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Summary

Infections of the porcine respiratory tract are frequently multifactorial, with more than one pathogen involved.
They have a significant impact on the efficiency of pig production. One example of such a mixed infection is
the porcine respiratory disease complex (PRDC). PRDC can be caused by various viral or bacterial agents.
The main viral agents associated with PRDC and considered the primary pathogens are porcine reproductive
and respiratory syndrome virus (PRRSYV), swine influenza virus (SIV), and porcine circovirus type 2 (PCV2).
PRRSY, SIV, and PCV2 are known as inducers of inflammatory cytokines. Cytokines play an important role
in all aspects of immune responses, but their uncontrolled release in virus-induced diseases may aggravate the
course of the disease and the severity of pathological lesions. Although data regarding the kinetics of the local
cytokine response in porcine lungs during mono-infection with these pathogens are abundant, their impact on
each other during simultaneous infection in different combinations is not thoroughly understood. This paper
aims to present the available data on interactions between SIV, PRRSV, and PCV2 in mixed infections of the
porcine respiratory tract and the influence of co-infections on local cytokine profiles in the lungs.
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The respiratory tract, constantly exposed to the
environment, is one of the most common sites for
pathogen entry. Multiple infections are frequent in pigs,
and numerous reports provide evidence for complex
interactions between various pathogens (40, 48, 56, 57,
74). Mixed infections in pigs with different viral and/or
bacterial pathogens are defined as the porcine respira-
tory disease complex (PRDC) (9). PRDC is one of the
most significant causes of losses in pig husbandry, as-
sociated with the necessity of treatment, limited growth
performance, as well as increased morbidity (10-40%)
and mortality (2-20%) (18, 56). Non-infectious factors
contributing to PRDC development include environ-
mental stressors, management (i.a. production system,
herd size, and nutrition) and aspects depending on
animals (i.a., age, genetics, breed, and immune status)
(40). This review aims to identify studies investigating
viral co-infections in the pig respiratory tract and pres-
ents interactions between viruses and, when possible,
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a detailed review of the local inflammatory response
and lesions in the lungs during multi-viral infections.
Data on the pathophysiology of porcine viral mono-
infections, such as those cause by PRRSV (porcine
reproductive and respiratory syndrome virus), SIV
(swine influenza virus), and PCV-2 (porcine circovirus
type 2), are abundant. The complicated nature of mixed
infections and the difficulty of experimental reproduc-
tion of respiratory diseases with simultaneous dual or
mixed infections render the study of co-infections in
the respiratory tract challenging and labour-intensive.
Nevertheless, understanding the interaction between
swine respiratory viruses and their influence on the
host inflammatory response, together with the basics of
the immune response induced by several combinations
of pathogens, can improve and optimize diagnostic
methods and herd health surveillance. This knowledge
can also facilitate the identification of infectious and
non-infectious parameters responsible for the exacer-
bation of respiratory diseases, thus contributing to the
development of more effective methods of eradicating
viral diseases.
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Pathogens involved in porcine viral respiratory
co-infections

Pathogens involved in swine polymicrobial infec-
tions can be divided into primary pathogens, which can
induce gross lesions in the respiratory tract because
of their virulence, and secondary pathogens, which
induce pathological changes on the basis of lesions
caused by primary pathogens, co-infecting microorgan-
isms, or other cofactors. A textbook assumption is the
primary contribution of viral infection followed by an
opportunistic bacterial infection. Due to the numerous
pathogens and the diversity of their possible combina-
tions, interactions between respiratory pathogens in
the pig respiratory tract in the field are more complex
and involve either additive or synergistic effects (40).
Viruses (PRRSV, SIV, and PCV-2) are often considered
the primary factors of PRDC or other polymicrobial
respiratory swine diseases (40). PCV2 and PRRSV
are not strictly related to the respiratory system.
Nevertheless, they frequently infect tissues in the re-
spiratory tract (57). Other viral pathogens relevant to
PRDC, namely Suid herpesvirus 1 (formerly known as
Aujeszky’s Disease Virus —ADV) (58, 73) and porcine
respiratory coronavirus (PRCV) (50), are less frequent.
Secondary infection is often related to bacterial agents,
namely Streptococcus suis (39), Actinobacillus pleu-
ropneumoniae, Glaesserella parasuis, and Pasteurella
multocida (57). The clinical outcome of PRDC and
other complex respiratory infections may differ de-
pending on the pathogens. The differences between
clinical signs produced by different viruses in the
respiratory system might be subtle, although the viral
disease can often be overshadowed by the effects of
concurrent/secondary bacterial infections (58). The
primary signs associated with pig respiratory diseases
are rhinitis, sneezing, oculonasal catarrhal to purulent
discharge, pneumonia, and pleuritis, which may occur
due to co-infection or not (58, 72).

SIV is an enveloped RNA virus belonging to the group
of influenza A viruses, family of Orthomyxoviridae. It
is the causative agent of swine influenza (SI), an acute
infectious and contagious swine respiratory disease
caused by the influenza A virus (IAV) (32). Infection
with SIV usually manifests as an acute respiratory dis-
ease characterized by fever, apathy, coughing, sneez-
ing, dyspnea, and loss of appetite (1). SI generates
losses in the pig industry mainly due to the reduced
weight gain of infected pigs. The clinical course may
be more severe in the case of co-infection with other
viral (PRRSV, PCV2) or bacterial pathogens, which
significantly increases mortality (32, 59). Mortality
in SI'V-infected pigs is usually low, but reaches up to
10-15% in naive pigs, while morbidity may reach 100%
(32). Sarli et al. (58) describe lung lesions in pneumo-
nia caused by SIV as a tan consolidation of the cranial
lobe associated with multifocal lobular consolidation
of the caudal lobes.
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PRRSV is a small enveloped single-stranded
positive-sense RNA virus belonging to the genus
Betaaeterivirus, family Arteriviridae (55). Two dif-
ferent genotypes of the virus are known: European or
type 1 genotype (PRRSV-1) and American or type 2
genotype (PRRSV-2) (55). Due to advances in mo-
lecular epidemiology, two viral species of PRRSV
are currently distinguished: Betaarterivirus suid-1,
subgenus FEurpobartevirus, and Betaarterivirus
suid-2, subgenus Ampobartevirus, for PRRSV-1 and
PRRSV-2, respectively (https://talk.ictvonline.org/
ICTV/proposals/20 17.001S.012-017S.R.Nidovirales.
zip). Porcine reproductive and respiratory syndrome
(PRRYS) is characterized by reproductive failure in
sows and respiratory problems in growing pigs. Due
to its immunosuppressive effect, PRRSV significantly
reduces the efficiency of the immune system of pigs
and predisposes them to infection with other pathogens,
including conditionally pathogenic microorganisms
(30, 34). PRRSV infection may lead to a range of con-
sequences, such as secondary infection, co-infection,
and persistent infection in the field (74). Simultaneous
infections with PRRSV and other viruses, such as SIV,
PCV2, PRCYV, classical swine fever virus (CSFV),
hepatitis E virus (HEV), pseudorabies virus (PRV),
porcine parvovirus (PPV), porcine group A rotavirus
(PARV), and porcine epidemic diarrhea virus (PEDV),
are described across the literature (28, 75). Gross lung
lesions caused by PRRSV strains include severe diffuse
interstitial pneumonia, usually accompanied by pleuri-
sy, suppurative bronchopneumonia, and a hemorrhagic
spot on the lung tissue (45). Highly virulent PRRSV
strains are known to form foci of consolidation, mainly
in the cranioventral portions of the lungs, together with
fibrinous pleuropneumonia (4, 26, 52, 55).

Another virus commonly isolated from pigs
with PRDC is PCV2 (41, 67), which belongs to
the Circoviridae family, Circovirus genus (54).
Circoviruses are small non-enveloped single-stranded
DNA viruses with circular symmetry (33). In addi-
tion to PCV2, three other circoviruses (PCV1, PCV3,
and PCV4) have been described in pigs (43, 64, 73).
Phylogenetic investigations have led to further division
of PCV2 into 8§ genotypes (from a to h), three of which,
a, b, and d, currently dominate in the world (14, 70). At
present, the clinical manifestation of PCV2 infection
in pigs is referred to as porcine circovirus associated
diseases (PCVAD), and five clinical forms have been
distinguished: PCV2 subclinical infection (PCV2-SI),
PCV2 systemic disease (PCV2-SD), PCV2 lung dis-
ease (PCV2-LD), PCV2 enteric disease (PCV2-ED),
and PCV2 reproductive disease (PCV2-RD) (60).
Clinical signs in the respiratory system are related to
PCV2-SD and PCV2-LD (60). Infection with PCV2
in pigs causes lymphoid depletion and immunosup-
pression, making pigs more susceptible to secondary
pathogens (6, 35). Lesions in the porcine lungs are
found in the course of PCV2-LD and especially often
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during PCV2-SD (58). Macroscopically, tan-mottled
lungs are found that fail to collapse with interstitial
oedema, which may be moderate to severe (61).

Local cytokine response in porcine lungs
after viral challenge: Background

Cytokines play a pivotal role in orchestrating the
inflammatory response to self- or non-self danger
molecules. They are small secreted proteins (<40 kDa)
produced by nearly every cell to regulate and influence
the immune response (2). Chemokines, such as inter-
leukin-8 (IL-8; CXCLS8 chemokine), are also crucial in
leukocyte movement and interact with other cytokines
to manage tissue infiltration and inflammation (31).
Cytokines and chemokines contribute to the “cytokine
storm” caused by excessive immune activation (17).
Previously, the term was applied to a pathological re-
action to organ transplantation. Today, however, it is
commonly used to describe the uncontrolled release of
cytokines in virus-induced diseases, such as influenza,
Middle East respiratory syndrome, or COVID-19 (17,
62). However, cytokines and chemokines can have
a synergistic effect and potentially trigger signaling
cascades, which can make even the smallest amounts
of protein tremendously harmful to the lung tissue (20).

SIV and PRRSV are considered key viral pathogens
involved in PRDC (40). Both viruses are thought to be
strong inducers of inflammatory mediators in the pig
respiratory system (10, 44, 47).

During the acute phase of SI, the production of
inflammatory cytokines, such as tumour necrosis
factor-alpha (TNF-a), interferon-alpha (IFN-a),
interferon-gamma (IFN-y), interleukin-1 beta (IL-1p),
interleukin-6 (IL-6), and interleukin-12 (IL-12), has
been thoroughly documented as a critical determinant
of disease severity (3, 23). In acutely SIV-infected
pigs, a significant correlation was found between lung
lesions and lung concentrations of IL-1p, IL-8, and
TNF-a (44). The highest concentrations of cytokines
were significantly correlated with the severity of lung
lesions observed in infected animals.

PRRSV has been shown to reduce or suppress
IFN-a production during infection (5). In a study be
Garcia-Nicolas et al. (15), PRRSV caused an impaired
expression of IFN-a and TNF-a in the lungs, leading
to a weak and delayed adaptive immune response due
to inefficient expression of IL-12 and IFN-y. However,
IFN-a, IL-1B, and IL-6 were significantly induced in
bronchoalveolar lavage fluid (BALF) from infected
pigs at 3 day post-inoculation (DPI) in a study by
Nazki et al. (37). In addition, the authors reported that
the clearance of PRRSV corresponded with a peaked
secretion of anti-viral and proinflammatory cytokines
locally in BALF from PRRSV-infected animals.
Hence, maintained levels of IFN-a in BALF, even
at peak viremia, were possibly associated with local
viral clearance (37). IFN-a transcript levels were also
slightly increased in BALF cells from pigs infected
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with PRRSV alone in a study by Czyzewska-Dors
et al. (10), but only at 2 DPI (11). Anti-inflammatory
interleukin-10 (IL-10) was significantly induced at 3
and 10 DPI in BALF from PRRSV-infected pigs (37),
and an upregulated expression of the IL-10 gene was
detected in the lungs of PRRSV-inoculated pigs at 10
and 21 DPI (15).

Chae et al. (6) examined cytokine expression profiles
(IFN-y, interleukin-1-alpha (IL-1a), IL-8, and IL-10)
in the lungs of pigs with clinical signs of PCV2-LD.
The expressions of IL-1o mRNA and IL-8 mRNA were
markedly increased, while the expression of IFN-y
mRNA was weak. The expression of IL-10 mRNA
in samples from diseased and healthy animals was
not detected. The expressions of IL-1a and IL-8 were
significantly up-regulated in the lungs of animals with
inflammatory infiltrates in alveolar spaces (6). Another
study noted a significant increase in IL-8 concentra-
tion with IL-8 mRNA expression in swine alveolar
macrophages (AM) inoculated in vitro with PCV2 (7).
Moreover, TNF-o concentration was also elevated
(7). Over-expression of these cytokines may result in
increased severity of lung lesions. Furthermore, I1L-8
leads to excessive infiltration of inflammatory cells
into the affected area and exacerbates host defense
reaction, which results in destructive responses (7, 54).
In general, Chae et al. (6) indicate that prolonged
proinflammatory cytokine expression is related to the
pulmonary inflammatory response through exacerba-
tion of inflammatory reactions and recruitment of
additional mononuclear phagocytic cells to the lung
tissue of pigs infected with PCV2.

PRRSV and SIV co-infection

Czyzewska-Dors et al. (10) evaluated local innate
immune response patterns in BALF cells from pigs
with PRRSV mono-infection or co-infected with SIV.
The study was performed on 26 seven-week-old pigs
divided into three groups: PRRSV-infected, PRRSV
and SIV-infected, and controls. Pigs from the first group
were inoculated intranasally (IN) with 10° TCID;, of
PRRSV. The second group was co-inoculated IN with
10° TCIDs, of PRRSV and 10’ TCID5, SWHIN1. BALF
was collected post mortem at 2, 4 and 21 DPI. Gross
lung lesions were most severe in the co-infected group
at 21 DPI. Therefore, it can be assumed that these two
viruses act synergistically with regard to lung lesions.
The mean concentration of the PRRSV load in BALF
was lower in pigs infected simultaneously with both
pathogens than in pigs infected solely with PRRSV,
indicating that SIV probably limited PRRSV replica-
tion (10).

BALF cells were investigated in terms of expression
of [FN-a, IFN-y, IL-1p, IL-6, IL-8, and IL-10 mRNA
(10). The authors observed a significant downregula-
tion of IFN-y mRNA at 2 DPI and IFN-oo mRNA at
4 DPI in the co-inoculated pigs. On the other hand,
the IFN-y mRNA expression level was later (21 DPI)
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higher in the PRRSV-infected and co-infected groups
than it was in the control pigs. A significant downregu-
lation of IL-18 mRNA was observed in the PRRSV-
infected and co-infected pigs compared to the control
pigs (10). The results showed that co-infection with
PRRSV and SIV had additive effects on the mRNA
expression of IL-6 and IL-10, and these cytokines were
upregulated during the first 4 DPI in co-infected pigs
compared to singly infected animals. The [L-6 mRNA
level remained high at 4 DPI in animals infected with
both viruses. It was in line with a notably lower PRRSV
load in BALF, suggesting that IL-6 contributes to virus
clearance during PRRSV and SIV infection. The IL-10
transcript level was significantly upregulated at 4 DPI
compared to that in pigs infected with PRRSV alone
and at 21 DPI compared to that in control animals. In
a study by Kowalczyk et al. (24), who investigated
SIV HINI co-infection with Bordetella bronchiseptica
(B. bronchiseptica), the mRNA expression of [L-10 in
SIV-infected pigs remained unchanged. Hence, posi-
tive synergistic interaction between PRRSV and SIV
in terms of IL-10 mRNA expression in simultaneous
infections is possible. The expression of IL-8 was not
significantly different. However, Loving et al. (29)
showed that SIV co-infection with B. bronchiseptica
caused an upregulated expression of IL-8 compared to
its expression in mono-infection with virus or bacte-
ria. Czyzewska-Dors et al. (10) assumed that PRRSV
could diminish SIV-induced proinflammatory IL-8
production.

Turlewicz-Podbielska et al. (68) performed a study
aimed at assessing the course of single and dual infec-
tion in pigs with PRRSV and SIV, considering the mu-
tual influence of these pathogens on the local cytokine
profile and pathological changes in the lung tissue.
The cytokine profile included the following cytokines:
IFN-0, IFN-y, IL-1B, IL-6, IL-8, IL-10, and TNF-a.
In that study, 56 healthy seven-week-old piglets were
divided into four groups. Three groups were inoculated
IN with SWHINT1 107 TCIDs, or PRRSV 10° TCIDj,
in the groups with mono-infection and with SWHIN1
10° TCIDs, and PRRSV 107 TCIDj, in the group with
dual infection. The control group consisted of clini-
cally healthy animals inoculated IN with a placebo.
Then, the pigs were euthanised at 4, 10, and 21 DPI,
pathological lesions in the lungs were assessed, and
samples were taken to evaluate cytokine concentrations
in the lungs (68).

At 4 DPI, the concentration of IFN-o was signifi-
cantly higher in all groups, including the co-infected
group, compared to the control animals. No differences
were observed between the infected groups (68). At
10 DPI, a significant increase in IFN-a was observed
in the group infected with the two pathogens. From
10 DPI onwards, a significant increase in [IFN-y levels
was noted only in the PRRSV-infected or co-infected
pigs (68). Contrary to the results observed in BALF
by Czyzewska-Dors et al. (10), a significant increase
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in IL-1p concentration was found mainly in pigs in-
fected with the two viruses at 4, 10, and 21 DPI. The
mean concentration of IL-6 was also higher in the
SIV and SIV + PRRSV groups. At 10 DPI, a higher
concentration of IL-6 was observed in the PRRSV and
SIV +PRRSV groups. At 10 DPI, the concentration of
IL-10 was significantly higher in the co-infected group,
although it was higher in all infected groups than in the
controls. At 21 DPI, the mean concentration of IL-10
was significantly higher only in the SIV + PRRSV
group compared to the controls. Significant changes in
TNF-a concentration were observed at 10 DPI in the
PRRSV and SIV + PRRSV groups and at 21 DPI in the
co-inoculated group. IL-8 was elevated in all infected
groups, but the local concentration of this cytokine at
2,4, 10, and 21 DPI was significantly higher in the
PRRSV-infected and co-infected groups (68).

Interestingly, the analysis of changes in cytokine
concentrations in all groups indicated individual de-
viations, and no significant differences were observed
in the local cytokine response in pigs co-infected with
PRRSV and SIV compared to the mono-infected ani-
mals (68). Synergistic effects between SIV and PRRSV
in terms of the impact on the local cytokine profile
were not observed, probably because of the different
pathogenesis of the two infections and different timing
of lung lesions. Lung lesions typical of AV were ob-
served mostly up to 10 DPI, whereas lesions character-
istic of PRRSV were found later, from 10 DPI onwards.
In the group infected only with SIV, the highest levels
of cytokines were also observed early (2-4 DPI), which
correlated with the period of the most severe lesions
in the lungs. Similarly, in the group infected only with
PRRSYV, the most extensive changes in cytokine levels
coincided with the peak of pathological lesions (from
10 to 21 DPI). In addition, a strong positive correla-
tion was observed between the local concentrations of
TNF-o and IL-1 and lung lesions, which suggests that
these cytokines are involved in inducing lung lesions
during PRRS and SI. Moreover, the strong relation-
ships between local TNF-a, IFNy, IL-8 and SWHINI1
levels in the lungs, as well as TNF-a, IL-8, and the
PRRSV genome copy number in the lungs, suggest that
the local replication of both viruses also influences the
local cytokine response during infection. Otherwise,
co-infection did not significantly affect the severity
of changes observed in the lungs compared to mono-
infection with PRRSV or SIV (68).

Lately, the same research team evaluated the impact
on the clinical outcome and the local replication of
viruses in the porcine lungs during simultaneous infec-
tion with SIV and PRRSV (45). Co-infection resulted
in a longer duration of fever (up to 10 DPI) compared
to that in single-inoculated groups. In co-inoculated
pigs, 2 peaks of fever were observed (at 3 and 7-10
DPI), whereas in the SIV-infected group, fever peaked
once at 2 DPL. In the solely PRRSV-infected group,
2 periods with the rectal temperature over 40°C were



Med. Weter. 2022, 78 (5), 213-221

also noted. However, mean clinical scores in the
inoculated groups did not differ significantly during
the study. Mean SIV TCID;, titers in the lungs were
not significantly different between co-inoculated and
SIV mono-inoculated pigs. In contrast, a significantly
higher mean copy number of PRRSV were detected
in the lungs of PRRSV mono-inoculated pigs only at
2 DPI. No significant differences in the PRRSV load
were identified later until the end of the study (21 DPI).
Analysis of the gross lung lesions pattern (lung scores)
in the co-infected group showed additive dynamics of
SIV mono- and PRRSV mono-infected groups (45).

The above studies demonstrate that co-infection
with SIV and PRRSV does not significantly change
the kinetics of the local cytokine response and that dif-
ferences in gross lung lesions between mono-infected
and co-infected groups were related to the dynamics of
infection with SIV or PRRSV and not to interactions
between them. The slight effect observed in co-infec-
tion with SIV and PRRSV in studies by Pomorska-Mol
(45) and Turlewicz-Podbielska (68) with regard to the
local cytokine response or clinical outcome could be
related to the different target cells of these two viruses.
The primary target cells of PRRSV are macrophages,
mainly pulmonary ones (61), whereas SIV infects
primarily airway epithelial cells, e.g. bronchioles or al-
veoli (49). The study was also performed under strictly
controlled conditions, where numerous variables, such
as bacterial infections, were forcibly limited, and so
were additional impacts on the infection and the course
of the disease, which could be revealed under field
conditions. Differences in cytokine concentrations in
lung tissue and BALF may result from the matrix used
to assess the concentrations. Detection of cytokines in
BALF is difficult because of low to undetectable levels
of specific important cytokines (50).

PRRSV and PRCV co-infection

Renukaradhya et al. (50) investigated simultane-
ous infection with PRRSV and PRCV. Pigs in the
co-infected group were inoculated IN with 3 x 10*
TCIDs,, and intramuscularly with 2 x 10* TCIDs,, of
the PRRSV SD23983 strain. Ten days later, the animals
were inoculated IN with 4 x 10° plaque-forming units
(PFU) and intratracheally with 6 x 10° PFU of the
PRCV ISU-1 strain. Clinical signs were more severe in
the co-infected group than they were with either single-
virus infection. A significantly higher incidence of
fever and decreased body weight gains were observed
in dually infected pigs compared to pigs infected with
only PRRS or PRCV (50). Similar results regarding the
clinical outcome in pigs co-infected with PRCV and
PRRSV were observed in a study by Jung et al. (21).
Moreover, inoculation with HIN1 or PRRSV before
PRCV exacerbated the clinical picture of the disease
in weaned pigs compared with PRCV mono-infection
(48). Van Reeth et al. (46) reported that the effects of
separate inoculation with PRCV and LPS from E. coli
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0111 : B4 were subclinical, although the co-infection
resulted in significant respiratory obstruction, demen-
tia, and loss of appetite in the first 10-12 hours after
LPS. In another study, dual infection with PRCV and
SIV (HIN1 or H3N2) did not affect clinical responses,
gross respiratory lesions, or growth performance com-
pared with single infection in eight-week-old specific
pathogen-free (SPF) pigs and did not enhance the
pathogenicity of these viruses (25). In addition, PRCV
or SIV was isolated more frequently from tissues and
nasal swabs from mono-infected animals, suggesting
a possible interference between replication of PRCV
and SIV (25).

In a study by Jung et al. (21), a subsequent PRCV
infection led to increased PRRSV replication in the
lungs from 4 to 21 DPI and magnified apoptotic lung le-
sions, whereas PRCV replication in the lungs decreased
compared with PRCV mono-infection. In the group
co-infected with PRCV and PRRSV, PRRSV-specific
antibody titres in serum were higher compared with
PRRSV mono-infection and coincided with increased
PRRSYV replication in the lungs and severe apoptotic
lung lesions in the co-infected group. More severe
gross and microscopic lung lesions were also noted
during co-infection. In co-infected pigs, more severe
bronchointerstitial pneumonia was reported (21).
Nevertheless, in animals co-infected with PRCV and
bacteria, no synergistic effect of PRCV and LPS on
lung lesions was found (46).

In the lungs of pigs co-infected with PRCV and
PRRSYV, substantially higher levels of IL-12 were
detected only during the middle period of infection
(8 days post PRRSV inoculation/18 days post PRCV
inoculation and 10 days post PRRSV inoculation/20
days post PRCV inoculation — 1/18 and 10-20 DPI),
compared to the controls and the PRCV mono-infected
groups (50). Higher levels of IL-10 and TGF- were
noted in this group, compared with the other groups,
from 2/12 to 8/18 DPI and at 4/14 and 8/18 DPI, re-
spectively (50). Moreover, during the middle period
of infection (4/14 and 8/18 DPI), the authors observed
increased levels of IL-6 in the lungs of co-infected pigs,
compared to mono-infected groups. Contrastingly,
higher levels of IL-6 during the early stage of infec-
tion (2 and 4 DPI) in both the lungs and serum of pigs
infected with PRCV alone, compared with the other
three groups, suggest that PRRSV infection may im-
pair IL-6 production in the lungs. In addition, higher
levels of IL-6 in the serum and lungs were associated
with high fever, reduced body weight gain, and more
severe lung pathology (51). Viral-bacterial co-infection
(PRCV + LPS from E. coli) also potentiated the cy-
tokine response to LPS in BALF of IL-6 compared to
single inoculations (46). Moreover, the authors found
TNF-a and IL-1 potentiation during dual inoculation
with PRCV and LPS (46).

In general, simultaneous infection with PRRSV and
PRCV seems to aggravate clinical signs and gross lung
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lesions, is likely to promote PRRSV replication in
the lungs, and alters the cytokine profile in the lungs
compared to mono-infection.

PRRSV and PCV2 co-infection

In most cases, infection with PCV2 has a subclinical
course (57), but co-infection with other pathogens may
exacerbate clinical signs (57). Pigs co-infected with
PCV2 and PRRSV developed more severe clinical
signs than those mono-infected with PCV2 (2, 11, 19,
69). Both PCV2 and PRRSV can target host immune
cells and impair host defense, resulting in immunosup-
pression, impaired growth performance, and increased
morbidity and mortality (38). In a study by Harms et
al. (19), mortality reached 91% (n=11) in co-infected
pigs, but was only 26% (n = 19) in PCV2-inoculated
animals and 0% (n = 13) and those inoculated with
PRRSV. Lung lesions were similar to, but more severe
than those observed in PRRSV pigs (19).

In a study by Tu et al. (66), pigs inoculated simul-
taneously with PCV2 and PRRSV showed a sig-
nificant increase in IL-1oo mRNA expression, but the
investigated expressions were measured in peripheral
blood mononuclear cells (PBMC). An increase in the
expression of TLR (toll-like receptor) 2 mRNA, TLR4
mRNA, and TLRS8 in PBMC of pigs inoculated with
PCV2 and PRRSYV triggered a significantly increased
secretion of IL-1a, which could exacerbate micro-
scopic lesions (66). TLR receptors are expressed in
leukocytes, and their stimulation induces the produc-
tion of proinflammatory cytokines and chemokines
(16). The authors also reported a significant decrease
in the expression of TLR3 mRNA, TLR7 mRNA, and
TLR9 mRNA in co-infected pigs, which could drive
a reduction in IFN-a secretion, also observed in this
group. A decrease in TNF-o mRNA expression and an
insignificant increase in the level of IL-10 mRNA were
also observed in the co-infected group. Limited INF-a
and TNF-a expression and a slight increase in IL-10
expression could result in an insufficient immune re-
sponse in pigs undergoing co-infection, which could be
related to lesions observed in this group: mild intersti-
tial pneumonia and lymphocytic depletion were signifi-
cantly more severe in pigs co-infected with PCV2 and
PRRSYV than in those infected solely with PCV2 (66).
Significant increases in IL-10 production were also
observed in monocyte-derived dendritic cells in pigs
inoculated with both PCV2 and PRRSV (NADC-20 or
VR-2385 strains) (51). In pigs inoculated with highly
pathogenic PRRSV and then inoculated with PCV2
one week later, the earlier PRRSV infection primed
the expression of TNF-a and IL-10 in serum, which
was then enhanced by the PCV2 infection. Due to the
immunosuppression of IL-10, the expression of other
cytokines was inhibited, similar to the insufficient im-
mune response reported by Tu et al. (66). Therefore,
observations of Tu et al. (66) regarding limited INF-a
and TNF-a expression are not consistent with increased
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IFN-0o mRNA and TNF-a mRNA expression reported
by Tsai et al. (65) in porcine alveolar macrophages
(PAMs) infected with PCV2 and PRRSV. Pulmonary
PAMs are major target cells for PRRSV and PCV2 in
the lungs (7, 8, 65). Moreover, Tsai et al. (65) reported
that increased expression of the mRNA of IL-8, IFN-q,
and TNF-a may contribute to pneumonia and bronchio-
lar epithelial damage in the lungs of pigs co-infected
with PCV2 and PRRSV (65).

The above-mentioned studies thoroughly inves-
tigated cytokine concentrations in PBMC, sera, and
PAMs, but did not provide data concerning the kinet-
ics of local cytokine profiles in the lung tissue of pigs
co-infected with PRRSV and PCV2. Hence, further
studies using lung homogenates are required to assess
the impact of co-infection with these pathogens on the
local cytokine profiles.

PCV2 and SIV co-infection

Co-infections with PCV2 and SIV in pigs seem to
occur frequently in the field (42). However, the avail-
able data regarding the local inflammatory response as-
sociated with this combination of pathogens are scarce.

In a study by Wei et al. (71), 24 pigs were divided
into 3 groups. Pigs from groups 1 and 2 were in-
oculated twice with PCV2b (strain ADDLPP 10069,
1.6 x 10° TCID4,/mL). During the second inoculation,
pigs from group 1 were also inoculated with STV HIN1
(A/Swine/A07-7967/IN, 2 x 10" PFU/mL) (71). The
course of the disease in pigs from group 2 was mild and
short (without coughing). On the other hand, the dually
infected animals exhibited an increased respiratory rate
and occasional coughing. Clinical signs in this group
lasted 4 times as long as in the PCV2b mono-infected
group. Respiratory scores were significantly higher for
the co-infected pigs than for the PCV2 group from 9 to
23 DPI. Pooled lung homogenates were subjected to
real-time PCR, and results revealed that co-infection
with PCV2 and SIV did not increase the number of
PCV2 genome copies in serum or lung tissue or the
severity of microscopic lesions associated with PCV2
in the lungs or lymph nodes. Although the clinical
course in co-inoculated pigs was more severe than in
pigs inoculated with PCV2 only, the scoring of lesions
and the titer of PCV2 in the tissues did not differ sig-
nificantly between groups 1 and 2 (71). Co-infection in
this study did not increase PCV2 replication, and only
limited synergism between the two viruses was ob-
served. Gross lung lesions were found during necropsy
of pigs inoculated with PCV2 and SIV. No similar lung
lesions were found in pigs inoculated with PCV2 alone.
The limited synergism between these two viruses may
have resulted from the low pathogenicity of the SIV
strain used in that study (71). Hence, the insufficient
level of SIV replication may have failed to induce
adequate levels of proinflammatory cytokines (IFN-a,
IL-6, TNF-a) or monocyte-attracting chemokines to
enhance PCV2 replication in the lungs. The insufficient
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SIV level probably limited

the number of pulmonary and co-infections
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Tab. 1. Cytokine concentration/expression in lungs during porcine respiratory tract mono-

cell deaths, consequently Cytokine concentration/expression
lirr(liitingdthe'ir regfeneration Pathiogen Increased Decreased Reference
and production of enzymes FN-o_ 11
. -0, IL-1B, IL-6 (BALF)

synthesis. . IL-1 (BALF)

However, in the latest |siv IL-1B, IL-8, IL-10 (lung) IL-10 (lung) 3,23, 44, 68
research on SIV and PCV2 IL-6, IL-12, TNF-q., IFN-a, IFN-y (lung, BALF)
interaction, mice were used IL-1 (lung)
to investigate whether SIV | PCV2 ITLng ('“';\!:\;IAM) - 6.7
infection could induce ex- o (AM)
cessive inflammation and | spresy | Fie o3P L TR fon0) IFN-y, IFN-a, IL-1p, IL-8 (BALF) | 10, 68
drive immunosuppression D :
together with attenuating | PRRSV+PROV | IL6, 1L-10, IL-12, TGF-5 (lung) IL-6 (lung) 50
protective immune re- PRRSV + PCV2 | IL-8, IFN-a, TNF-a (AM) = 65

sponses to PCV2 vaccines
(63). SIV significantly de-
creased the TNF-a mRNA
level and enhanced the IL-10 mRNA level in the
lungs of mice from a group inoculated with subunit
PCV2-vaccine followed by a PCV2 challenge. Further
studies are required to investigate the local effects of
co-infection with SIV and PCV2 on the respiratory
tract, especially in pigs.

In pigs, mixed respiratory infections are a common
problem leading to significant economic losses and
pig welfare aggravation. Understanding the underly-
ing mechanisms of the local immune response in the
lungs during viral co-infections in pigs can contribute
to the development of more effective preventive and
therapeutic methods and eradication strategies, thus re-
ducing economic losses associated with swine complex
respiratory infections. Cytokine profiles in co-infected
pigs (Tab. 1) were altered and dependent on the combi-
nation of viruses or the matrix used to measure cytokine
concentration/expression. Simultaneous infections
with SIV and PRRSV did not significantly influence
the lung cytokine profile compared to mono-infections.
The differences observed in gross lung lesions probably
resulted from infection dynamics rather than interac-
tion between viruses. Compared with mono-infection,
co-infection with PRCV and PRRSV resulted in more
acute clinical signs, more severe lung lesions, and more
significant changes in lung cytokine profiles. Data re-
garding the local inflammatory response during other
co-infections (PRRSV + PCV2 or PCV2 + SIV) in the
porcine respiratory tract are scarce.

It should be emphasized that, given the current state
of research, it seems that analysis of cytokine concen-
trations is insufficient to determine the nature of the
infection (viral, bacterial, or mixed). Nevertheless,
currently available data indicate that in some infections
serum or BALF cytokine levels may serve as markers
of disease or lung lesion severity. The knowledge of the
impact of single and mixed infections on the profile of
the inflammatory response in the lungs may be used to
develop an appropriate therapy, including recommen-

Explanations: BALF —bronchoalveolar lavage fluid; AM — alveolar macrophages; IL — interleukin;
TNF — tumor necrosis factor; TGF — transforming growth factor

dations regarding the usage of anti-inflammatory drugs.
Further investigations are advisable to evaluate the lo-
cal immune response during polyetiological infections
of the porcine respiratory tract and its usefulness in the
diagnostics and/or treatment.

References

1. Alexander D. J., Brown I. H.: Recent zoonoses caused by influenza A viruses.
Rev. Sci. Tech. 2000, 19, 197-225.

2.Allan G. M., McNeilly F, Ellis J., Krakowka S., Meehan B., McNair I.,
Walker 1., Kennedy S.: Experimental infection of colostrum-deprived piglets
with porcine circovirus 2 (PCV2) and porcine reproductive and respiratory
syndrome virus (PRRSV) potentiates PCV2 replication. Arch. Virol. 2000,
145, 2421-2429.

3. Barbé F., Atanasova K., Van Reeth K.: Cytokines and acute phase proteins
associated with acute swine influenza infection in pigs. Vet. J. 2011, 187,
48-53.

4. Brockmeier S. L., Loving C. L., Vorwald A. C., Kehrli M. E. Jr, Baker R. B.,
Nicholson T. L., Lager K. M., Miller L. C., Faaberg K. S.: Genomic sequence
and virulence comparison of four Type 2 porcine reproductive and respiratory
syndrome virus strains. Virus Res. 2012, 169, 212-221.

5. Calzada-Nova G., Schnitzlein W. M., Husmann R. J., Zuckermann F. 4.: North
American porcine reproductive and respiratory syndrome viruses inhibit
type I interferon production by plasmacytoid dendritic cells. J. Virol. 2011,
85,2703-2713.

6.Chae J. S., Choi K. S.: Proinflammatory cytokine expression in the lung of
pigs with porcine circovirus type 2-associated respiratory disease. Res. Vet.
Sci. 2011, 90, 321-323.

7.Chang H. W, Jeng C. R., Lin T. L., Liu J. J., Chiou M. T., Tsai Y. C., Chia
M. Y, Jan T. R., Pang V. F.: Immunopathological effects of porcine circovirus
type 2 (PCV2) on swine alveolar macrophages by in vitro inoculation. Vet.
Immunol. Immunopathol. 2006, 110, 207-219.

8.Chang H. W., Jeng C. R., Liu J. J., Lin T. L., Chang C. C., Chia M. Y., Tsai
Y. C., Pang V. F.: Reduction of porcine reproductive and respiratory syndrome
virus (PRRSV) infection in swine alveolar macrophages by porcine circovirus
2 (PCV2)-induced interferon-alpha. Vet. Microbiol. 2005, 108, 167-177.

9.Chrun T, Maze E. A., Vatzia E., Martini V., Paudyal B., Edmans M. D.,
McNee A., Manjegowda T, Salguero F. J., Wanasen N., Koonpaew S., Graham
S. P, Tchilian E.: Simultaneous infection with porcine reproductive and respira-
tory syndrome and influenza viruses abrogates clinical protection induced by
live attenuated porcine reproductive and respiratory syndrome vaccination.
Front. Immunol. 2021, 12, 758368.

10. Czyzewska-Dors E., Pomorska-Mol M., Dors A., Pluta A., Podgorska K.,
Kwit K., Stasiak E., Lukomska A.: Proinflammatory cytokine changes in
bronchoalveolar lavage fluid cells isolated from pigs infected solely with
porcine reproductive and respiratory syndrome virus or co-infected with swine
influenza virus. J. Vet. Res. 2019, 63, 489-495.



220

11.Dong V.H., Tu P. Y, Tsai P. C., Lin Y. H., Chang H. L., Kuo T. Y., Chiou M. T.,
Lin C. N., Chung W. B.: Expression of Toll-like receptor signaling-related genes
in pigs co-infected with porcine reproductive and respiratory syndrome virus
and porcine circovirus type 2. Res. Vet. Sci. 2015, 101, 180-186.

12. Drolet R., Larochelle R., Morin M., Delisle B., Magar R.: Detection rates of
porcine reproductive and respiratory syndrome virus, porcine circovirus type 2,
and swine influenza virus in porcine proliferative and necrotizing pneumonia.
Vet. Pathol. 2003, 40, 143-148.

13.Fan P, Wei Y., Guo L., Wu H., Huang L., Liu J., Liu C.: Synergistic effects of
sequential infection with highly pathogenic porcine reproductive and respira-
tory syndrome virus and porcine circovirus type 2. Virol. J. 2013, 10, 265.

14. Franzo G., Segalés J.: Porcine circovirus 2 (PCV-2) genotype update and pro-
posal of a new genotyping methodology. PLoS One. 2018, 13 (12), ¢0208585.

15. Garcia-Nicolas O., Quereda J. J., Gomez-Laguna J., Salguero F. J.,
Carrasco L., Ramis G., Pallarés F. J.: Cytokines transcript levels in lung and
lymphoid organs during genotype 1 Porcine Reproductive and Respiratory
Syndrome Virus (PRRSV) infection. Vet. Immunol. Immunopathol. 2014,
160, 26-40.

16. Grassin-Delyle S., Abrial C., Salvator H., Brollo M., Naline E., Devillier P.:
The Role of Toll-Like Receptors in the Production of Cytokines by Human
Lung Macrophages. J. Innate. Immun. 2020, 12, 63-73.

17. Guo X. J., Thomas P. G.: New fronts emerge in the influenza cytokine storm.
Semin. Immunopathol. 2017, 39, 541-550.

18. Harms P. A., Halbur P. G., Sorden S. D.: Three cases of porcine respiratory
disease complex associated with porcine circovirus type 2 infection. J. Swine
Health Prod. 2002, 10, 27-30.

19. Harms P. A., Sorden S. D., Halbur P. G., Bolin S. R., Lager K. M., Morozov 1.,
Paul P. S.: Experimental reproduction of severe disease in CD/CD pigs concur-
rently infected with type 2 porcine circovirus and porcine reproductive and
respiratory syndrome virus. Vet. Pathol. 2001, 38, 528-539.

20. Ibrahim J. N., Jéru 1., Lecron J. C., Medlej-Hashim M.: Cytokine signatures
in hereditary fever syndromes (HFS). Cytokine Growth Factor Rev. 2017, 33,
19-34.

21.Jung K., Renukaradhya G. J., Alekseev K. P, Fang Y., Tang Y., Saif L. J.: Porcine
reproductive and respiratory syndrome virus modifies innate immunity and
alters disease outcome in pigs subsequently infected with porcine respiratory
coronavirus: implications for respiratory viral co-infections. J. Gen. Virol.
2009, 90, 2713-2723.

22.Kany S., Vollrath J. T., Relja B.: Cytokines in Inflammatory Disease. Int. J.
Mol. Sci. 2019, 20, 6008.

23. Khatri M., Dwivedi V., Krakowka S., Manickam C., Ali A., Wang L., Qin Z.,
Renukaradhya G. J., Lee C. W.: Swine influenza HINI virus induces acute
inflammatory immune responses in pig lungs: a potential animal model for
human HINT1 influenza virus. J. Virol. 2010, 84, 11210-11218.

24. Kowalczyk A., Pomorska-Mol M., Kwit K., Pejsak Z., Rachubik J., Markowska-
Daniel 1.: Cytokine and chemokine mRNA expression profiles in BALF cells
isolated from pigs single infected or co-infected with swine influenza virus
and Bordetella bronchiseptica. Vet. Microbiol. 2014, 170, 206-212.

25.Lanza I., Brown 1. H., Paton D. J.: Pathogenicity of concurrent infection of
pigs with porcine respiratory coronavirus and swine influenza virus. Res. Vet.
Sci. 1992, 53, 309-314.

26.Li C., Zhuang J., Wang J., Han L., Sun Z., Xiao Y., Ji G., Li Y., Tan F., Li X,
Tian K.: Outbreak Investigation of NADC30-Like PRRSV in South-East
China. Transbound. Emerg. Dis. 2016, 63, 474-479.

27.Li Y, Edwards J., Huang B., Shen C., Cai C., Wang Y., Zhang G., Robertson 1.
Risk of zoonotic transmission of swine influenza at the human-pig interface
in Guangdong Province, China. Zoonoses Public Health 2020, 67, 607-616.

28.Liu S., Zhao Y., Hu Q., Lv C., Zhang C., Zhao R., Hu F., Lin W., Cui S.: A mul-
tiplex RT-PCR for rapid and simultaneous detection of porcine teschovirus,
classical swine fever virus, and porcine reproductive and respiratory syndrome
virus in clinical specimens. J. Virol. Methods 2011, 172, 88-92.

29. Loving C. L., Brockmeier S. L., Vincent A. L., Palmer M. V., Sacco R. E.,
Nicholson T. L.: Influenza virus coinfection with Bordetella bronchiseptica
enhances bacterial colonization and host responses exacerbating pulmonary
lesions. Microb. Pathog. 2010, 49, 237-245.

30. Lunney J. K., Fang Y., Ladinig A., Chen N., Li Y., Rowland B., Renukaradhya
G. J.: Porcine Reproductive and Respiratory Syndrome Virus (PRRSV):
Pathogenesis and Interaction with the Immune System. Annu. Rev. Anim.
Biosci. 2016, 4, 129-154.

31. Luster A. D.: Chemokines — chemotactic cytokines that mediate inflammation.
N. Engl. J. Med. 1998, 338, 436-445.

32. Ma W.: Swine influenza virus: Current status and challenge. Virus Res. 2020,
288, 198118.

33. Mankertz A., Persson F., Mankertz J., Blaess G., Buhk H. J.: Mapping and
characterization of the origin of DNA replication of porcine circovirus. J. Virol.
1997, 71, 2562-2566.

Med. Weter. 2022, 78 (5), 213-221

34.Meng X. J., Paul P. S., Halbur P. G., Lum M. A.: Characterization of a high-
virulence US isolate of porcine reproductive and respiratory syndrome virus
in a continuous cell line, ATCC CRL11171. J. Vet. Diagn. Invest. 1996, 8,
374-381.

35. Meng X. J.: Porcine circovirus type 2 (PCV2): pathogenesis and interaction
with the immune system. Annu. Rev. Anim. Biosci. 2013, 1, 43-64.

36. Moore K. W., de Waal Malefyt R., Coffinan R. L., O’Garra A.: Interleukin-10
and the interleukin-10 receptor. Annu. Rev. Immunol. 2001, 19, 683-765.
37. Nazki S., Khatun A., Jeong C. G., Mattoo S. U. S., Gu S., Lee S. I, Kim S. C.,

Park J. H., Yang M. S., Kim B., Park C. K., Lee S. M., Kim W. I.: Evaluation
of local and systemic immune responses in pigs experimentally challenged
with porcine reproductive and respiratory syndrome virus. Vet. Res. 2020,

51, 66.

38. Niederwerder M. C., Jaing C. J., Thissen J. B., Cino-Ozuna A. G., McLoughlin
K. S., Rowland R. R.: Microbiome associations in pigs with the best and
worst clinical outcomes following co-infection with porcine reproductive and
respiratory syndrome virus (PRRSV) and porcine circovirus type 2 (PCV2).
Vet. Microbiol. 2016, 188, 1-11.

39. Obradovic M. R., Segura M., Segalés J., Gottschalk M.: Review of the specu-
lative role of co-infections in Streptococcus suis-associated diseases in pigs.
Vet. Res. 2021, 52, 49.

40. Opriessnig T., Giménez-Lirola L. G., Halbur P. G.: Polymicrobial respiratory
disease in pigs. Anim. Health Res. Rev. 2011, 12, 133-148.

41. Opriessnig T., Halbur P. G.: Concurrent infections are important for expression
of porcine circovirus associated disease. Virus Res. 2012, 164, 20-32.

42.Ouyang T., Zhang X., Liu X., Ren L.: Co-infection of swine with porcine
circovirus type 2 and other swine viruses. Viruses 2019, 11, 185.

43. Palinski R., Pifieyro P, Shang P, Yuan F., Guo R., Fang Y., Byers E., Hause
B. M.: A novel porcine circovirus distantly related to known circoviruses is
associated with porcine dermatitis and nephropathy syndrome and reproduc-
tive failure. J. Virol. 2016, 91 (1), ¢01879-16.

44. Pomorska-Mol M., Markowska-Daniel 1., Kwit K., Czyzewska E., Dors A.,
Rachubik J., Pejsak Z.: Immune and inflammatory response in pigs during
acute influenza caused by HIN1 swine influenza virus. Arch. Virol. 2014, 159,
2605-2614.

45. Pomorska-Mol M., Podgorska K., Czyzewska-Dors E., Turlewicz-
Podbielska H., Gogulski M., Wiodarek J., Lukomska A.: Kinetics of single and
dual simultaneous infection of pigs with swine influenza A virus and porcine
reproductive and respiratory syndrome virus. J. Vet. Intern. Med. 2020, 34,
1903-1913.

46. Reeth K. van, Nauwynck H., Pensaert M.: A potential role for tumour necrosis
factor-alpha in synergy between porcine respiratory coronavirus and bacterial
lipopolysaccharide in the induction of respiratory disease in pigs. J. Med.
Microbiol. 2000, 49, 613-620.

47. Reeth K. van, Nauwynck H., Pensaert M.: Clinical effects of experimental dual
infections with porcine reproductive and respiratory syndrome virus followed
by swine influenza virus in conventional and colostrum-deprived pigs. J. Vet.
Med. B Infect. Dis. Vet. Public Health. 2001, 48, 283-292.

48. Reeth K. van, Nauwynck H., Pensaert M.: Dual infections of feeder pigs with
porcine reproductive and respiratory syndrome virus followed by porcine
respiratory coronavirus or swine influenza virus: a clinical and virological
study. Vet. Microbiol. 1996, 48 (3-4), 325-335.

49. Reeth K. van, Nauwynck H.: Proinflammatory cytokines and viral respiratory
disease in pigs. Vet. Res. 2000, 31, 187-213.

50. Renukaradhya G. J., Alekseev K., Jung K., Fang Y., Saif L. J.: Porcine reproduc-
tive and respiratory syndrome virus-induced immunosuppression exacerbates
the inflammatory response to porcine respiratory coronavirus in pigs. Viral
Immunol. 2010, 23, 457-466.

51.Richmond O., Cecere T. E., Erdogan E., Meng X. J., Piiieyro P,
Subramaniam S., Todd S. M., LeRoith T.: The PD-L1/CD86 ratio is increased
in dendritic cells co-infected with porcine circovirus type 2 and porcine
reproductive and respiratory syndrome virus, and the PD-L1/PD-1 axis is
associated with anergy, apoptosis, and the induction of regulatory T-cells in
porcine lymphocytes. Vet. Microbiol. 2015, 180, 223-229.

52. Rodriguez-Gomez I. M., Sanchez-Carvajal J. M., Pallarés F. J., Mateu E.,
Carrasco L., Gomez-Laguna J.: Virulent Lena strain induced an earlier and
stronger downregulation of CD163 in bronchoalveolar lavage cells. Vet.
Microbiol. 2019, 235, 101-109.

53. Rollins B. J.: Chemokines. Blood 1997, 90, 909-928.

54. Rosario K., Breitbart M., Harrach B., Segalés J., Delwart E., Biagini P,
Varsani A.: Revisiting the taxonomy of the family Circoviridae: establishment
of the genus Cyclovirus and removal of the genus Gyrovirus. Arch. Virol.
2017, 162, 1447-1463.

55. Ruedas-Torres 1., Rodriguez-Gomez I. M., Sanchez-Carvajal J. M., Larenas-
Murioz F., Pallarés F. J., Carrasco L., Gomez-Laguna J.: The jigsaw of PRRSV
virulence. Vet. Microbiol. 2021, 260, 109168.



Med. Weter. 2022, 78 (5), 213-221

56. Ruggeri J., Salogni C., Giovannini S., Vitale N., Boniotti M. B., Corradi A.,
Pozzi P, Pasquali P, Alborali G. L.: Association between infectious agents
and lesions in post-weaned piglets and fattening heavy pigs with Porcine
Respiratory Disease Complex (PRDC). Front. Vet. Sci. 2020, 7, 636.

57.8aade G., Deblanc C., Bougon J., Marois-Créhan C., Fablet C., Auray G.,
Belloc C., Leblanc-Maridor M., Gagnon C. A., Zhu J., Gottschalk M.,
Summerfield A., Simon G., Bertho N., Meurens F.: Coinfections and their
molecular consequences in the porcine respiratory tract. Vet. Res. 2020, 51, 80.

58.8arli G., D’Annunzio G., Gobbo F., Benazzi C., Ostanello F: The role of
pathology in the diagnosis of swine respiratory disease. Vet. Sci. 2021, 8, 256.

59. Schultz-Cherry S., Olsen C. W., Easterday B. C.: History of Swine influenza.
Curr. Top Microbiol. Immunol. 2013, 370, 21-28.

60. Segalés J.: Porcine circovirus type 2 (PCV2) infections: clinical signs, pathol-
ogy and laboratory diagnosis. Virus Res. 2012, 164, 10-19.

61. Singleton H., Graham S. P, Bodman-Smith K. B., Frossard J. P, Steinbach F:
Establishing porcine monocyte-derived macrophage and dendritic cell systems
for studying the interaction with PRRSV-1. Front. Microbiol. 2016, 7, 832.

62.Song P, Li W., Xie J., Hou Y., You C.: Cytokine storm induced by SARS-CoV-2.
Clin. Chim. Acta. 2020, 509, 280-287.

63.Sun Y., Zhang J., Liu Z., Zhang Y., Huang K.: Swine influenza virus infection
decreases the protective immune responses of subunit vaccine against porcine
circovirus type 2. Front. Microbiol. 2021, 12, 807458.

64. Tischer I., Rasch R., Tochtermann G.: Characterization of papovavirus- and
picornavirus-like particles in permanent pig kidney cell lines. Zentralbl.
Bakteriol. Orig. A. 1974, 226, 153-167.

65.Tsai Y. C., Chang H. W., Jeng C. R., Lin T. L., Lin C. M., Wan C. H., Pang
V. F:: The effect of infection order of porcine circovirus type 2 and porcine
reproductive and respiratory syndrome virus on dually infected swine alveolar
macrophages. BMC Vet. Res. 2012, 8, 174.

66.Tu P. Y, Tsai P. C., Lin Y. H, Liu P. C., Chang H. L., Kuo T. Y., Chung W. B.:
Expression profile of Toll-like receptor mRNA in pigs co-infected with porcine
reproductive and respiratory syndrome virus and porcine circovirus type 2.
Res. Vet. Sci. 2015, 98, 134-141.

221

67. Turlewicz-Podbielska H., Augustyniak A., Pomorska-Mol M.: Novel porcine
circoviruses in the view of lessons learned from porcine circovirus type 2 —
epidemiology and threat to pigs and other species. Viruses 2022, 14, 261.

68. Turlewicz-Podbielska H., Czyzewska-Dors E., Pomorska-Mol M.: Respiratory
viral infections drive different lung cytokine profiles in pigs. BMC Vet. Res.
2021, 17, 5.

69. Vlasakova M., Leskova V., Sliz 1., Jackova A., Vilcek S.: The presence of six
potentially pathogenic viruses in pigs suffering from post-weaning multisys-
temic wasting syndrome. BMC Vet. Res. 2014, 10, 221.

70. Wang Y., Noll L., Lu N., Porter E., Stoy C., Zheng W., Liu X., Peddireddi L.,
Niederwerder M., Bai J.: Genetic diversity and prevalence of porcine circo-
virus type 3 (PCV3) and type 2 (PCV2) in the Midwest of the USA during
2016-2018. Transbound Emerg. Dis. 2020, 67, 1284-1294.

.Wei H., Lenz S. D., Van Alstine W. G., Stevenson G. W., Langohr 1. M.,
Pogranichniy R. M.: Infection of cesarean-derived colostrum-deprived pigs
with porcine circovirus type 2 and Swine influenza virus. Comp. Med. 2010,
60, 45-50.

72. Yaeger M. J., Alstine W. G.: Diseases of Swine. Wiley, Hoboken, NJ, USA

2019, 393-407.

73.Zhang H. H., Hu W. Q., Li J. Y, Liu T. N., Zhou J. Y., Opriessnig T,
Xiao C. T:: Novel circovirus species identified in farmed pigs designated as
Porcine circovirus 4, Hunan province, China. Transbound Emerg. Dis. 2020,
67,1057-1061.

74.Zhao D., Yang B., Yuan X., Shen C., Zhang D., Shi X., Zhang T., Cui H.,
Yang J., Chen X., Hao Y., Zheng H., Zhang K., Liu X.: Advanced research in
porcine reproductive and respiratory syndrome virus co-infection with other
pathogens in swine. Front. Vet. Sci. 2021, 8, 699561.

75.Zhou H., Pan Y., Liu M., Han Z.: Prevalence of porcine pseudorabies virus
and its coinfection rate in Heilongjiang Province in China from 2013 to 2018.
Viral Immunol. 2020, 33, 550-554.

7

fiy

Corresponding author: Malgorzata Pomorska-Mél DVM, PhD, DSc.,
Wolynska 35, 60-637 Poznan, Poland; e-mail: mpomorska@up.poznan.pl



