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Abstract

Porcine circovirus type 2 (PCV2), which serves as a major causative agent of PCV2-associated diseases and causes
severe loss to the pig industry worldwide, can dysregulate the immune response and induce immunosuppression
in PCV2-infected pigs. Similar to PCV2, porcine circovirus type 3 (PCV3), a newly identified swine circovirus which
might be closely associated with porcine dermatitis and nephropathy syndrome, reproductive disorder, and
multisystemic inflammatory responses, also interferes with host immune defense. Interaction between host immune
system and PCVs is considered to be a crucial determinant of pathogenicity in pigs. Here, we sought to briefly
discuss the current knowledge regarding the interaction of porcine circovirus type 2 and/or 3 with host immune
cells and immune responses to better depict the viral immunomodulatory capacity, pathogenic mechanisms, and
the future research direction in host immune responses to infection with PCV2 and PCV3.
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Background
Porcine circovirus (PCV), a small non-enveloped virus
with a single-stranded circular DNA genome, belongs to
the Circoviridae family (Ellis 2014). Porcine circovirus
type 1 (PCV1) is nonpathogenic to pigs; however, por-
cine circovirus type 2 (PCV2) is a major causative agent
of postweaning multisystemic wasting syndrome
(PMWS) (Ellis et al. 1998; Harding et al. 1998), now re-
ferred to as PCV2-associated disease (PCVAD) (Segalés
et al. 2005; Opriessnig et al. 2007). PCVAD is associated
with progressive weight loss, congenital tremors, respira-
tory and enteric diseases, dermatitis, nephropathy, repro-
ductive failures, etc. Currently, PCVAD is an important
disease in all swine-rearing countries and regions of the

world and is now threatening the healthy development
of the global pig industry.
The clinical symptoms of PCVAD include weight loss,

anemia, jaundice, enlarged lymph nodes, diarrhea and
dyspnea (Ramamoorthy and Meng 2009). PCV2 has the
strongest tropism for lymphoid tissues. Lymphoid deple-
tion and histocyte infiltration in lymphoid tissues were
determined to be hallmark pathologic lesions of PCVAD
(Chae 2004; Opriessnig et al. 2007; Ramamoorthy and
Meng 2009; Meng 2013). Although PCV2 has been rec-
ognized as the primary etiological agent for PCVAD, at-
tempts to reproduce the disease in gnotobiotic pigs via
PCV2 infection alone have failed (Krakowka et al.
2000, 2001, 2008). Further, in field cases, only a propor-
tion of the infected pigs eventually developed the typical
symptoms (Meng 2013). These findings imply that
PCV2 is necessary but insufficient to trigger PCVAD.
Co-infections with agents, such as porcine reproductive
and respiratory syndrome virus (PRRSV), porcine
pseudorabies virus (PRV), porcine parvovirus (PPV), sep-
tic bacteria, mycoplasma hyopneumoniae, or
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immunostimulation induced by particular vaccination or
adjuvant were demonstrated to serve as additional trig-
gering factors for PCVAD (Pallares et al. 2002; Meng
2013; Dorr et al. 2007; Opriessnig and Halbur 2012). Ex-
periment models showed that PCV2 replication can be
augmented by co-infection with other viruses or bac-
teria, but the exact mechanisms remain unknown. It is
speculated that the initiation of the host cellular mitosis
induced by co-pathogen infections facilitates new cellu-
lar DNA synthesis which serves as the only prerequisite
for PCV2 replication (Opriessnig and Halbur 2012). It is
also suggested that concurrent infections of PCV2 with
other pathogens interfere with cytokine responses which
may affect PCV2 clearance and thus favor the viral per-
sistence (Opriessnig and Halbur 2012). The interactions
between PCV2/other pathogens and host responses in
concurrent/secondary infection cases play a significant
role in the pathogenesis and warrant further research.
PCVAD-affected pigs have been recognized to be im-
munocompromised. PCV2 can infect and replicate in
lymphoid tissues, such as lymph nodes, thymus, tonsils
and spleen, thereby destroying lymphoid follicle archi-
tecture and resulting in leucopenia and immunosuppres-
sion (Darwich et al. 2002; Ramamoorthy and Meng
2009; Darwich and Mateu 2012; Meng 2013). The in-
volvement of immune cells and immune response in
PCV2 infection has been suggested to be crucial for
PCVAD development.
In 2015, porcine circovirus type 3 (PCV3) was first

identified in PCV2-negative sows that clinically mani-
fested porcine dermatitis and nephropathy syndrome
(PDNS), reproductive failure, and acute death in the US
(Palinski et al. 2016). Pathological lesions and the viral
antigen were determined in multiple tissues and organs
including lung, liver, spleen, kidney, heart, lymph nodes,
and intestines (Jiang et al. 2019a). Interestingly, research
showed that PCV3 was also detectable in fecal samples,
suggesting a fecal-oral transmission manner (Zhai et al.
2017). To date, PCV3 has been reported to circulate
with widely geographical distribution in the world (Fan
et al. 2016; Shen et al. 2017; Zhai et al. 2017). PCV3 gen-
ome is larger than PCV2 and the amino acid sequence
in Cap proteins of both viruses displayed only a 36–37%
similarity (Morozov et al. 1998; Palinski et al. 2016). Pre-
vious studies suggested that some of glycosaminoglycans
functioned as the cellular surface receptors for PCV2
(Misinzo et al. 2006); however, the specific motif recog-
nized by the receptors is not present in the cap of PCV3
(Shi et al. 2021).
PCV3 antigen was demonstrated to colocalize with the

typical PDNS histopathological lesions. According to
retrospective studies conducted by Palinski et al., a
93.8% positive rate was found for PCV3 infection in
PCV2-negative cases with PDNS features (Palinski et al.

2016). Research also reported an abnormally high posi-
tive rate (85.7%) for PCV3 infection in pigs with pro-
ductive failure in the absence of PCV2, PRRSV or PRV
(Fan et al. 2016). In contrast to PCV2 (Allan et al. 1999;
Allan et al. 2000; Ha et al. 2008; Krakowka et al. 2008),
attempts to experimentally reproduce PDNS with PCV3
alone was successful (Jiang et al. 2019a). Owing to these
findings, an etiologic role has been assigned to PCV3 in
PDNS. Immune tissue injuries were also notably ob-
served in pigs infected with PCV3. These injuries were
mainly characterized as lymphocytic necrosis and deple-
tion, histiocytes and multinucleated giant cell replace-
ment, and interestingly, an infiltration of eosinophils
(Palinski et al. 2016; Jiang et al. 2019a). Currently, PCV3
has been detected in many countries and has emerged as
a potential pathogenic threat to the global pig industry
(Chung et al. 2021; Tochetto et al. 2020), thereby em-
phasizing the necessity to reveal the pathogenesis of
PCV3 infection. This review sought to briefly describe
the interactions of PCV2 and PCV3 with host immune
system, which may enable us to gain a better under-
standing of their viral immunomodulatory capacity and
pathogenic mechanisms.

Lymphoid depletion caused by PCV2 infection
Lymphoid depletion followed by histiocytic replacement
has been recognized as the most remarkable pathological
feature of PCVAD (Chae 2004; Opriessnig et al. 2007;
Ramamoorthy and Meng 2009; Meng 2013). The devel-
opment of lymphoid depletion is positively associated
with the level of viral antigen in infected tissues (Dar-
wich and Mateu 2012; Meng 2013). Lymphopenia in-
duced by PCV2 infection is mainly characterized by loss
of T and B lymphocytes, dendritic cells (DCs), and nat-
ural killer cells (Darwich et al. 2002; Nielsen et al. 2003;
Grierson et al. 2007; Darwich and Mateu 2012). Further,
the proportion of neutrophils and monocytes is in-
creased in this diseased state (Darwich et al. 2003b;
Sipos et al. 2004).
The necrosis and lysis of lymphoid cells caused by dir-

ect viral infection and replication are suggested to play
important roles in lymphoid depletion mechanisms of
PCVAD (Meng 2013). Uncontrolled inflammation
followed by extravasation of histiocytes to inflammatory
sites largely contributes to lymphoid tissue damage (Shi-
bahara et al. 2000). Cell apoptosis and lymphoid prolifer-
ation failure may also account for immune injury caused
by PCV2 infection. A protein encoded by PCV ORF3
can induce apoptosis by activating caspase-3 and
caspase-8 signal pathways in PK15 cells (Liu et al. 2005).
Further, B lymphocyte depletion due to PCV2-mediated
apoptosis is as well as the apoptosis of macrophages in-
duced by PCV2 infection have been identified (Shibahara
et al. 2000). Histiocyte apoptosis in the germinal centers
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of lymphoid tissues was also observed in PCV2-infected
mice (Kiupel et al. 2001). However, some published
studies argued the primary role of PCV2-mediated apop-
tosis in lymphoid depletion or lymphadenopathy, sug-
gesting that the rate of apoptosis is negatively correlated
with viral load in tissues (Resendes et al. 2004). As the
proliferation and recruitment of lymphocytes from blood
are attributed to the maintenance of cell mass in lymph-
oid tissues, a decrease in cell proliferation rather than
apoptosis has been proposed to be responsible for
lymphoid depletion observed with spontaneous PCV2
infections.
PCV2 infection can activate autophagy and subse-

quently enhance viral multiplication through AMPK/
ERK/TSC2/mTOR signaling pathway in PK15 cells (Zhu
et al. 2012; Ren et al. 2016). However, whether autoph-
agy occurs in immune cells or participates in host
lymphoid depletion remains unresolved. Immune sup-
pression is mainly related to lymphoid depletion in
PCV2-infected pigs, and the exact determinants and
mechanisms of lymphoid depletion remain to be eluci-
dated and warrant further research.

Interaction between PCV2 and dendritic cells
PMWS was previously identified as the most serious dis-
ease type of PCVAD. PMWS affects 5- to 12-week-old
pigs and has a high fatality rate in nursing and fattening
pigs. It is characterized by weight loss, dyspnea and gen-
eralized lymphadenectasis (Chae 2004). Based on micro-
scopic analysis, PMWS is typically characterized by
lymphoid depletion, histiocytic infiltration, and granu-
lomatous inflammation in lymphoid organs. PCV2 inclu-
sion bodies were observed in histiocytes, including
macrophages within the injured organs from PMWS-
affected pigs (Rosell et al. 1999; Chae 2004). PCV2
antigen-positive cells with “dendritic cell-like” morph-
ology have also been identified (Rosell et al. 1999; Vin-
cent et al. 2003).
As the primary immune cells and one of the key

antigen-presenting cells in host immune system, den-
dritic cells (DCs) play an essential role in regulating in-
nate immune reactions, initiating adaptive immune
responses, coordinating the crosstalk of both, and con-
tributing to the maintenance of self-tolerance. As the
sentinels, DCs present within skin and mucosa partici-
pate in formation of the first line of immune defense
against viral invasion (Mellman and Steinman 2001;
Geissmann et al. 2010). Most DCs (80–90%) can interact
with PCV2, and both monocyte-derived DCs (MoDCs)
and bone marrow-derived DCs (BMDCs) are susceptible
to PCV2 in vitro. The infectivity of PCV2 was found to
be preserved in cells for at least 5 days without detect-
able viral replication or degradation (Vincent et al.
2003). Further, co-culture of PCV2-carrying MoDCs

with syngeneic T lymphocytes did not induce virus
transmission to lymphocytes or impair their cellular
viability (Vincent et al. 2003, 2005), which suggests
that lymphoid tissue injury may not be attributed to
the direct interaction between infected-DCs and the
lymphocytes. The internalization of PCV2 into DCs
neither stimulates nor inhibits cell differentiation. The
ability to process and present antigens, such as super-
antigen, staphylococcal enterotoxin B, by DCs was
not impaired by PCV2 infection (Vincent et al. 2003).
Such uptake of PCV2 into DCs is thus an active
process that occurs via phagocytosis or endocytosis
for PCV2 internalization in DCs rather than a passive
infecting process. The seemingly abortive and silent
PCV2 infection in DCs not only shelters virus from
host immune attack, but also makes the cell an ideal
“trojan horse” for viral spread via DCs migratory
activity throughout the host.
Although DCs do not support apparent PCV2 replica-

tion, PCV2 infection markedly affects functions of DCs
and associating host immune defense in many aspects.
Co-stimulating molecules of DCs play an important role
in T lymphocyte activation. In vitro, expression levels of
MHC I, MHC II, CD80/86, CD25, CD16, or CD14 on
DCs were not apparently altered by PCV2 persistent in-
fection (Gilpin et al. 2003; Vincent et al. 2003, 2005);
however, in vivo, PCV2 infection was demonstrated to
downregulate the expression of surface co-stimulatory
molecules, including CD40, CD86 and CD137 (Wang
et al. 2017). Moreover, PCV2-infected porcine iliac ar-
tery endothelial cells reduced MoDC adhesion and mi-
gration ability, thereby hampering MoDC maturation
and inhibiting their antigen presentation ability (Liu
et al. 2019). Monocyte chemotactic protein-1 (MCP-1) is
responsible for monocytes and memory T cell recruit-
ment in host immune responses. An absence of MCP-1
production has been observed in spleen CD11c + DCs of
PCV2-infected mice (Wang et al. 2017). Furthermore,
the coculture of PCV2-carrying DCs with peripheral
blood mononuclear cells (PBMCs) in vitro has been ob-
served to markedly induce the CD4 + CD25 + FoxP3 +
regulator T cells, which is known to mediate immuno-
logical tolerance in host immune response (Cecere et al.
2012).
Plasmacytoid DCs (pDCs) are major cells producing

interferon (IFN) type I. As a result, they are also called
natural interferon producing cells (NIPCs). The endoso-
mal TLR9 of NIPC can interact with the cytosine-
phosphorothioate-guanine-oligodeoxynucleotide (CpG-
ODN) motifs of bacteria and viruses, leading to the se-
cretion of IFN-α and TNF-α. IFN-α serves as an import-
ant mediating factor for innate and adaptive immune
responses by inducing an antiviral state in cells present-
ing its receptor as well as modulating and activating
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immune cells. Besides, a cocktail of IFN-α and TNF-α
was proven to promote both autocrine and paracrine
maturation of myeloid DCs (Vincent et al. 2005; Rama-
moorthy and Meng 2009). Therefore, NIPCs play a cru-
cial role in triggering host immune defense against
pathogens. However, PCV2 DNA was demonstrated to
interfere with the reactions of NIPCs to pathogenic
CpG-ODNs and hence suppress cytokine production of
IFN-α and TNF-α (Vincent et al. 2006). PCV2 DNA was
also found to impair the response of NIPCs to TLR7 ag-
onists and other swine viral pathogens, including the
porcine pseudorabies virus, classical swine fever virus,
and transmissible gastroenteritis virus (Vincent et al.
2006). In addition, PCV2 DNA was demonstrated to
affect cytoskeletal rearrangement and endocytic process
of pDCs, which are associated with cellular immuno-
modulatory ability (Balmelli et al. 2015). These findings
indicate that PCV2 DNA is an important immunomodu-
latory factor that can inhibit NIPC function by regulat-
ing cytokine release, affect both innate and adaptive
immunity, and thereby favoring concurrent or secondary
infection, which is proposed to play a significant role in
the immune dysfunction mechanism in PCV2-infected
pigs and contribute to the development of PCVAD
(Fig. 1).

A defensive measure was also taken by DCs to resist
PCV2 infection. IL-12 plays an essential role in host in-
nate immune defense against viral invasion and is also
responsible for mediating adaptive immune response by
promoting Th1 cell differentiation. IL-12 production in
BMDCs is significantly increased in response to the
whole PCV2 particles or virus-like particles (VLPs)
stimulation, but not the PCV2 DNA sequences (Kekarai-
nen et al. 2008a), which may assist in immune protec-
tion induced by VLPs inoculation.
PCV2 is internalized by both mature and immature

DCs, which may exclude the role of macropinocytosis
pathway in viral entry (Vincent et al. 2005). Clathrin is
proposed to participate in PCV2 entry into DCs as the
internalization process is sensitive to chlorpromazine
treatment (Vincent et al. 2005). This is similar to simian
immunodeficiency virus uptake by DCs, which employs
a clathrin-dependent endocytic entry pathway and is re-
lated to the persistence observed in human immunodefi-
ciency virus-1 (HIV-1) infection (Ploegh 1998; Frank
et al. 2002; Vincent et al. 2005). Silent and persistent in-
fection of PCV2 in DCs and the cellular immunomodu-
latory ability would be the viral evolutionary advances.
Interactions between virus and DCs have significant con-
sequences on host immune responses. The role of DCs

Fig. 1 Speculated involvement of natural interferon producing cells (NIPCs) and monocytes/macrophages in the pathogenesis of PCVAD induced
by co-infection with PCV2 and other pathogens. PCV2 DNA has been reported to interfere with the response of NIPCs to pathogenic cytosine-
phosphorothioate-guanine-oligodeoxynucleotides (CpG-ODNs) and hence suppress the production of IFN-α and TNF-α. On the other hand, PCV2
infection impairs the phagocytic and microbicidal ability of macrophages. These findings indicate that interactions of PCV2 with NIPCs and
macrophages render host more susceptible to concurrent or secondary infection. Considering that the replication of PCV2 in macrophages is
proposed to be achievable in vitro using appropriate stimulatory signals (such as the liposaccharide signal) and that it leads to the accumulation
of the viral antigen, it can be speculated that immune stimulation by infection or vaccination promotes PCV2 replication in lymphoid tissues,
which may provide a good explanation of PCVAD development following co-infection of PCV2 with other viral or bacterial pathogens rather than
by PCV2 infection alone. In addition, interaction of monocyte/macrophage cell lineages with PCV2 plays an important role in mediating
granulomatous lesions in lymph nodes and inducing PCVAD. Macrophages are recognized to be the primary cell source of MCP-1 and MIP-1, and
it is suggested that MCP-1 and MIP-1 expression could be directly induced by PCV2 infection. Given that MCP-1 and MIP-1 have effective
chemoattractant and activating effects on monocytes, high levels of both were speculated to largely facilitate the recruitment of monocytes from
blood. The greater number of monocytes recruited to lymphoid tissues can in turn further augment and amplify cytokine secretion and cell
recruitment, subsequently inducing granulomatous inflammation and leading to PCVAD
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in PCV2 infection and PCVAD may be an important
part in host immune dysfunction and warrants further
investigation.

Interaction between PCV2 and monocyte/macrophage
Besides DCs, monocytes and macrophages are major
cells in the innate immune system. Monocytes and mac-
rophages are professional phagocytic cells that originate
from common myeloid progenitor cells and take respon-
sibility for processing and presenting antigens, eliminat-
ing pathogens and foreign bodies, secreting
inflammatory cytokines, as well as activating adaptive
immune response. In PCV2-infected pigs, the viral anti-
gen and DNA are present in cells with a monocytic cell
morphology, and inclusion bodies containing PCV2 anti-
gen are visualized in macrophages located in the lesion
area (Rosell et al. 1999; Kim et al. 2003; Vincent et al.
2003), thereby indicating that monocytes may play a role
in PCV2 infection and PCVAD.
According to an in vitro study by Gilpin et al. (Gilpin

et al. 2003), viral antigen was persistently detected in the
cytoplasm of both monocytes and macrophages infected
with PCV2 without any apparent increase in viral pro-
geny. Besides, viral antigen and nucleic acid have been
observed only in the cytoplasmic area but not the intra-
nuclear area in isolated alveolar macrophages inoculated
with PCV2, which implicated a phagocytosis or endo-
cytosis entry pathway for PCV2 (Chang et al. 2006a).
These findings suggest that monocyte/macrophage
lineage cells are not the primary site for supporting
PCV2 proliferation. Similar to the infection of DCs,
PCV2 in phagocytic cells appears to be caused by merely
internalization of other infected cells or viral particles by
engulfing, or preparation for antigen presenting. Like-
wise, lymphocytes are also proposed not to be the pri-
mary site that supports PCV2 replication (Rosell et al.
1999; Allan and Ellis 2000; Gilpin et al. 2003). However,
PCV2 replication measured by spliced cap mRNA and
viral DNA was determined in T and B lymphocytes as
well as monocytes isolated from PBMCs and bronchial
lymph nodes in infected pigs. According to the research,
all cell lineages support PCV2 replication in vivo (Yu
et al. 2007a). More importantly, replication of PCV2 in
macrophages is proposed to be achievable in vitro with
the trigger of appropriate stimulatory signals, such as
LPS (Chang et al. 2006b), thereby leading to viral antigen
accumulation. Combined with previous findings that
PCV2 infection impairs phagocytic and microbicidal
ability of macrophages and thus favors co-infection
(Chang et al. 2006a, 2006b), it may also provide a good
explanation for PCVAD development by concurrent in-
fection or secondary infection of PCV2 with other viral
and bacterial pathogens rather than PCV2 infection
alone. Interestingly, the in vitro findings also revealed

that lymphocytes support PCV2 replication under ConA
stimulation (Yu et al. 2007b). Therefore, immune stimu-
lation by pathogen or vaccination was proposed to pro-
mote PCV2 replication in lymphoid tissues, probably in
monocytes/macrophages and the lymphocyte, which
may largely contribute to the pathogenic mechanisms of
PCVAD (Fig. 1).
Porcine alveolar macrophages (PAMs) are the main

target cells of PCV2 infection in PMWS-affected pigs (Li
et al. 2013). PCV2 replication was not observed in PAMs
in vitro (Gilpin et al. 2003; Meerts et al. 2005b), whereas
in vivo findings revealed that PCV2 cap mRNA is
present in bronchoalveolar lavage (BAL) cells-more than
90% of which consist of PAMs-from pigs intranasally in-
oculated with PCV2 as early as 3 days post infection (Yu
et al. 2007a). Such findings suggest that PAMs may serve
as important sites for PCV2 replication in vivo. Host sig-
naling molecules associated with inflammation have
been found to be upregulated in isolated PAMs inocu-
lated with PCV2 in vitro, which results in persistent
cytokine production and may account for the systematic
inflammation of PMWS. Expression of TNF-α, granulo-
cyte colony-stimulating factor, and IL-8 is reported to be
upregulated by PCV2 infection in PAMs (Chang et al.
2006a, 2006b). Some of these cytokine profile changes in
PAMs due to PCV2 may affect local pulmonary func-
tions and defense, and result in tissue lesions. Besides
lymphoid depletion, granulomatous lesions, which are
characterized by histiocyte proliferation along with epi-
thelioid macrophages and multinucleated giant cell infil-
tration, were also identified as particular markers of
lymph node injury in PCVAD-affected pigs (Opriessnig
et al. 2006; Meng 2013). The macrophages in the granu-
loma area, mainly derived from blood monocytes and lo-
cally proliferating histiocytes, can be transformed into
epithelioid cells and multinucleated giant cells with a
specific morphology. The presence of PCV2 viral inclu-
sion bodies as well as the hybridization signals for MCP-
1 and macrophage inflammatory protein-1 (MIP-1) were
detected in epithelioid macrophages. Further, multinu-
cleated giant cells were strictly located in the granuloma-
tous inflammatory area (Kim and Chae 2004).
Macrophages are recognized to be the primary cell
source of MCP-1 and MIP-1, and expression of them is
suggested to be directly induced by PCV2 infection (Kim
and Chae 2004). The maximum levels of both chemo-
kines were detected before granulomatous inflammation
in lymph node of one-day-old piglets inoculated with
PCV2 via the intranasal route (Kim and Chae 2004). As
MCP-1 and MIP-1 have effective chemoattractant and
activating effects on monocytes (Wolpe et al. 1988), high
levels of both were speculated to largely facilitate mono-
cyte recruitment from blood. The greater number of
monocytes recruited to lymphoid tissues should
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augment and amplify cytokine secretion and cell recruit-
ment, induce granulomatous inflammation, and eventu-
ally lead to PCVAD (Fig. 1). In addition to monocytes,
MIP-1 has been proposed to be associated with the re-
cruitment of neutrophils (Wolpe et al. 1988; Standiford
et al. 1995), which may be the major cause of the afore-
mentioned cell-proportional alterations in lymphoid tis-
sues of PCVAD-affected pigs. These findings indicate
that interaction of monocyte/macrophage cell lineages
with PCV2 plays an important role in mediating granu-
lomatous lesions in lymph nodes and inducing PCVAD
(Fig. 1). Monocytes and macrophages play a crucial role
in host immune defense system against virus infection.
Revealing the involvement of these cells in PCVAD is
important in understanding pathogenesis and host im-
mune response induced by PCV2 infection.

Role of IL-10 in PCV2 infection
Cytokine profile alteration induced by PCV2 infection
played an important role in the pathogenesis of PCVAD.
PBMCs from pigs with PMWS displayed a positive re-
sponse to recall PCV2 antigen stimulation by upregulat-
ing of IL-10 and IFN-γ expression (Kekarainen et al.
2008b), and scarcely produced IL-4, IL-2, or IFN-γ in re-
sponse to stimulation by mitogen (phytohemagglutinin)
or superantigen (Darwich et al. 2003a; Kekarainen et al.,
2008a). Further, PCV2 can inhibit IL-2 and IL-4 secre-
tion by PBMCs isolated from both healthy and PMWS-
affected pigs (Darwich et al. 2003a), which is proposed
to impair and weaken host immune defense against virus
infection. IL-10 can impair pathogen eliminating func-
tion of cells, including macrophages, Th1 and NK cells,
and affect both innate and adaptive immune reactions.
PCV2 infection has been demonstrated to promote se-
cretion of IL-10 by PBMCs cultured in vitro, mainly
monocytes/macrophages and DCs, which reduce the re-
lease of IFN-γ, IFN-α and IL-12 (Darwich et al. 2003a;
Kekarainen et al. 2008a, 2008b; Kekarainen and Segalés
2015). Further, the expression of IL-10 is demonstrated
to be upregulated in thymus of pigs with PCVAD, which
is proposed to be related to lymphoid depletion, thymic
atrophy, and immune dysfunction (Darwich et al.
2003a).

Host humoral and cellular immune responses to PCV2
infection
In field cases, a proportion of PCV2-infected pigs did
not develop PCVAD (Meng 2013). The limitation or
elimination of PCV2 infection in these pigs should be re-
lated to the development of effective humoral and cellu-
lar immune responses, which reflects the significance of
host adaptive immune response in counteracting PCV2
infection (Fort et al. 2009; Darwich and Mateu 2012;
Meng 2013). Humoral immune response has been

suggested to play an important role in the defense
process, as the level of neutralizing antibody correlates
with viral replication, pathologic lesion severity, and the
onset of disease in PCV2-infected pigs (Hangartner et al.
2006; Meerts et al. 2006; Fort et al. 2007; Song et al.
2007). In specific-pathogen-free and gnotobiotic pigs ex-
perimentally infected with PCV2, antibodies against
PCV2 can be detected at 10 days and 15 days post infec-
tion, respectively. The levels of total antibody and neu-
tralizing antibody in PMWS-affected pigs have been
shown to be lower than in asymptomatic pigs, and
asymptomatic pigs also present early seroconversion
(Meerts et al. 2005a, 2006). Besides, anti-PCV2 anti-
bodies passively obtained from sow through the colos-
trum are effective at protecting newborn piglets. In fact,
the higher the maternal antibodies in the piglets, the
lower the probability of viremia (McKeown et al. 2005;
Ostanello et al. 2005; Saha et al. 2014). The detectable
antibody concentration in piglets was proposed to be
positively correlated with that observed in the sow
(Kekarainen and Segalés 2015). With a decline in the
antibody concentration of milk, the susceptibility of pig-
lets to PCV2 infection gradually increases (Rodríguez-
Arrioja et al. 2002; Larochelle et al. 2003; Grau-Roma
et al. 2009). These findings also reflect that antibodies
play an important role in fighting against PCV2
infection.
However, antibodies against PCV2 are not always fully

protective. The effective function of neutralizing anti-
bodies against pathogens is markedly dependent on
macrophages, which can clear the antigen-antibody
complex. PCV2 infection impairs phagocytic and micro-
bicidal ability of macrophages (Chang et al. 2006a,
2006b), which may interfere with the functioning of neu-
tralizing antibodies. Besides, viruses are obligatory intra-
cellular pathogens and PCV2 has evolved to lead a
persistent infection in immune cells. Therefore, in
addition to humoral immunity, cellular immunity is also
of great significance in host defense against PCV2
infection.
Lymphoid depletion is known to be the hallmark fea-

ture of PCVAD. However, certain T cell subsets have
also been demonstrated to be downregulated, including
naïve CD4+CD8− Th cells, CD4−CD8+cytotoxic T cells,
and CD3+CD4+CD8+ memory/activated Th cells, in
PCVAD (Nielsen et al. 2003). Among these cell subsets,
the reduction degree of the latter subset was proposed
to correlate with disease development (Nielsen et al.
2003; Kekarainen and Segalés 2015). The level of PCV2-
specific IFN-γ secreting cells (SC) displayed a negative
correlation with viral burden, and was demonstrated to
be induced upon PCV2 infection and vaccination, along
with PCV2 specific IFN-γ/TNF-α co-producing CD4+
subsets (Meerts et al. 2005a; Fort et al. 2007, 2008;
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Kekarainen and Segalés 2015). Both IFN-γ/TNF-α co-
producing CD4+ cell subset and IFN-γ-SC were pro-
posed to play central roles in cellular immune defense
against PCV2 infection (Kekarainen and Segalés 2015;
Koinig et al. 2015).
As an immunosuppressive virus, PCV2 may serve as

an appropriate model for revealing how single-stranded
DNA viruses interact with host immune defenses. Un-
derstanding and dissecting the underlying mechanisms
involved in PCV2 infection and host immune reaction
are of great significance for PCVAD prevention and
control.

Interaction between PCV3 and host immune system
In contrast to PCV2, experimental infection with PCV3
alone without immune stimulation by keyhole limpet
hemocyanin injection was demonstrated to successfully
reproduce PDNS (Jiang et al. 2019a). PCV3 has also
been shown to infect lymphoid organs, including lymph
nodes and spleen, and PCV3 antigen was reported to be
detected in lymphocytes, macrophages, neutrophils, eo-
sinophils and epithelial cells of infected tissues (Palinski
et al. 2016; Jiang et al. 2019a). Destruction of lymphoid
follicles followed by white pulp atrophy was observed in
PCV3-infected spleens. Further, intensive infiltration of
eosinophils and hemosiderosis was markedly observed in
lymph nodes of PCV3-infected pigs, besides lymphoid
depletion and histiocytic infiltration observed in PCV2-
infected cases (Jiang et al. 2019a). Eosinophils are recog-
nized to play a significant role in mediating inflamma-
tory response to allergen stimulation or pathogen
infection, as well as inducing host antiviral immunity. It
is speculated that eosinophil infiltration may serve as an
important causal factor for allergic inflammatory symp-
toms, including skin rashes and asthma, and an im-
munocompromised state in PCV3-infected pigs (Jiang
et al. 2019a). Although PCV3 has been shown to reside
in eosinophils, whether PCV3 can perform a proliferative
replication in cells remains unclear. Interactions between
PCV3 and the eosinophils are thus of great significance
and warrant further investigation.
Innate immune response has been proven to play an

essential role in the fight against PCV3 infection; this
was revealed by the upregulation of some of
phagocytosis-associated proteins and ISG-encoded pro-
teins induced by PCV3 infection (Jiang et al. 2019b). The
expression levels of MHC- I and MHC- II were also sig-
nificantly upregulated by PCV3 infection, which may
promote host adaptive defense by mediating and facili-
tating the antigen presenting activity and cytotoxic T cell
killing effect (Jiang et al. 2019b).
The role of PCV3 in host immunomodulation and im-

mune injury mechanisms has also been revealed with re-
spect to the following aspects. PBMCs isolated from

PCV3-infected pigs exhibited deficient proliferation cap-
acity in response to mitogen stimulation, which may lead
to T lymphocyte anergy (Jiang et al. 2019b). PCV3 Cap
protein has been reported to inhibit cellular IFN produc-
tion induced by the recognition of foreign DNA mole-
cules by interacting with G3BP1, which appears to affect
the initiation and activation of host innate and adaptive
immune responses (Zhang et al. 2020). Expression of
HSP60 was upregulated in response to PCV3 infection,
which may interfere with host immune defense and
favor viral infection (Jiang et al. 2019b). Hemosiderin is
produced by macrophages after phagocytosis of red
blood cells. Histopathologic diagnosis of lymph nodes
in PCV3-infected pigs revealed abundant hemosiderin
deposition (Jiang et al. 2019b), which indicates that
vascular damage may be induced by severe inflamma-
tion. Besides, the upregulation of proinflammatory cy-
tokines, such as IL-1β, IL-6 and TNF-α, and the
enhanced levels of acute-phage proteins, including
clusterin, ITIH4 and haptoglobin etc. triggered by
PCV3 infection may be associated with severe inflam-
mation in affected pigs and may contribute to lymph-
oid depletion and the subsequent immune destruction
(Jiang et al. 2019b).

Conclusions and perspectives
PCV2 and PCV3 are considered to induce host immune
suppression during infection. PCV2 can induce a persist-
ent infection in host and has evolved strategies to exploit
and manipulate the immune cells and immune responses
for its own benefit. With the successful isolation and
propagation of PCV2 in vitro, many studies have been
conducted on interactions between PCV2 and host im-
mune system; however, study on PCV3 interactions with
host immune system remains sketchy and is still war-
ranted. Although both belongs to the pathogenic porcine
circoviruses, there are many differences between PCV2
and PCV3 including their genome size, amino acid se-
quences of Cap proteins, as well as the ways to establish
animal infection models of both. Such finding indicates
that there are differences in the performances of PCV2
and PCV3 in the process of immune interactions with
host. In addition, cellular surface receptors of PCV2 and
PCV3 are speculated to differ (Misinzo et al. 2006; Shi
et al. 2021), which may serve as one of the important
factors leading to distinct clinical symptoms and host
immune response. Therefore, comparative studies be-
tween PCV2 and PCV3 infection in vitro and in vivo are
warranted to better elucidate the pathogenic mecha-
nisms and immune interactions of PCVs. Furthermore, a
detailed analysis on the mechanism of host immune re-
sponses to infection with PCV2 and PCV3 will be useful
for the development of novel effective vaccines for the
control of PCVAD in the future.
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