/uL were in the mesenteric
lymph nodes; 10?>-10* copies of PRRSV DNA/uL were present in the NALT (Table 2). The results of ISH and qPCR differed because
it is difficult to analyze the same regions. The NALT of pigs #5 and #6 were very small, and samples for pathological examination
were preferentially collected; therefore, qPCR could not be performed.

DISCUSSION

Based on previously mentioned criteria [4, 19, 33, 34], PCVAD was diagnosed in pigs #5 and #6. Although pigs #1-4 were not
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Fig. 1. Histopathological changes, hematoxylin and eosin (HE). (A) Lymphoid depletion and increased number of macrophages in
the nasopharynx-associated lymphoid tissue (NALT; pig #5). Inset: magnified photograph of the cytoplasmic botryoid inclusion
bodies. (B) Normal NALT of a healthy control pig. (C) Neutrophil infiltration in the lamina propria just below the epithelium
(NALT; pig #5). (D) Neutrophil infiltration around the crypt (NALT; pig #5).
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Table 1. Results of histopathological analysis of porcine tissues

Nasopharynx-associated lymphoid tissue (NALT) Tonsil
No. Increasing  Lymphocytic Multinucleated Intracytoplasmic Neutrophil — Increasing Lymphocytic Multinucleated Intracytoplasmic Neutrophil
macrophages  depletion giant cells inclusion bodies infiltration —macrophages  depletion giant cells inclusion bodies infiltration
1 - - - - + - - - - +
2 + ++ - - - + ++ - - +
3 + + - - + ++ + - - +
4 ++ ++ - - ++ ++ ++ - - ++
5 ++ ++ + ++ 4 ++ + - + ++
6 ++ + + + ++ ++ ++ - + ++

Mesenteric lymph node

No. Increasing Lymphocytic Multinucleated Intracytoplasmic Neutrophil

macrophages  depletion giant cells inclusion bodies infiltration
1 ++ ++ - - ++
2 + ++ + - ++
3 ++ + + - ++
4 ++ ++ - - ++
5 ++ ++ + + ++
6 ++ + - + ++

-, negative; +, low; ++, moderate; +++, high.

OO S I i e T 100pm ™

Fig. 2. Histological comparison of the nasopharynx-associated lymphoid tissue (NALT) sections obtained from a pig with porcine
circovirus-associated diseases and a healthy control pig. Immunohistochemical staining. (A) Numerous positive signals for Iba-1
in the follicles indicate the presence of macrophages (pig #5). (B) Normal NALT of a healthy control pig. Few cells Iba-1- positive
cells were found. (C) Only a few cells were positive for Pax5. Lymphocytic depletion is also shown (pig #5). (D) Normal NALT
from a healthy pig. The follicular lymphocyte population exhibits diffuse nuclear staining against Pax5.

diagnosed with PCVAD, they exhibited some characteristics of PCVAD, such as increased macrophage and lymphocyte depletion and
the presence of PCV2 as detected using ISH and qPCR. These results suggest that although many pigs on the farm did not develop
PCVAD, they were infected with PCV2 and at risk of developing PCVAD. Moreover, the IHC results suggested that the number of
B cells decreased while the number of T cells did not change. This result is consistent with previous reports [35], suggesting that the
number of B cells was reduced in pigs with PCVAD.
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Table 2. Results of the porcine circovirus 2 (PCV2) or porcine reproductive and respiratory syndrome virus (PRRSV)
in situ hybridization (ISH) and quantitative polymerase chain reaction (QPCR) from different tissues

Nasopharynx-associated Nasopharynx-associated

R ey NG e e Y
e, PCV2 PCV2 PCV2 PRRSV PRRSV
ISH ? gqPCR ® ISH? gqPCR® ISH? ISH? gqPCR® ISH?
1 ++ 43 %108 +++ 1.6 x 10° ++ ++ 7.2 x 10* ++
2 ++ 1.8 x 1010 +++ 2.3 %103 +++ - 2.8 x 103 +
3 ++ 3.3x10° 4+ 5.9 x 104 -+ - 2.7 x 10% -
4 + 6.2 x 1010 NS NS + - 1.4 x 104 -
5 +++ NS +++ 3.6 x 10!! ++ +H++ NS ++
6 +++ NS +H++ 7.2 x 10° +H+ +H++ NS -+

2 Amount of PCV2 or PRRSV genome in tissue: -, negative; +, low; ++, moderate; +++, high; NS, no sample.  PCV2 or PRRSV DNA
copies/uL.

Fig. 3. In situ hybridization (ISH) of the nasopharynx-associated lymphoid tissue (NALT). (A) Higher magnification photograph illus-
trating porcine circovirus 2 (PCV2) genome positivity in the cytoplasm of macrophages (pig #5). Inset: magnified photograph of the
cytoplasmic botryoid inclusion bodies. (B) ISH for porcine reproductive and respiratory syndrome virus (PRRSV) in the same area as (A).

Pigs could develop PCVAD even after vaccination due to changes in the PCV2 genotype [24]. Up to nine PCV2 genotypes have
been reported based on their ORF2 sequence [10]. Among them, PCV2a, PCV2b, and PCV2d are currently distributed worldwide and
are considered the most common [10, 42]. PCV2b has been replaced with PCV2d since the 2010s, while PCV2d has been predominant
since 2013 [9, 41, 45]. PCV2b has been detected in this farm in past surveys, but PCV2d has been detected for approximately the last
three years. In this study, the genotype of the pigs was not investigated. Previous reports have shown that PCV2d evades vaccine-
induced immunity, and causes severe clinical manifestations, higher toxicity, and faster transmission. It has been isolated from pigs
diagnosed with PCVAD from farm with vaccinated pigs [25]. Thus, it is probable that the efficacy of the vaccine was reduced in this
farm. Moreover, the use of incorrect vaccines or vaccination failure is also possible [11]. When a pig has PRRSV viremia during PCV2
vaccination, PRRSV-induced immunosuppression can reduce vaccine efficacy [6]. In this farm, PRRSV was found via PCR in suckling
and weaning pigs, according to a previous survey, suggesting that PRRSV might have affected the efficacy of PCV2 vaccination.

The NALT plays an important role in biological defense against the early stages of infection [5, 8]. In the NALT of PCVAD-positive
pigs (#5 and #6), inclusion bodies and multinucleated giant cells were similar to the tonsils and mesenteric lymph nodes. In addition,
many PCV2-positive signals were detected using ISH. The NALT of pigs #1—4 showed the same findings as the tonsils and mesenteric
lymph nodes, and qPCR revealed that the viral load in the NALT was the same as in other lymphoid tissues. These results suggest
that the NALT is an area likely to have increased PCV2 load, similar to other lymphoid tissues.

In this study, both PCV2 and PRRSV were detected in the NALT of pigs #1, #5, and #6 using qPCR, confirming co-infection.
Co-infection with these two viruses causes more severe clinical lesions than PCV2 or PRRSV infection alone [3, 12, 28, 32, 44].
Both viruses target the macrophages and reduce the host defense function, leading to immunosuppression [20, 29, 31]. When the
host immunity is weakened due to viral infection, non-pathogenic normal flora could cause various bacterial infections with foreign
pathogenic bacteria [47]. Most pigs in this study exhibited neutrophil infiltration in the NALT. Since bacterial isolation was not
performed in this case, it is unknown whether neutrophil infiltration was due to bacterial infection. However, co-infection with PCV2
and PRRSV can reduce the host’s immunity, making them more susceptible to foreign pathogens.

When comparing PCV2 and PRRSV presence in the NALT using ISH, PCV2 was detected in all pigs (#1-6), whereas PRRSV was
only detected in pigs #1, #5, and #6. In these three pigs, both PCV2 and PRRSV were detected in the same area of the NALT; however,
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more positive signals were detected for PCV2 than for PRRSV. qPCR detected 108-10'° copies/uL. PCV2 and 10>-10* copies/uL
PRRSV. The PCV2 viral load in the NALT was higher than that of PRRSV, and PCV2 was easier to detect than PRRSV in the same
area. PCV2 can be detected until the late stage of infection; however, PRRSV grows transiently in the early stage and its abundance
decreases in the late stage [37]. The duration of PCV2 infection is mainly 5—13 weeks of age, while PRRSV is often detected at 3—4
weeks of age [30, 33]. In this study, the pigs were 10—17 weeks old, corresponding to the late stage of PCV2 infection. Moreover,
PCV2 was detected more frequently than PRRSV. Furthermore, PCV2-positive macrophages were mainly found in the follicles, while
PRRSV was observed more frequently in the tissues around the crypt and immediately below the epithelium. There are several possible
reasons for the differences in the distribution of these two viruses. One of these is through receptor-expressing cells. As previously
mentioned, PCV2 and PRRSV primarily target the macrophages. Various receptors are expressed on the surface of macrophages, and
viral attachment and uptake are carried out via these receptors. CD163 and Siglec-1 have been reported to be receptor molecules for
PRRSYV [46], while heparan sulfate and chondroitin sulfate B are important for PCV2 attachment [22]. Therefore, the localization of
positive macrophages as detected via ISH may reflect differences in the tissue distribution of these virus receptor-expressing cells. It is
also possible that the difference in the timing of infection between the two viruses is a contributing factor. It has been reported that in
the early stages of PCV2 infection, PCV2-infected cells are not only found in the B cell-rich regions but are also scattered throughout
the lymph nodes [2]. This study was a case of field infection; hence, the time of infection could not be determined. However, it is
possible that the degree or location of replication differed owing to differences in the timing of infection, resulting in differences in
the distribution of positive macrophages. In addition, various factors at the time of infection, such as the route of infection, immune
status, and the presence of other pathogens, may have also affected the localization of both viruses. However, since this was a case
of field infection, these factors were not determined in this study.

The upper respiratory tract mucosa is the route of pathogenic invasion. Histopathological examination is essential to elucidate the
pathogenic mechanisms of infectious diseases and to establish preventive measures against these pathogens. The NALT is located in
the nasopharynx, the initial site of viral infection. Viruses that enter via the nasal passageway are thought to enter the NALT through
M cells or sites of epithelial degeneration. As mentioned above, we previously reported that SIV may have entered M cells, while
PRRSV may have entered from M cells or sites of epithelial degeneration and replicated there [23]. The NALT is considered a site
of viral entry and a replication site, which distinguishes it from other lymphoid tissues. In this study, histopathological examination
of the NALT of pigs co-infected with PCV2 and PRRSV confirmed the presence of both viruses and revealed their localization.
PCV2 and PRRSYV co-infection and replication in the NALT and tonsils may suppress host immunity and promote co-infection with
other pathogens. Therefore, the NALT plays an important role in the body’s defense mechanism against the early stages of infectious
diseases, making it a basis for the development of nasal vaccines in the future.
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