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Abstract

Thymus, an important central immune organ in pigs, is the site of T lymphocyte development
and maturation and an important target organ for infection and replication of various pathogens.
Highly pathogenic porcine reproductive and respiratory syndrome virus (HP-PRRSV) infection
results in severe thymic atrophy in piglets. This study aimed to explore the effects of HP-PRRSV
on the thymic structure of piglets to elucidate the pathogenesis of thymic atrophy induced
by HP-PRRSV. In this study, histopathological techniques and immunofluorescence double
staining techniques were used to analyze thymic tissues infected by HP-PRRSV to explore
the structural changes of thymus caused by the viral infection and its target cell types. An anti-
body of cluster of differentiation (CD) 3 (CD3), CD20, CD80, or calgranulin + calprotectin
was applied to identify T cells, B cells, dendritic cells (DCs), and macrophages, respectively.
The results indicated that a variety of cell components in the thymic tissue were diffusely dam-
aged after viral infection. In the infected thymic tissue, CD80- or calgranulin + calprotectin-
-labeled cells supported the HP-PRRSV infection, whereas CD3-labeled T cells and CD20-
-labeled B cells did not support the viral infection. The results showed that HP-PRRSV caused
the reduction of visible cell components in the thymic tissue, and the virus attacked CD80- and
calgranulin + calprotectin-positive cells (such as DCs and macrophages) in the thymic tissue,
which played an important role in the pathogenesis of thymus atrophy. These results lay the foun-
dation for elucidating the immunosuppression of piglets after infection with HP-PRRSV.
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Introduction

The thymus is an important immune organ in pigs
and is located in the anterior part of the mediastinum
in the chest cavity and can extend to both sides of the
pig’s trachea. It is pink in color and is developed
in piglets but gradually shrinks as the pig matures
(Wang et al. 2020a). Histologically, the thymus is divi-
ded into lobules by connective tissue and comprises the
cortex, medulla, and the interface between the medulla
and the cortex. The thymus contains epithelial cells,
macrophages, dendritic cells (DCs), lymphocytes, and
plasma cells (Pearse 2006, Bikhet et al. 2020, Wang
et al. 2020a, Wang et al. 2020b). Thymus function
is closely related to immunity and is an important place
for T cell differentiation and maturation (Pearse 2006,
Bikhet et al. 2020, Wang et al. 2020a, Wang et al. 2020b).

Porcine reproductive and respiratory syndrome
(PRRS, commonly known as blue-ear disease) is an
acute and highly contagious viral disease in pigs that
is caused by the porcine reproductive and respiratory
syndrome virus (PRRSV) (Wensvoort et al. 1991,
An et al. 2020). Based on the traditional classification
system, PRRSV is divided into two genotypes, namely,
European (Type 1) and North American (Type 2)
(Han et al. 2017). The most prevalent PRRSV in China
is the North American genotype (Han et al. 2017).
According to literature reports, based on the ORF5
gene, the North American type PRRSV is further divid-
ed into nine lineages, of which, lineages 1, 3, 5, and 8
are more widely prevalent in China (Liu et al. 2019a).
The NADC34-like strain of PRRSV from lineage 1 has
been reported in the United States, China, and Peru
in recent years (Zhang et al. 2018, Ramirez et al. 2019).
The continuous emergence and evolution of new strains
increases the diversity and complexity of PRRSV,
which make the effective prevention and control
of PRRS more difficult. Among the strains of PRRSV,
the highly pathogenic porcine reproductive and respira-
tory syndrome (HP-PRRS), which is caused by PRRSV
variant strains (characterized by 30 [1 + 29] amino acid
discontinuous loss in the Nsp2 gene), is highly patho-
genic to pigs and has been persistently prevalent
in China for more than 10 years; thus, these strain has
been the focus of efforts for the prevention and control
of PRRSV (Zhou et al. 2008).. The HP-PRRS virus
(HP-PRRSV) can infect pigs of any age and is charac-
terized by severe respiratory symptoms and thymic
atrophy in piglets (Lunney et al. 2016, Wang et al. 2020a,
Obradovic et al. 2021). According to research reports,
compared with the classic strain of PRRSV CH-1a,
the HuN4 strain of HP-PRRSV infects porcine alveolar
macrophages (PAMS) in the lung tissue and causes them
to undergo apoptosis and induce immunosuppression,

and these results were closely related to that of the more
severe histopathological damage in peripheral immune
organs and lungs of pigs infected with the HuN4 strain
of HP-PRRSV (Jung et al. 2009, Wang et al. 2014,
Wang et al. 2016). These results suggest that the severe
immunosuppression caused by HP-PRRSV infection
in pigs is an important cause of pathological injury.
Therefore, the objective of this study was to investigate
the target cell types infected by HP-PRRSV in the thy-
mic tissue. Findings obtained from this study could
facilitate the understanding of the pathogenesis
of HP-PRRSV-induced thymus atrophy.

Materials and Methods
Reagents

The formaldehyde solution, methanol solution,
xylene, anhydrous ethanol, and other reagents were
purchased from Guangdong Guanghua Chemical Fac-
tory (Guanghua, Guangdong, China). The 5% skimmed
milk solution was purchased from Biyuntian Biotech-
nology Company (Biyuntian Biotechnology, Beijing,
China). The rabbit anti-cluster of differentiation (CD)
80 (CD80) antibody was purchased from Abcam
(Abcam, Cambridge, UK). The mice anti-PRRSV-N
protein-specific antibody was purchased from RTI
Corporation (RTI, Anyang-City, Korea). The anti-CD20
antibody (Abcam), anti-CD3 antibody (Abcam), and
mouse anti-calgranulin + calprotectin antibody were
purchased from Abcam. Alexa Fluor 488-labeled
sheep anti-rabbit antibody (Abcam) and Alexa Fluor
647-labeled sheep anti-mouse antibody (Abcam) were
purchased from Abcam Company. The 4’,6-diamidino-
-2-phenylindole (DAPI) solution, hematoxylin dye
and 0.1% Tween20 solution were purchased from
Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA).

Sample collection

The tissue samples used in this experiment were
thymic tissues of pigs collected by the research group
before 2018. Tissue samples were stored in a 10% form-
aldehyde solution and were used for the histopatholog-
ical and immunofluorescence experiments.

Histopathological assay

The thymic tissue was dehydrated in gradient
alcohol (70%, 80%, 90%, and 95% alcohol) and treated
for 2 h, followed by treatment with anhydrous ethanol |
and anhydrous ethanol Il for 1 h each. After transparent
treatment of xylene | and xylene |1 (treatment time: 1 h),
paraffin dipping (treatment time: 2 h for melted paraffin
I and paraffin II; 58-60°C) and embedding treatment,
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Supplementary Fig. 1. Histopathological observation of the thymus: (A) normal structures were observed in the thymus from uninfected
pigs; and (B) decreased cell components were observed in the thymus from highly pathogenic porcine reproductive and respiratory
syndrome virus (HP-PRRSV)-infected pigs. Hematoxylin and eosin (HE) staining. Scale bar = 100 pum.

tissue blocks were prepared. Using a rotary microtome
(Leica, Germany), the blocks were cut into 3-5 pm
thick sections, that were flattened on water at 45°C and
then attached to slides coated with anti-release agent.
The slices were roasted at 60°C (treatment time: 2 h),
dewaxed by xylene | and xylene Il (treatment time:
15 min), hydrated with gradient alcohol (100%, 95%,
85%, 70%, and 50% alcohol, consecutively), and stored
in distilled water for 5 min. Then, the rehydrated sec-
tions were subjected to hematoxylin-eosin staining,
placing them in hematoxylin dye solution for 5 min
and washing the sections with water for a while. Next,
diluted hydrochloric acid differentiation (treatment
time: 1-5 s) was performed, followed by water washing
for anti-blue staining (treatment time: ~20 min), gra-
dient alcohol treatment (to create conditions for eosin
alcohol dye solution staining in 50%, 70%, 85%, and
95% alcohol; treatment time: 2 min each), 0.5% alcohol
eosin staining (treatment time: 30 s), and continuous
gradient alcohol treatment (95% alcohol I, 95%
alcohol 11, and 95% alcohol III; treatment time: 2 min).
The tissue sections were treated with anhydrous ethanol
I and anhydrous ethanol Il for 5 min, xylene | and
xylene Il for 5 min each, and were dried and sealed
with neutral gum. The pathological changes of the tis-
sue sections were observed under a light microscope
(Carl Zeiss, Heidenheim, Germany).

Immunofluorescence assay

The tissue slices were baked in an oven at 60°C
for 2 h, dewaxed with xylene | and Il (treatment time:
20 min), treated with 1: 1 xylene alcohol solution (treat-
ment time: ~2 min), hydrated with gradient alcohol
(from high to low concentration, including 95%, 85%,
70%, and 50% alcohol; treatment time: 5 min each).

After rehydration, the tissue sections for antigen repair-
ing were treated with citric acid buffer (pH 6.0, boiling)
for 6 min, cooled at room temperature, and then blocked
with 5% fetal bovine serum (Biyuntian Biotechnology)
at room temperature for 30 min. The tissue sections
were further incubated with the primary antibody (anti-
body dilution ratio: 1:50 to 1:200) at 4°C overnight,
incubated with the secondary antibody (antibody dilu-
tion ratio: 1:500) at room temperature for 1 h, stained
with DAPI at room temperature for 10 min, and sealed
with the mounting medium (Biyuntian Biotechnology).
The tissue sections were later photographed using
a laser confocal microscope (Carl Zeiss).

Results

Histopathological observation

In the control group, the structure of the thymus was
clear and had no athological lesions (Supplementary
Fig. 1A). In the HP-PRRSV-infected group, the thymic
lobules were atrophied, and the number of lymphocytes
in the lobules decreased (Supplementary Fig. 1B).
In the thymus parenchyma, most cells exhibited nec-
rotic lesions such as nuclear concentration and frag-
mentation (Supplementary Fig. 1B).

Dendritic cells and macrophages are the main
target cells of HP-PRRSV infection

To further clarify the target cells infected by the
virus, we used the immunofluorescence double labeling
method to identify the virus-infected cell types in the
HP-PRRSV-infected thymic tissue. As shown in Fig. 1
and Fig. 2, CD3- or CD20-positive cells were stained
red, the nuclei were blue, HP-PRRSV-infected cells
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Fig. 1. Target cell types for highly pathogenic porcine reproductive and respiratory syndrome virus (HP-PRRSV) infection in thymus were
detected by immunofluorescence double labeling method, and the regions were labeled with anti-cluster of differentiation (CD)
3 (CD3) antibody (in red) and anti-PRRSV-N antibody (in green). The nuclei were stained with 4’,6-diamidino-2-phenylindole
(DAPI; in blue): (A) CD3-positive cells; (B) HP-PRRSV-positive cells; (C) DAPI; (D) merged image. Scale bar = 100 pum.

Fig. 2. Target cell types for highly pathogenic porcine reproductive and respiratory syndrome virus (HP-PRRSV) infection in thymus were
detected by immunofluorescence double labeling method, and the regions were labeled with anti-cluster of differentiation (CD)
20 (CD20) antibody (in red) and anti-PRRSV-N antibody (in green). The nuclei were stained with 4”,6-diamidino-2-phenylindole
(DAPI; in blue): (A) CD20-positive cells; (B) HP-PRRSV-positive cells; (C) DAPI; (D) merged image. Scale bar = 100 pm.
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Fig. 3. Cell types of highly pathogenic porcine reproductive and respiratory syndrome virus (HP-PRRSV) infection in the thymus were
detected by immunofluorescence double labeling method. The regions were labeled with anti-cluster of differentiation (CD) 80
(CD80) (in red) and anti-PRRSV-N antibody (in green). The nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI; in
blue): (A) CD80-positive cells; (B) HP-PRRSV-positive cells; (C) DAPI; (D) merged image (arrow indicates double-positive

cell). Scale bar = 100 um.

were stained green, and no positive cells marked by red
and green were found. As shown in Fig. 3 and Fig. 4,
CD8O or calgranulin + calprotectin-positive cells were
stained red, the nuclei were blue, HP-PRRSV-infected
cells were stained green, and red and green co-labeled
positive cells were seen.

Discussion

The thymus is the most important central immune
organ of pigs, and is also a site susceptible to pathogens
such as HP-PRRSV (Wang et al. 2020a). In this study,
the pathological characteristics of thymic atrophy
induced by HP-PRRSV in piglets were taken as the
breakthrough point, and the target cell types infected
by HP-PRRSV in the thymic tissue were identified by
double immunofluorescence method. Then, the patho-
genesis of thymic atrophy induced by HP-PRRSV was
discussed. Histopathological observations showed that
HP-PRRSV infection caused a decrease in the visible
components of thymic tissue cells, such as the number
of lymphocytes in the lobules, resulting in lobule
atrophy. Most of the cells in the parenchyma showed
nuclear concentration and fragmentation and were
engulfed by proliferative macrophages. The results
indicate that the occurrence of thymic atrophy is closely

related to the diffuse injury of multiple cell components
in thymic tissues infected with HP-PRRSV. It has been
reported that HP-PRRSV infection in piglets causes
the apoptosis of CD3+ cells in the thymic tissue (Wang
et al. 2020a). In addition, studies have confirmed that
various damaged cells in the peripheral blood and thy-
mic tissues of pigs infected with HP-PRRSV release
a large number of inflammatory mediators (tumor
necrosis factor alpha; interleukin (IL)-6, IL-1B, etc.)
and apoptosis-related factors (caspase-3, caspase-8,
caspase-9, etc.) (Li et al. 2017), and these up-regulated
factors also promote and aggravate tissue damage such
as that in the thymus (Wang et al. 2020a). These results
confirm that thymic atrophy is related to the apoptosis
of thymus cells.

The HP-PRRSV causes an acute infectious disease
involving multiple systems of the whole body, with the
thymus being one of the severely affected organs (Han
et al. 2017, Wang et al. 2020a). The type, number, and
distribution of HP-PRRSV-infected cells in the thymus
of piglets are of great significance for the occurrence
and development of HP-PRRS. In previous studies,
CD14+ cells were identified by immunofluorescence
staining of PRRSV-infected piglet thymus (Wang et al.
2020a). CD14 is primarily distributed on the surface
of monocytes, macrophages, and DCs (Sampath et al.
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Fig. 4. Cell types of highly pathogenic porcine reproductive and respiratory syndrome virus (HP-PRRSV) infection in the thymus were
detected by immunofluorescence double labeling method. The regions were labeled with anti-calgranulin + calprotectin antibody
(in red) and anti-PRRSV-N antibody (in green). The nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI; in blue):
(A) calgranulin + calprotectin-positive cells; (B) HP-PRRSV-positive cells; (C) DAPI; and (D) merged image (arrow indicates

double-positive cell). Scale bar = 100 um.

2018, Wu et al. 2019). In this study, the target cell
type attacked by HP-PRRSV was further identified
as calgranulin + calprotectin- or CD80-positive cells
by double immunofluorescence method. Calgranulin +
calprotectin and CD80 mainly mark macrophages and
DCs. These results are consistent with the progress
of basic studies on HP-PRRSV target cells, which have
shown that: (1) Heparin sulfate, also known as heparin-
-like protein as PRRSV receptor, is expressed in alveo-
lar macrophages and other cells (Delputte et al. 2002,
Su et al. 2021); (2) Sialic acid adherin is a receptor for
PRRSV, but only exists in PAM (Duan et al. 1998,
Vanderheijden et al. 2003, Delputte et al. 2005, Xie et al.
2018, Su et al. 2021); (3) CD163 is a functional recep-
tor for PRRSV and is expressed in various cells (Van
Gorp et al. 2008, Xu et al. 2020); (4) The muscle myo-
sin heavy chain II type A widely exists in a variety
of cells and is essential for the invasion of PRRSV
(Gao et al. 2016, Li et al. 2019, Liu et al. 2019b, Liang
et al. 2020). Additionally, several other proteins may
also act as receptor molecules for PRRSV invasion into
host cells (Delputte et al. 2002, Su et al. 2021);
(5) Vimentin is primarily expressed in fibroblasts and
endothelial cells such as Marc-145 cells. The interac-
tion between vimentin and PRRSV-N protein and the
increase or decrease of vimentin expression in cultured

cells can promote or reduce PRRSV infection; thus,
vimentin may be an important member of PRRSV
receptor complex (Liang et al. 2020); (6) CD151 is one
of the important members of the four transmembrane
superfamily, and is involved in cell signal transduction,
cell proliferation, platelet aggregation, and other bio-
logical processes. It was found that the overexpression
of CD151 could infect cells that did not support PRRSV
infection, whereas treatment of Marc-145 cells with
CD151 antiserum could completely block PRRSV
infection. Although these studies have shown that
CDI151 is an effective regulatory molecule of PRRSV
infection, its role in the invasion of PRRSV remains un-
clear (Shanmukhappa et al. 2007); (7) DC-specific
intracellular adhesion molecule-3-grabbing non-integ-
rin (DC-SIGN; CD209) is a member of the C-type lec-
tin receptor superfamily on the surface of DCs. Similar
to CD151, the overexpression of DC-SIGN can infect
cells that do not support PRRSV infection. The results
suggest that DC-SIGN may also be involved in the
process of PRRSV infection (Huang et al. 2009).
The PRRSV binds to these receptors separately
or simultaneously to mediate viral invasion and replica-
tion, leading to infection of a variety of cells. As for the
existence of other PRRSV receptors in pigs, it has not
been confirmed yet, and further studies are needed.
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