J Vet Sci. 2020 Sep;21(5):e78
https://doi.org/10.4142/jvs.2020.21.78
pISSN 1229-845X-eISSN 1976-555X

Journal of Veterinary Science V)

Original Article
Immunology

‘ '.) Check for updates ‘

The changes of immune-related
molecules within the ileal mucosa
of piglets infected with porcine
circovirus type 2

Fengyang Shi © *t, Qiuming Li © *, Zhanming Zou
Xiaolin Hou ', Yonghong Zhang © ', Qinye Song
Huanrong Li @’

**, Yang Wang @7,
2, Shuanghai Zhou ©© %',

'College of Animal Science and Technology, Beijing University of Agriculture, Beijing 102206, China
“College of Animal Science and Technology, Hebei Agricultural University, Baoding 071000, China

Received: Feb 23, 2020
Revised: Jul 11, 2020
Accepted: Aug 7, 2020

*Corresponding authors:

Shuanghai Zhou

College of Animal Science and Technology,
Beijing University of Agriculture, No. 7 Beinong
Road, Changping District, Beijing 102206,
China.

E-mail: shhaizhou@sina.com

Huanrong Li

College of Animal Science and Technology,
Beijing University of Agriculture, No. 7 Beinong
Road, Changping District, Beijing 102206,
China.

E-mail: lihuanrongl@126.com

fFengyang Shi, Qiuming Li, and Zhanming Zou
contributed equally to this work.

© 2020 The Korean Society of Veterinary
Science

This is an Open Access article distributed
under the terms of the Creative Commons
Attribution Non-Commercial License (https://
creativecommons.org/licenses/by-nc/4.0)
which permits unrestricted non-commercial
use, distribution, and reproduction in any
medium, provided the original work is properly
cited.

ORCID iDs

Fengyang Shi
https://orcid.org/0000-0003-2530-6017
Qiuming Li
https://orcid.org/0000-0003-4828-8149
Zhanming Zou
https://orcid.org/0000-0001-9989-6908

https://vetsci.org

ABSTRACT

Background: Enteritis is one of the most frequently reported symptoms in piglets infected
with porcine circovirus type 2 (PCV2), but the immunopathogenesis has not been reported.
Objectives: This study examined the effect of a PCV2 infection on the intestinal mucosal immune
function through morphological observations and immune-related molecular detection.
Methods: Morphological changes within the ileum of piglets during a PCV2 infection were
observed. The expression of the related-molecules was analyzed using a gene chip. The
immunocyte subsets were analyzed by flow cytometry. The secretory immunoglobulin A
(SIgA) content was analyzed by enzyme-linked immunosorbent assay.

Results: The PCV2 infection caused ileal villus damage, intestinal epithelial cells

exfoliation, and an increase in lymphocytes in the lamina propria at 21 days post-infection.
Differentially expressed genes occurred in the defense response, inflammatory response,
and the complement and coagulation cascade reactions. Most of them were downregulated
significantly at the induction site and upregulated at the effector site. The genes associated
with SIgA production were downregulated significantly at the induction site. In contrast, the
expression of the Toll-like receptor-related genes was upregulated significantly at the effector
site. The frequencies of dendritic cells, B cells, and CD8'T cells were upregulated at the 2
sites. The SIgA content decreased significantly in the ileal mucosa.

Conclusions: PCV2 infections can cause damage to the ileum that is associated with changes
in immune-related gene expression, immune-related cell subsets, and SIgA production.
These findings elucidated the molecular changes in the ileum after a PCV2 infection from the
perspective of intestinal mucosal immunity, which provides insights into a further study for
PCV2-induced enteritis.

Keywords: PCV2; immunity; ileum; inflammation; gene chip

INTRODUCTION

Porcine circovirus type (PCV) 2 can infect different organs and induce a range of diseases
in piglets [1]. Enteritis, which is characterized by diarrhea, growth retardation, and weight
loss, is one of the most common diseases caused by PCV2 [2-4]. The specific morphological
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changes in enteritis include exfoliation of the intestinal villus, atrophy of small intestinal
glands, and lymphocyte infiltration that occurs within the lamina propria, submucosa, and
mucous glands of the small intestine [1,5]. In addition, the proliferation of intestinal epithelioid
cells and multinucleated giant cells in enteritis could induce granulomas, accompanied

by lymphocyte depletion within Peyer's patches [6]. A PCV2 infection can cause obvious
inflammation of the small intestinal mucosa and affect the immune function of piglets [2].

The small intestinal mucosa plays a vital role in the mucosal immunity of the body, primarily
because more than 50% of the lymphoid tissues are located there, and 80% of the antibodies
are produced [7]. The immune system of the small intestinal mucosa is composed mainly of
gut-associated lymphoid tissue, which includes induction and effector sites. The induction
site is composed of organized tissues, including Peyer's patches and mesenteric lymph nodes
on the intestinal wall [8]. The site is responsible for antigen presentation, cytokine secretion,
and secretory immunoglobulin A (SIgA) release [9]. The effector site is composed mainly of
diffuse lymphoid tissues, including intestinal intraepithelial lymphocytes and lamina propria
lymphocytes [8]. This is where cytokines are secreted, and diseased cells are killed [9]. The
ileum, where Peyer's patches are mostly located, plays an important role in the intestinal
mucosal immunity [10]. PCV2-induced ileal immune functional changes are vital in the study
of enteritis caused by PCV2.

This study examined the ileal mucosal changes of piglets after a PCV2 infection to determine
the relationship between PCV2 infection, ileal injury, and immune-related molecular changes.
In addition, the ileal mucosal immunopathogenic mechanisms caused by PCV2 was examined.

MATERIALS AND METHODS

Animals

Thirty-five-day-old specific-pathogen-free (SPF) large white x landrace piglets were
purchased from the Beijing Centre of SPF Swine Breeding and Management, Beijing, China.
All piglets were confirmed to be negative for PCV2-specific antibodies by enzyme-linked
immunosorbent assay (ELISA; Lvshiyuan Biotechnology Co., Ltd, China) (data not shown).
The piglets also tested negative to PCV1, PCV2, porcine parvovirus, porcine pseudorabies
virus, classical swine fever virus, and porcine respiratory reproductive syndrome virus by
polymerase chain reaction (PCR)/reverse transcription-PCR (RT-PCR) (data not shown).

PCV2 infection

Twelve piglets were divided randomly into the infection and control groups (6 piglets per
group). Each piglet of the infection group was inoculated with 5 mL of the first generation of
PCV2 SD/2008 strain (GenBank accession number: GQ174519, it was isolated and identified
by the Animal Infectious Disease Laboratory of Hebei Agricultural University) with a titer
0f10>* TCIDs,/mL by an intramuscular injection. The piglets in the control group were
inoculated with virus-free cell culture supernatants. The piglets in the 2 groups were housed
in separate rooms with access to food and water ad libitum.

Sample collection

Three piglets in each group were euthanized with an overdose of pentobarbital-sodium
(80mg/kg; Sinopharm Chemical Reagent Beijing Co., China). Mesenteric lymph nodes and
ileal segments were sampled at 21 and 56 days post-infection (dpi) for the morphological
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observations and virus detection. The ileal Peyer's patches and surrounding ileal segments
were also sampled for gene chip detection and verification. Mesenteric lymph nodes, ileal
Peyer's patches (induction site), and approximately 15 cm of the ileal segments (effector site)
were harvested for lymphocytes isolation and flow cytometry (FCM).

Histomorphology observation

The ileal segments and mesenteric lymph nodes were made into paraffin sections after fixing,
dehydration, transparency, embedding, and sectioning. The paraffin sections were stained by
H&E (Solarbio Science & Technology Co., Ltd., China) and observed by optical microscopy
(Olympus, Japan).

Gene chip detection of the induction and effector sites

Samples of the induction and effector sites (1 cm® per segment) were harvested at 21 dpi.
The total RNA was extracted using an RNA extraction kit (Invitrogen, USA) for amplifying
and labeling with Cy-3 using a low Input Quick Amp Labeling Kit, One-Color (Agilent
Technologies, USA). The labeled complementary RNA (cRNA) was purified using the
RNeasy mini kit (QIAGEN, GmBH, Germany). Each array slide was hybridized with 1.65 pg
of Cy3-labeled cRNA using the Gene Expression Hybridization kit (Agilent Technologies) in
a hybridization oven. The slides were scanned using an Agilent Microarray Scanner (Agilent
Technologies), and the data were analyzed using Feature Extraction software 10.7 (Agilent
Technologies). The raw data were normalized using the Quantile algorithm for statistical
analysis in the Gene Spring Software (Gene Spring).

GX was used to screen for multiple differentially expressed genes. The functions of the
differentially expressed genes were analyzed using the bioinformatics resources Database
for Annotation, Visualization, and Integrated Discovery (DAVID 6.6; GO). The results of the
gene chip are available in the Gene Expression Omnibus (GEO) and were accessible through
GEO series accession number GES149144.

A quantitative RT-PCR (qQRT-PCR) was used to verify the results of the gene chip. The reaction
was performed in triplicate using an SYBR Green Real-time PCR Master Mix (TOYOBO, Japan)
in the Mx3005P Detection System (Genetimes, China). The total reaction volume was 20 pL,
and it contained the following: SYBR® Green Real-time PCR Master Mix (10 pL), 25 pmol/uL
upstream and downstream primers (each for 0.2 pL), template DNA (1.0 pL), and water (8.6
pL). The conditions were as follows: 95°C for 5 min, followed by 40 cycles of 95°C for 40 sec,
56°C for 30 sec, and 72°C for 30 sec. Water was used to replace the template DNA in the
negative control. All results were analyzed using MxPro Software. Table 1 lists the primer
sequences for qRT-PCR.

Isolation of immune cells

The ileal segments were sampled at 21 and 56 dpi. The cells from the mucosa, lamina
propria, and Peyer's patches were separated using the method reported elsewhere [11]. The
cell viability was detected by trypan blue exclusion. All cells were maintained in RPMI-1640
(phenol red-free) medium supplemented with 10% fetal bovine serum (FBS; Gibco, USA),
and the concentration was adjusted to 1 x 10° cells/mL.

Separation of mucosa cells

The ileal segment (10 cm) was sampled aseptically. The Peyer's patches and fat were
removed, and the stool in the ileum was washed away with Hank's solution. The ileal
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Table 1. Primers used for qRT-PCR and PCR amplification

Genes source/accession No. Primer sequence (5'-3") Annealing Products/bp
temperature/°C

IFNe (NM_001105310) Forward:5'-CTCTGGATGGTTGGGAGGAA-3' 58 198
Reverse:5'-AGCTGCTGTAGTCCTGGTTT-3’

C1QA (NM_001003924) Forward:5'-GGACCTCTGCCTGTACATCA-3' 59 185
Reverse:5'-CTGAACCCTGGTAAATGCGG-3'

C5 (NM_001001646) Forward:5’-TAAGTACACCGCGTCCCTAC-3' 59 154
Reverse:5'-CTGGAGGGCTTCTTTACCCA-3’

CCL25 (NM_001025214) Forward:5'-GCTATCCATGCTCAAGGTGC-3’ 59 207
Reverse:5'-CTTCATCCCAAACTGCACCC-3'

CD163 (NM_213976) Forward:5’-CGAGTCCCACCTTTCACTCT-3’ 59 185
Reverse:5'-AGTGAGAGTTGCAGAGGGAC-3'

IL-15 (NM_001005149) Forward:5'-TGAATTCGAGTCTGCCCTGT-3’ 59 194
Reverse:5'-AGTCCCCTTCTGTCAGCTTC-3'

CCL4 (NM_213779) Forward:5’-AACCTCTCCTCCAGCAAGAC-3' 58 191
Reverse:5'-AGGCTGCTGGTCTCATAGTA-3'

CCL5 (NM001129946) Forward:5'-TGAAGATCTCCACAGCTGCA-3’ 59 153
Reverse:5'-AATACTCCTTCACGTGGGCA-3'

CXCL9 (NM_001114289) Forward:5'-GGACGTTGTTCCTGCATCAA-3' 59 198
Reverse:5'-GCTGACCTGTTTCTCCCACT-3’

IL-10: (NM_214029) Forward:5’-CTACTTCAAATCAGCCGCCc-3’ 59 158
Reverse:5'-GGCCTGTCAACACTTCACAG-3'

IL-6 (M80258) Forward:5'-CTGGCAGAAAACAACCTGAACC-3’ 60 94
Reverse:5'-TGATTCTCATCAAGCAGGTCTCC-3’

B-actin (UO7786) Forward:5'-TCATCACCATCGGCAACT-3' 59) 547
Reverse:5'-TTCCTGATGTCCACGTCGC-3'

PCV2 (AF381175) Forward:5'-AGTGAGCGGGAAAATGCAGA-3’ 56 417

Reverse:5'-TCCTCCGTGGATTGTTCTGT-3'
gRT-PCR, quantitative reverse transcription-polymerase chain reaction; PCR, polymerase chain reaction.

debris was resuspended successively in a calcium and magnesium-free (CMF)/FBS/
ethylenediaminetetraacetic acid (EDTA) (calcium and magnesium-free phosphate bufter
saline supplemented with 10% FBS and 0.02% EDTA) solution and RPMI-1640 medium
supplemented with 10% FBS. Cell precipitation was obtained after vortex shocking,
incubating, centrifuging, and filtering. Finally, all cells were suspended in RPMI-1640 (phenol
red-free) medium supplemented with 10% FBS.

Separation of lamina propria cells

The precipitation of the ileum, which was sampled from the mucosa, was incubated in a CMF/
FBS/EDTA solution. After centrifugation, the precipitate was washed with RPMI-1640 medium
supplemented with 10% FBS and Hank's solution supplemented with 5% FBS. The cells were
incubated with collagenase while being vortexed, filtered, and centrifuged. Finally, all cells
were suspended in RPMI-1640 (phenol red-free) medium supplemented with 10% FBS.

Separation of the Peyer's patch cells

The sampled Peyer's patches were washed with Hank's solution. After removing all fat and
connective tissues, the sample was washed with Hank's solution supplemented with 5% FBS
and resuspended in a CMF/FBS/Dispase/DNase (CMF/FBS solution supplemented with 150
mg Dispase and 1.5 mg DNase per 100 mL) solution. Cell precipitation was achieved after
incubation, filtration, and centrifugation. All cells were suspended in RPMI-1640 (phenol
red-free) medium supplemented with 10% FBS.

https://doi.org/10.4142/jvs.2020.21.78 4/15


https://vetsci.org

C

Journal of
The changes of immune-related molecules Veterinary Science )

https://vetsci.org

Flow cytometry and antibodies

Flow cytometry performed in this study included the following: fluorescein isothiocyanate
(FITC)-conjugated mouse anti-pig SWC3a monoclonal antibody (74-22-15; Abcam, UK),
PE-conjugated mouse anti-pig CD1 monoclonal antibody (76-7-4; Abcam), FITC-conjugated
mouse anti-pig SLA CLASS II DR monoclonal antibody (1053H2-18; BD Pharmingen, USA),
PE-conjugated CD152(CTLA-4)-mulg (501-050; Ancell, USA), FITC-conjugated mouse
anti-pig CD21 monoclonal antibody (4530-02; Southern Biotech, USA), SPRD-conjugated
mouse anti-pig CD3 monoclonal antibody (4510-13; Southern Biotech), FITC-conjugated
mouse anti-pig CD4 monoclonal antibody (4515-02; Southern Biotech), and PE-conjugated
mouse anti-pig CD8 monoclonal antibody (4520-09; Southern Biotech). Goat anti-mouse
immunoglobulin (Ig) GI-FITC (ab97239; Abcam), goat anti-mouse IgG1-SPRD (0102-13;
Southern Biotech), goat anti-mouse IgG2a-FITC (ab97244; Abcam), goat anti-mouse IgG2a-
PE (ab130787; Abcam), goat anti-mouse IgG2b-FITC (STAR134; AbD Serotec, UK), and goat
anti-mouse IgG1-PE (278-050; Ancell) were used as the isotype controls.

The intestinal cells from the mucosa, lamina propria, and Peyer's patches were centrifuged
separately at 1,500 rpm for 10 min and resuspended in 250 pL of phosphate buffered saline
(PBS). Each group of cells was incubated with different types of FCM antibodies. All cells
were washed with 1 mL of PBS at 25°C for 30 min to remove the unconjugated antibodies.
Each group of cells was centrifuged at 1,500 rpm for 10 min and oscillated in 250 pL of PBS
on a vortex oscillator. All samples were analyzed by FCM (EPICS ELITE; Beckman Coulter,
USA). The isotype antibody was used as the control. The different cell types were identified
as follows: SWC3a*/CD1a" cells were dendritic cells (DCs); CD21* cells were B lymphocytes;
CD3" cells were T lymphocytes; CD3*/CD4*/CD8" cells were helper T cells (Th); CD3*/CD4/
CD8" cells were cytotoxic CD8'T lymphocytes (CD8'CTL) [12].

T cell proliferation test

The intestinal cells from the mucosa, lamina propria, and Peyer's patches were plated
separately into a 96-well plate at an initial concentration of 2 x 10° cells/mL in 200 pL/well

in triplicates. ConA (Sigma, USA) was added to the wells of the infected group at a final
concentration of 10 pg/mL. RPMI-1640 (phenol red-free) medium was added to the wells of the
control group. Plates of the 2 groups were incubated for 72 h. According to the manufacturer's
instructions of the MTS Kit (G3580; Promega, USA), 100 pL of the supernatant was discarded,
and 20 pL of a mixed solution of MTS and PMS was added to the wells. The optical density
(OD) value at 490 nm was measured using a microplate reader (Bio-Tek, USA).

Stimulating index (SI) of lymphocyte proliferation was calculated using the following
formula: SI = (OD value of the infection group — OD value of the nutrient solution control
group)/(OD value of the unstimulated negative control group - OD value of the nutrient
solution control group).

ELISA

The production of SIgA was detected using a SIgA ELISA Kit (E-EL-P1528c; Elabscience,
China) according to the manufacturer's instructions. The ileal contents, biotinylated SIgA
antibody, and HRP-conjugated avidin were added sequentially to microwells that had been
coated with the SIgA antibody. A TMB substrate solution was added for visualization after
washing. The OD value was measured at a wavelength of 450 nm using a microplate reader.
The concentration of the sample was calculated from the standard curve.
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Statistics

The differentially expressed genes were analyzed using DAVID Bioinformatics Resources 6.7
in GO and Pathway software. A t-test was used to assess the other statistical values. The P
values were determined, and the error bars represented the standard error of the mean. The p
values < 0.05 were considered significant and are denoted by ".

Ethical statement

All animal experiments were performed in accordance with the approved protocols from the
Beijing University of Agriculture Institutional Animal Care and Usage Committee (approval
No. SYXK2016-0007).

RESULTS

PCV2 infection caused ileal damage in piglets

In the preliminary experiment, the infected piglets had a high viral nucleic acid load at 21
days dpi and a lower level at 56 dpi (Supplementary Fig. 1). PCR was performed to confirm
the presence of PCV2 in the ileum of the infected piglets (Supplementary Fig. 2). Compared
to the control group at 21 dpi, the villi of the ileum were disrupted severely. The intestinal
epithelial cells of ileum were severely detached, and the lymphocytes infiltrated within the
lamina propria in the infection group. Moreover, the intraglandular tissues of the ileum were
disrupted during the PCV2 infection. The shape and size of the villi were partially restored,
but the mucosal tissues were still infiltrated with inflammatory cells in the infection group at
56 dpi (Fig. 1). This suggests that the PCV2 infection caused ileal damage to the piglets.

Fig. 1. Morphological changes within the ileum of piglets during PCV2 infection. (A) Histomorphologic observations of the ileum either without PCV2 infection
(21 dpi, 100x) or (B) after PCV2 infection (21 dpi, 100x). As indicated by the white arrow, the intestinal epithelial cells of the villus fall off, and the black arrow
shows shortening of the villus in the infection group. The mucosal tissues in the infection group were markedly infiltrated with inflammatory cells. (C, D) At 56
dpi, as indicated by the white arrow, the shape and size of the villi were partially restored. On the other hand, the mucosal tissues were still infiltrated with
inflammatory cells in the infection group (56 dpi, 100x). (E) The mesenteric lymph nodes of the control group (21 dpi, 200x). (F) The mesenteric lymph nodes
of the infected group (21 dpi, 200x). The white arrow indicates that there are fewer lymphocytes. (G) The mesenteric lymph nodes of the control group (56 dpi,
200x). (H) The mesenteric lymph nodes of the infection group (56 dpi, 200x). Scale bar, A-D: 200 pm, E-H: 100 ym.

PCV2, porcine circovirus type 2; dpi, days post-infection.
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PCV2 infection inhibited the immune function of the induction site and
antiviral capacity of the effector site

The gene expression of the ileum at 21 dpi was analyzed using a gene chip. GO analysis
showed that the expression of the genes related to defense responses, inflammatory
responses, complement and coagulation cascades reactions, and the production of SIgA
were changed at the induction site. Fifteen differentially expressed genes were involved

(2 were upregulated, and 13 were downregulated) (Table 2). The expression of the genes
associated with complement and coagulation-signaling cascades, C1QA, C5, C6, C84, C9, CFH,
and F5were downregulated. The expression of anticoagulant molecule 5 was downregulated
significantly. Furthermore, the expression of genes related mainly to the inflammatory and
defense responses, CIQA, C5, SAA2, and CD163, were downregulated. The expression levels of
the genes related to the production of [gA, CCL25, CCL28, and PIGR were also downregulated.
The results suggested that the recognition of inflammatory responses and the ability to
initiate immune responses were suppressed after the PCV2 infection. In summary, the PCV2
infection inhibited the immune function of the ileal mucosa.

The expression of the genes related to the defense responses, inflammatory responses, the
complement and coagulation cascade reactions, Toll-like receptor responses, and cytokine
responses were changed at the effector site. Eighteen differentially expressed genes were
involved (12 were upregulated, and 6 were downregulated) (Table 3). The expression levels

of the genes related to the inflammatory responses, IL-Ie, IL-1f, and IL-6, were upregulated
significantly. The expression levels of genes related to the Toll-like receptor and cytokine
responses, CD40, CD80, CCL5, CXCL10, CXCLY, IL-6, and IL-I/were also upregulated remarkably.
The results suggest that the inflammatory reactions and innate immune responses at the effector
site were enhanced after the PCV2 infection. On the other hand, the expression levels of the
genes related to the complement reactions, C3and C5, as well as the genes related to defense
responses, SAA2 and CCL4, were downregulated significantly. The expression of IFNe was also
downregulated remarkably. All the results above indicated that although the innate immune
response was enhanced to some degree, the antiviral capacity was suppressed at the effector site.

Table 2. Gene ontology functional classification of genes that are differentially expressed at the induction site

Item No. Gene
Complement and coagulation cascades 7 V: CIQA. C5. C6. C8A. C9. CFH. F5
Inflammatory response 6 N IL-TB

Vi CIQA. CCL25. C5. SAA2. CD163
Defense response 7 N IL-16

Vi CIQA. CCL25. IFNE. C5. SAA2. CD163
Intestinal immune network for IgA production 4 \V: SLA-DRBI. CCL25. CCL28. PIGR

IgA, immunoglobulin A.
p < 0.05 compared to uninfected sample of piglet.

Table 3. Gene ontology functional classification of genes that are differentially expressed at the effector site

Item No. Gene
Inflammatory response 7 M CCL4. IL-TA. IL-6. IL-1B. SAA2
Vi C3.C5
Complement and coagulation 7 A: THBD. PROC
cascades Vi C3.C5.C6.C8A.C9
Defense response 8 . CCL4. ILTA. IL-6. IL-1B. SAA2
Vi C3. C5. IFNE
Toll-like receptor signaling pathway 7 /: CD40. CD80. CCL5. CXCL10. CXCL9. IL-6. IL-1B
Cytokine-cytokine receptor 10 . CD40. CCL4. CCL5. CCR3. CXCL10. CXCL9. IL-1A. IL-6. IL-1B
interaction Vi IFNE
p < 0.05 compared to uninfected sample of piglet.
https://doi.org/10.4142/jvs.2020.21.78 7/15
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The total RNA was extracted from the effector and induction sites of the infection and
control groups. The expression levels of all genes above were verified by qRT-PCR. All results
are consistent with the gene chip results (Fig. 2), indicating that the results from the gene
chip were reliable.

PCV2 infection enhanced the antigen-processing and presentation abilities of
the ileum

Compared to the control group, the ratio of DCs and CD80/86-MHCII" cells at the effector
(mucosal epithelial cells and lamina propria cells) and induction sites increased significantly
at 21 dpi in the infection group (Fig. 3). This suggests that the PCV2 infection enhanced the
antigen-processing and presentation abilities of the ileum.
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Fig. 2. Gene expression levels at the effector and induction sites. (A) IFNe, C1QA, C5, CCL25, CD163, and IL-1f mRNA expression at the induction site after a PCV2
infection. (B) CCL4, CCL5, CXCL9, IL-1a, IL-6, and IL-15 mRNA expression at the effector site after a PCV2 infection. In (A) and (B), the relative expression levels
were measured by gene chip and verified by qRT-PCR (n = 3 per group). Error bars represent standard deviations.

gPCR, quantitative polymerase chain reaction; mRNA, messenger RNA; PCV2, porcine circovirus type 2; qRT-PCR, quantitative reverse transcription-polymerase
chain reaction.
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Fig. 3. Ratio of DCs and CD80/86-MHCII" cells in the epithelial layer, lamina propria and Peyer's patches at 2 time points. (A) Ratio of DCs. (B) Ratio of CD80/86-
MHCII* cells. The values represent the positive cell rate (%) (n = 3 per group). One hundred percent represents all cells in this experiment. The error bars
represent the SDs.

PCV2, porcine circovirus type 2; dpi, days post-infection; DC, dendritic cell.

*p < 0.05.
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Fig. 4. Ratio of B lymphocytes in various regions of the ileum. The ratio of B lymphocytes in the epithelial layer,
lamina propria and Peyer's patches at 2 time points. Values represent the positive cell rate (%) (n = 3 per group).
One hundred percent represents all cells in this experiment. Error bars represent SDs.

PCV2, porcine circovirus type 2; dpi, days post-infection.

“p < 0.05.

PCV2 infection is involved in the cellular and humoral immunity of the ileum
The ratio of B lymphocytes was increased significantly at the effector site at 21 dpi and only at
the lamina propria of the effector site at 56 dpi (p < 0.05) (Fig. 4). The ratio of T lymphocytes
was increased significantly at the induction site and lamina propria of the effector site at 21
dpi. This only increased significantly at the effector site at 56 dpi (p < 0.05) (Fig. 5A). The
ratio of CD4"/CD8T cells decreased significantly at the induction site and lamina propria

of the effector site at 21 dpi (p < 0.05) (Fig. 5B). Furthermore, the ratio of CD4/CD8'T cells
increased significantly at the induction site and lamina propria of the effector site at 21 dpi

(7 < 0.05). In contrast, it declined significantly at the epithelial layer of the effector site at 21
dpi (p < 0.05) (Fig. 5C). This indicates that the PCV2 infection was involved in the cellular and
humoral immunity of the ileum.

PCV2 infection could enhance lymphocyte proliferation

At 21 dpi, compared to the control group, the lymphocyte proliferative capacity of PCV2-
infected group was higher at the induction site and significantly higher at the lamina propria
of the effector site (p < 0.05). In contrast, it was inhibited at the epithelial layer of the
induction site (Fig. 6). No significant change was observed at 56 dpi, suggesting that a PCV2
infection could enhance lymphocyte proliferation at the effector site at 21 dpi.

PCV2 infection inhibited SIgA production at a high viral nucleic acid load
Compared to the control group, the SIgA expression level of the PCV2-infected group was
downregulated significantly at 21 dpi (p < 0.05) (Fig. 7). On the other hand, there was no
significant change at 56 dpi. This suggests that SIgA expression was inhibited when the viral
nucleic acid load was high, while it recovered when the viral nucleic acid load declined.
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Fig. 5. The ratio of T lymphocytes, CD4'T lymphocytes and CD8'T lymphocytes in the epithelial layer, lamina propria and Peyer's patches at 2 time points. (A)
Ratio of total T lymphocytes. (B) Ratio of CD4'T lymphocytes. (C) Ratio of CD8'T lymphocytes. The values represent the positive cell rate (%) (n = 3 per group).
One hundred percent represents all cells in this experiment. The error bars represent SDs.

PCV2, porcine circovirus type 2; dpi, days post-infection.

*p < 0.05.

DISCUSSION

This study revealed the changes in the immune-related molecules and cells in the ileum of
piglets after a PCV2 infection. The morphological changes within the ileum during a PCV2
infection were consistent with the result of a previous report [13]. This indicates that a PCV2
infection caused ileal damage in piglets. In addition, the piglets infected with PCV2 also
showed vascular dysfunction [14]. This study showed that the expression of thrombomodulin
(THBD) and protein C (PROC) were upregulated significantly at the effector site. In contrast,
the coagulation factor (F5) was downregulated significantly at the induction site after the
PCV2 infection. THBD is a vital coagulation inhibitor because it binds to thrombin to reduce
the clotting activity and activates PROC to enhance the anticoagulation activity [15]. F5is

also important to coagulation processes [16]. The results suggest that the blood coagulation
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Fig. 6. Proliferation capacity of T lymphocytes in various lymphoid tissues of the ileum. The stimulation index of T
lymphocytes was determined using an MTS assay (cell proliferation assay). Error bars represent the SDs.

PCV2, porcine circovirus type 2; dpi, days post-infection.

*p < 0.05.
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Fig. 7. Content changes in SIgA in the ileum after PCV2 infection. ELISA analysis demonstrated that SIgA protein reacts
with a biotinylated anti-SIgA antibody in the PCV2 group. The uninfected group was used as a negative control.

PCV2, porcine circovirus type 2; dpi, days post-infection; SIgA, secretory immunoglobulin A.

*p < 0.05.

function of the ileum was suppressed to some degree after PCV2 infection. This may explain
the reason for vascular dysfunction and villus exfoliation of the ileum after a PCV2 infection.

The complement acts as an inflammatory mediator and helps lyse the target cells and
promote the ability of virus phagocytosis and neutralization [17]. In this study, the
complement-related molecules were downregulated significantly at the induction and
effector sites after the PCV2 infection. This suggests that a PCV2 infection could inhibit the
function of the complement system in the ileum. The virus phagocytosis and neutralization
ability of ileum could be suppressed to some degree after inhibition of the complement
system, which is beneficial to virus survival in vivo. This result may explain the reason for the
ileal immune function inhibition and PCV2 continuous survival in vivo.

The PCV2-infected piglets showed post-weaning multisystemic wasting syndrome, which

manifests as a significant increase in proinflammatory cytokines (IL-Ie, IL-14, and IL-6) in vivo
[18]. The results showed that the levels of [L-Ie, IL-15, and IL-6 expression were upregulated
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significantly after the PCV2 infection. Moreover, the PCV2 infection contributed to the ileal
inflammation. In addition, the expression of SAA2 (an indicator of inflammation) [19] and
(D163 (a molecule that can interact with hemoglobin-binding globin complexes to play a role
in anti-inflammatory and antioxidant processes [20]) were also upregulated, indicating the
presence of an anti-inflammatory response. CCL4 and CCL5 contribute to the inflammation
response by regulating the function of the T cells, NK cells, monocytes, and immature DCs
[21]. The upregulation of CCL4 and CCL5 expression at the effector site also indicated that the
inflammatory response was activated. All the molecular changes above indicated thata PCV2
infection contributed to the development of'ileal inflammation.

DC plays an important role in antigen recognition, antigen presentation, and T cell activation
[22]. Intestinal DCs are distributed mainly in the intestinal lamina propria, Peyer's patches,
and mesenteric lymph nodes [23]. By ingesting different foreign antigens, the intestinal DCs
contribute to SIgA switching and the lymphocytes homing process [24]. The number and
subset changes of ileal DCs can affect the antigen presentation capacity of the ileum. These
results showed that the ratios of DCs and CD80/86-MHCII" cells were increased in the ileal
mucosa and lymph nodes at 21 dpi, indicating that the antigen presentation capacity of the
ileum was enhanced after the PCV2 infection.

B cells are classified into B1 and B2 cells [25]. The B1 cell is a type of antigen-presenting

cell, and the B2 cell is involved in humoral immunity with the function of antibody secretion
[25]. SIgA, which is formed by the secretory fragments of epithelial cells combined with
multimeric IgA, is secreted by plasma cells (B2 cells) into the exocrine fluid via polymeric

Ig receptor (PIGR) transportation [26,27]. This is the first line to protect the intestinal
epithelial cells against pathogenic microorganisms and toxins [26]. CCL28 can also induce the
extensive mucosal migration of IgA* antibody-secreting cells [28]. The result showed that the
expression of PIGR and CCL28 were both downregulated after the PCV2 infection. Although
the ratio of B cells was increased significantly at the effector site at 21 dpi, the SIgA content
was decreased significantly. This might be because the downregulations of PIGR and CCL28
expression inhibited the synthesis, migration, and secretion of SIgA, which weakened the
ileal humoral immunity capacity of the infected piglets. The SIgA content is also beneficial to
the virus survival in vivo. The precise mechanism of this phenomenon should be clarified.

Pathogen-activated CD8'T cells can secrete cytokines to induce cytotoxic effects and
exacerbate enteritis [29,30]. CXCL9 and CXCLIO can recruit T cells to the peripheral
inflammation site [31]. In the lamina propria and Peyer's patches at 21 dpi, the expression
of some chemokines (CXCL9 and CXCL10) was upregulated; the ratio of CD4'T cells was
decreased; the ratio of CD8'T cells was increased, and the proliferation capacity of T cells
was enhanced, indicating that the cytotoxic effects were enhanced in the ileum. The results
suggested that more CD8'T cells migrated to the inflammatory site of the ileum after the
PCV2 infection, which aggravated enteritis. This may also be a critical mechanism of PCV2-
induced enteritis that requires further study.

Therefore, a PCV2 infection could cause ileal damage to piglets and change immune-related
genetic expression, immune cell subsets, and SIgA production of the ileum. These results
showed that the molecular changes were induced by PCV2 within the ileal mucosa of the
piglets, which would help understand the pathogenesis of PCV2 and might provide a basis for
a further study of PCV2-induced enteritis.
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SUPPLEMENTARY MATERIALS

Supplementary Fig. 1

Viremia of PCV2 infected piglets. The piglets of the infection group were inoculated with
PCV2 at 10°% TCIDso/mL. Serum were harvested at 3, 7, 14, 21, 28, 35, 42, 49, and 56 dpi. The
viral DNAs were quantitated by qPCR assay. The values are the means + SEM for 3 samples.

Click here to view

Supplementary Fig. 2

Electrophoretic result of PCV2-amplified products from the ileum of the infected and
uninfected piglets. DNA fragment of PCV2 was amplified by PCR. Lane M, DNA marker (100
bp Ladder Marker; TransGen Biotech, China). Lane 1-3, the result of the infection group at 21
dpi (one piglet sample each Line). Lane 4-6, the result of the infection group at 56 dpi (one
piglet sample each Line). Lane 7-9, result of the control group at 21 dpi (one piglet sample
each Line). Lane 10-12, result of the control group at 56 dpi (one piglet sample each Line).
The primers of PCV2 for PCR were listed in Table 1.

Click here to view
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