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Abstract

Understudied, coinfections are more frequent in pig farms than single infections. In pigs, the term “Porcine Respira-
tory Disease Complex” (PRDC) is often used to describe coinfections involving viruses such as swine Influenza A Virus
(swlAV), Porcine Reproductive and Respiratory Syndrome Virus (PRRSV), and Porcine CircoVirus type 2 (PCV2) as well as
bacteria like Actinobacillus pleuropneumoniae, Mycoplasma hyopneumoniae and Bordetella bronchiseptica. The clini-

cal outcome of the various coinfection or superinfection situations is usually assessed in the studies while in most

of cases there is no clear elucidation of the fine mechanisms shaping the complex interactions occurring between
microorganisms. In this comprehensive review, we aimed at identifying the studies dealing with coinfections or
superinfections in the pig respiratory tract and at presenting the interactions between pathogens and, when possible,
the mechanisms controlling them. Coinfections and superinfections involving viruses and bacteria were considered
while research articles including protozoan and fungi were excluded. We discuss the main limitations complicat-

ing the interpretation of coinfection/superinfection studies, and the high potential perspectives in this fascinating
research field, which is expecting to gain more and more interest in the next years for the obvious benefit of animal
health.
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1 Introduction

Bacterial and viral respiratory diseases are a major health
issue in species reared under confined conditions in
large groups. Most often multiple infectious agents are
involved in the development of these clinical conditions
making unsuited the common reductionist approach
of host—pathogen interactions by the study of single
infection [1]. Infection by more than one type of patho-
gen (viruses, bacteria and parasites amongst others) is
described as a mixed infection. However, the term coin-
fection is frequently used to describe concomitant infec-
tion of a cell or a host by separate pathogens [2]. Since
in the literature the definitions of coinfection and mixed
infection have been both used to describe the same
events, we will use the term “coinfection” in the current
review. Additionally, in virology, the term superinfec-
tion is used if one virus infects the cell or the host before
infection by the second superinfecting virus. We will also
use the term “superinfection” in the review. Finally, an
opportunistic pathogen is usually considered as a patho-
gen that would not have infected animals in absence of
the primary infection, or alternatively, “pathogen” that
would have been asymptomatic in the absence of the pri-
mary infection. In some studies, however, the use of the
terms “coinfection” is not suitable and “superinfection”
should be used instead, as we will see later. This seman-
tic point is responsible for a lot of confusion and makes
comparisons between studies sometimes tricky.

The outcome of any coinfection or superinfection can
be affected by the interactions taking place between the
infectious agents, the nature of the cell/host, adverse
environmental and management conditions, intestinal
and respiratory microbiomes, and the triggered immune
response—innate and adaptive—developed afterwards
[2, 3]. When occurring at the same time or with a delay,
infections can impact the virulence of causative patho-
gens with subsequent consequences on the host immune
response and its ability to clear the infections [2]. The
first contact with a pathogen can change the cell/host
response against any other second pathogen, possibly
causing a more virulent infection, reducing its severity
or suppressing it completely [4]. Thus, different scenarios
concerning the pathogen interactions can be observed,
the first infectious agent can promote the second one,
attenuate its effects or simply prevent its establishment.
Conversely, the second pathogen may also influence the
first one directly or indirectly.
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Coinfections have been described in both humans and
animals [1, 2]. Moreover, bacterial and viral infections
might be followed by secondary bacterial or viral infec-
tions, which in some cases are responsible for the pathol-
ogy development and the observed clinical signs. In this
review, the current knowledge regarding frequent coin-
fections that occur in the porcine respiratory tract and
particularly in the lungs are reviewed. When possible, we
focused on the interactions between the mentioned path-
ogens and the various mechanisms justifying these inter-
actions and their consequences on the host’s response.
We especially discussed coinfections involving main
bacteria and viruses associated with the so-called por-
cine respiratory diseases, excluding coinfections involv-
ing parasites and fungi (including their metabolites, such
as mycotoxins). Moreover, we do not discuss the impact
of adverse environmental and management conditions
which have been shown to be of major importance in the
modulation of respiratory infections’ severity [3].

2 Porcine respiratory disease complex

and the associated pathogens
Respiratory diseases have been formally described in
pigs as early as the 1960's [5] and several studies have
been carried out to identify associated agents. The role
of the infectious pathogens has been assessed by using
two main approaches: direct research of the patho-
gens (by culture or Polymerase Chain Reaction—PCR
for instance) from tissue samples of diseased (acute or
chronic stage) and non-diseased pigs or indirect detec-
tion by serological tests to look for antibodies produced
after exposure to specific pathogens. These studies indi-
cated that frequently under field conditions, several
infectious pathogens are simultaneously detected from
lung lesions (see [6—8] amongst others). Combinations
of several infectious pathogens in particular bacteria and
viruses frequently occur and are responsible for respira-
tory diseases in pigs reared under confined conditions
in large communities [1]. However, the type of combina-
tions and associated infectious agents change over time
with the emergence of new viral pathogens generally
complicating disease severity [e.g. new strains of Porcine
Reproductive and Respiratory Syndrome Virus (PRRSV),
new types of Porcine CircoVirus (PCV), new strains of
Porcine Respiratory alphaCoronaVirus (PRCoV) and new
reassortants of swine Influenza A Virus (swlIAV)].

Causative respiratory infectious agents can be divided
into primary and secondary or opportunistic pathogens.
Primary pathogen being defined here as pathogen that
can infect the animal as first unique pathogen and then
facilitate secondary or opportunistic coinfection. These
primary pathogens include common bacteria such as
highly virulent Actinobacillus (A.) pleuropneumoniae,
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M. hyopneumoniae, Bordetella (B.) bronchiseptica in
young piglets and common viruses such as swlAV [1].
PRRSV and PCV2 are not strictly respiratory pathogens
as swlAV, however, since they also frequently affect the
respiratory system and since they can act as facilitators
of secondary respiratory infections, they must be con-
sidered too. Other primary pathogens such as Aujeszky’s
Disease Virus (ADV) and PRCoV are reported but they
are far less frequently encountered today or they have
less impact on porcine health [1]. Then, some viruses
like the porcine cytomegalovirus can also inhibit host
immune functions—particularly the action of T lympho-
cytes—and promote respiratory diseases such as the por-
cine reproductive and respiratory syndrome [9]. Among
the secondary pathogens common bacteria such as
lower virulence strains of A. pleuropneumoniae, A. suis,
Glaesserella parasuis, Pasteurella multocida, and Strep-
tococcus (S.) suis are reported. Together primary and
secondary pathogens are involved in the “Porcine Res-
piratory Disease Complex” (PRDC) [10].

Several studies have assessed the nature of the infec-
tious agents directly or indirectly associated with respira-
tory diseases in pigs [7, 8, 11, 12]. In one of these studies
involving breeding sows in five French farrow-to-finish
herds [12], results indicated that S. suis, a secondary
pathogen, was quite widespread among sows—67.1% of
the animals being positive using a PCR assay—and PCV2
and swlAV infections were highly prevalent (75% of the
sows with antibodies against PCV2 and between 91.7%
and 100% of the sows with antibodies against swIAV).
Other infectious agents such as A. pleuropneumoniae,
G. parasuis and P. multocida were detected in 31%, 25%,
and 23% of the sows, respectively [12]. In another study
evaluating infectious agents associated with respiratory
diseases in 125 farrow-to-finish pig herds in France, it
has been shown that M. hyopneumoniae, PRRSV, and
swlAV subtype HIN1 were the major pathogens involved
in pneumonia-like gross lesions [8]. For extensive pleu-
ritis, PRRSV was frequently associated with A. pleuro-
pneumoniae [8, 12]. Regarding bacteria associated with
lung lesions in 3731 French slaughter pigs [8], a report
mentioned lesions of pneumonia and pleuritis as the
most frequent lesions. In these lesions, bacteria such as
M. hyopneumoniae, P. multocida, A. pleuropneumoniae,
S. suis, and G. parasuis were detected in 69.3%, 36.9%,
20.7%, 6.4%, and 0.99% of the lungs, respectively [13]. In
a retrospective analysis of the etiologic agents associated
with respiratory diseases in pigs in USA, two or more
infectious agents were identified in 88.2% of the analyzed
cases [7]. PRRSV (35.4% of the samples), P multocida
(31.6%), M. hyopneumoniae (27%), swlAV (22.2%), G.
parasuis (22.0%) and PCV2 (18.6%) were the infectious
agents most frequently encountered [7]. In Korean pigs,
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PRRSV and PCV2 were frequently identified associated
or not to various bacteria such as S. suis (25.2%), M. hyo-
pneumoniae (20.1%), P. multocida (12.9%), and A. pleuro-
pneumoniae (5%) [11].

Below we review the main primary pathogens as
defined above, common viruses such as PRRSV, PCV2,
swlAV, PRCoV and ADV as well as bacteria like A. pleu-
ropneumoniae, M. hyopneumoniae and B. bronchiseptica.
Conversely, other pathogens involved in the PRDC are
not presented in the following sections while considered
in Additional file 1 presenting the different coinfections’
situations.

2.1 Porcine reproductive and respiratory syndrome virus

PRRSV is an enveloped single stranded positive RNA
virus belonging to the Arteriviridae family. Two differ-
ent species, PRRSV-1 (also known as Betaarterivirus suid
1), from European origin, and PRRSV-2 from American
origin, are now distinguished [14]. This enveloped virus
replicates mainly or exclusively in macrophages such as
Alveolar Macrophages (AMs), but also macrophages
from the nasal mucosa and Pulmonary Intravascular
Macrophages (PIMs) [15, 16]. In vitro, PRRSV can also
replicate in cultured monocytes and monocyte-derived
cells including macrophages [17] and in vitro-derived
Dendritic Cells (DCs) generated either from Bone Mar-
row hematopoietic cells (BMDCs) or blood Monocytes
(MoDCs), depending on the in vitro culture conditions
[18, 19]. However, such in vitro generated DCs are not
representative of in vivo primary DCs which do not seem
to be permissive to viral replication [20]. In fact, MoDC
and BMDC (at least when generated using Granulo-
cyte Macrophage Colony-Stimulating Factor, GM-CSF)
although possessing functional overlaps with the DC
family, do not represent bona fide DCs, which represent
an own lineage of hematopoietic cells distinct from the
monocytic lineage [21]. Different cell surface molecules
are involved in PRRSV entry and infection of cells: hep-
aran sulfate, porcine sialoadhesin—also known as sialic
acid-binding immunoglobulin-type lectin 1 (Siglec-1),
Siglec-10, CD151 and CD163 [22, 23]. Heparan sulfate
is a GlycosAminoGlycan (GAG) that seems to play a
modest or secondary role in PRRSV infection since the
blocking of this receptor on AMs induced only a mild
decrease in PRRSV infectivity. Moreover, this effect was
not observed with all the PRRSV isolates tested, suggest-
ing that the involvement of heparan sulfate depends on
the antigenic diversity of PRRSV [22]. Siglec-1/CD169 is
a member of the sialic acid-binding lectins (Siglecs) fam-
ily and is expressed on macrophages [22] and Siglec-10
has been identified as an alternative receptor to Siglec-1
[23]. Binding of PRRSV to Siglecs induces its internali-
sation by clathrin-mediated endocytosis. Expression of
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recombinant porcine sialoadhesin is sufficient to induce
the internalisation of PRRSV by non-permissive cells,
but not replication [24]. CD163 is a scavenger receptor
involved in PRRSV infection [22]. Its expression on non-
permissive cells makes them susceptible to infection with
PRRSV and allows productive replication of the virus
[22]. Moreover, CD169-KO animals are still susceptible
to PRRSV-2 infection [22], whereas CD163-KO animals
are resistant to PRRSV-1 and PRRSV-2 [25, 26]. Finally,
MYH9 has been recently identified as an indispensable
partner of CD163 for PRRSV cell entry for both PRRSV-1
and PRRSV-2 [27].

PRRS clinical signs can be nearly absent to severe
depending on the considered PRRSV species and strains.
When observed, there are, amongst the most frequent,
lethargy, dyspnea, tachypnea, as well as a reproduc-
tive disease [16]. PRRSV can persist in infected pigs for
several months after the initial infection particularly in
lymphoid tissues and has the ability to alter the host’s
immune system to escape it (for review see [16]). PRRSV
interferes with the porcine innate immune response
through downregulation of type I InterFeroNs (IFNs—
IFNa and IFNP mostly), which are cytokines known for
their antiviral properties [28]. PRRSV-infected mac-
rophages also had a reduced capacity to produce the
pro-inflammatory cytokines TNFa and IL1(3 [28] and
the production of the anti-inflammatory cytokine IL10
was found enhanced during infection [29]. Nevertheless,
the role of cytokine modulation during PRRS is unclear
considering that the effects appeared to depend on the
PRRSV species, as well as on the PRRSV isolates, since
opposite results can be found with different PRRSV
strains [30, 31]. In fact, some PRRSV-2 isolates were
shown to enhance IFNa production while other PRRSV-1
isolates suppressed it. Results seemed also very variable
for the immunoregulatory IL10 along different isolates
of PRRSV-1 [30, 31], making general conclusions about
how PRRSV alters innate immune responses difficult.
PRRSV impact on adaptive cellular immunity seems also
to be highly variable according to the species and the
strain [20]. Conversely, whereas non-protective antibody
response against the viral nucleocapsid is found within
a week post-infection, neutralizing antibodies appear-
ance is highly delayed for all PRRSV species and strains,
appearing only after 3 or 4 weeks of infection and peak-
ing even later [16].

2.2 Porcine circovirus type 2

PCV2 is a naked circular single stranded DNA virus
belonging to the Circoviridae family and responsible for
Porcine CircoVirus Disease (PCVD). The attachment
of PCV2 to target cells occurs through chondroitin sul-
fate B and probably other receptors [32]. Internalisation
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is not fully known but it does not seem to involve a spe-
cific receptor and the GAGs could mediate internalisa-
tion and binding to the target cells [33]. Most of the time
the infection is subclinical but in some circumstances
such as coinfections with other respiratory pathogens
it can cause the Post-weaning Multisystemic Wasting
Syndrome (PMWS), clinically characterized by wast-
ing respiratory disease, and enteritis [34]. Infection with
PCV2 can occur in utero, resulting in stillborn piglets
and mummified fetuses, or death at different ages after
birth [34]. In young and older animals, PCV2 was found
in cells expressing monocytes (CD14"), and T and B
cells (CD4", CD8", IgM™) markers [35]. Further results
showed that active replication of the virus was supported
by T and B cells, with enhanced replication in prolifera-
tive cells [36]. In vitro, PCV2 can also infect many other
cell types including endothelial cells, gut epithelial cells,
fibrocytes, and DCs [37]. In DCs the virus seems to per-
sist and remain infective for a prolonged period without
replication indicating that these cells might serve as a
vehicle for virus spread in the host [38]. PMWS is char-
acterized by the depletion of lymphoid cells affecting T
cells, B cells, and NK cells [39]. This lymphopenia was
also associated with impaired responses of Peripheral
Blood Mononuclear Cells (PBMCs) to mitogen stimu-
lation with lower levels of IL2, IFNy, and IL4 produc-
tion compared to PBMCs from non-infected pigs [40].
Another feature of PMWS is an elevated level of IL10
found in lymphoid organs, especially in the T cells rich
areas [41]. IL10-mediated immunosuppression could play
an important role in the PCV2 infection and the devel-
opment of PMWS. PCV2 has also the ability to alter the
innate immune response [42]. Even though the virus
does not productively infect DCs, evidence shows that it
can interfere with the normal plasmacytoid DCs (pDCs)
response. Upon stimulation with CpG-ODN, pDCs’ abil-
ity to produce IFNa and TNFa was impaired in cells
previously infected with PCV2 [43]. PCV2 DNA isolated
from infected cells induced the suppression of pDC IFN«
production [43].

2.3 Swine influenza A virus

Influenza A viruses are enveloped single stranded nega-
tive RNA viruses belonging to the Orthomyxoviridae
family. These enveloped viruses can infect a broad range
of hosts, with pigs being one of their natural hosts (for a
review see [44]). The three main IAV subtypes encoun-
tered in pigs are HIN1, HIN2, and H3N2 [44], but many
genetic lineages and antigenic variants within these
subtypes are co-circulating in the pig population world-
wide. Subclinical infections with swIAVs are common in
pigs, but they can also induce a disease similar to what
is observed in humans, with upper respiratory tract
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distress associated with fever, cough, rhinitis, high mor-
bidity, and low mortality [44]. The main targets of swIAVs
are epithelial cells of the respiratory tract but IAVs can
also non-productively infect alveolar macrophages [45].
Two major glycoproteins are present at the surface of the
virus: HemAgglutinin (HA) and NeurAminidase (NA).
Binding of HA with the sialic acid molecules at the sur-
face of the host cells will induce the endocytosis of the
viral particle [44]. The NA molecule plays the main role
in the budding of the virus by removing the sialic acid,
allowing the release of neoformed virus particles from
the infected cell [44]. The innate response against the
virus includes production of high levels of pro-inflam-
matory cytokines such as IFNa, TNFa, and IL6. DCs, in
particular pDCs play an important role in this response
[46]. An important observation was that the produc-
tion of these cytokines correlated to the viral loads and
the severity of the disease. Infection with swIAV induces
cellular and humoral specific immune responses in pigs
recovering from the disease and the serum IgG and the
mucosal IgA can protect the animal from re-infection
[44]. NS1 and PA-X are the main viral proteins that alter
the innate immune response, mainly by blocking the type
I IFN response [47] as well as the NLRP3 inflammasome
activation [48] in infected-epithelial cells and alveolar
macrophages. Finally, the main mechanisms through
which the swlAV escapes the adaptive host immune sys-
tem are the antigenic drift and the antigenic shift con-
cerning mainly HA and NA which are also the two major
antigenic proteins expressed on the surface of the virus
and against which the neutralizing humoral response is
directed [44].

2.4 Porcine respiratory alphacoronavirus

PRCoV is an enveloped single stranded positive RNA
virus belonging to the Coronaviridae family. In pigs, four
Alphacoronavirus, one Betacoronavirus and one Delta-
coronavirus have been described [49, 50]. Thus, most of
the porcine coronaviruses are from the genus Alphac-
oronavirus. The only respiratory porcine coronavirus,
PRCoV, is a variant of Transmissible Gastroenteritis
Virus (TGEV) where a large 5’ region deletion (nucleo-
tides 621-681) in the Spike gene of the virus altered
the tropism and the virulence. Even if pigs have been
shown to be susceptible to the first SARS-CoV (serolog-
ical evidence and isolation of the virus in a pig farm in
the Xiqing County of Tianjin, China) [51] they have not
been successfully experimentally infected, at this stage,
by SARS-CoV-2 [52]. PRCoV uses aminopeptidase-
N (CD13) domain IV to enter cells [53] and replicates
to high titers in the lungs (1 x 10’-=10® Tissue Culture
Infectious Dose 50—TCIDg,) specifically in type 1 and
2 pneumocytes. Moreover, it can infect epithelial cells
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of the nares, trachea, bronchi, bronchioles, alveoli, and,
occasionally, alveolar macrophages [49]. Infections with
the PRCoV are usually subclinical, but there is variation
between strains and some can induce a more severe dis-
ease. PrCoV can infect pigs of all ages by direct contact
transmission or aerosol [49]. The clinical signs are associ-
ated to the respiratory system and are mild to severe—
bronchointerstitial pneumonia—depending the strain
and the context (environmental and management factors
as well as the presence of other pathogens).

2.5 Aujeszky's disease virus or PseudoRabies Virus (PRV)
Suid herpesvirus 1, usually known as PRV or ADV is
the responsible agent of Aujeszky’s disease in pigs. It is a
double stranded enveloped DNA virus from the Herpes-
viridae family and Alphaherpesvirinae subfamily target-
ing respiratory and/or genital mucosae for its replication
[54]. ADV has a very broad host range varying from
domestic animals like pigs, cattle, goats, sheep, cats and
dogs to wild animals such as ferrets, foxes, hares, rac-
coons, and wild deer, and where it induces different dis-
eases [54]. Infected animals usually show fever, sneezing,
coughing and vomiting accompanied occasionally with
typical nervous manifestations like convulsions, aggres-
siveness and lack of coordination. Mortality rate can
reach 100% in suckling piglets while in mature pigs the
infection is inapparent or mild [54].

ADV possesses eleven types of envelope glycoproteins
playing major roles in the interaction with host cells and
the induction of immune response [54]. Viral binding and
fusion with the plasma membrane of the target cell—epi-
thelial cells, neurons and alveolar macrophages—are con-
trolled by a cascade of events orchestred by glycoproteins
C (gC), gB, gD, gH and gL. The binding process starts
with an interaction of gC with heparin sulfate proteo-
glycans [54, 55]. Stabilization of this interaction is then
assured by the binding of gD to specific cellular recep-
tors known as herpesvirus entry mediators such as HveA
(TNFRSF14), HveB (PRR2, nectin 2), HveC (PRR1, nectin
1), HveD (PVR, CD55), and 3-O-sulfated heparin sulfate
[54, 56]. At this stage, Tyrosine-based or dileucine-based
endocytosis in parallel with clathrin-mediated endocyto-
sis occur by the mediation of gB, gH and gL, leading to
the penetration of the capsid and the tegument into the
cellular cytoplasm. Finally, the interaction of the capsid
with dynein leads to the release of viral DNA into the cel-
lular nucleus after a transport along microtubules from
the periphery to the nuclear pores [55].

Porcine humoral immune response is induced by ADV
and neutralizing antibodies are mainly directed against
gC [57]. Specific cell mediated immune responses are
also triggered and MHC class I restricted, gC-specific,
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cytotoxic cells are induced. ADV also alters the IFN sign-
aling pathway by suppressing STAT1 tyrosine phospho-
rylation leading to an inhibition of IFN-Stimulated Genes
(ISGs) expression [54, 57].

ADV may be involved in the PRDC and can be isolated
alone or with other pathogens. Accordingly, a study con-
ducted in Taiwan reported the association of ADV with
PCV2 in 10.3% of the evaluated pigs using a multiplex
PCR [58].

2.6 Actinobacillus pleuropneumoniae

Animals affected with this Gram negative bacterium
develop a pleuropneumonia characterized by fibrinohe-
morrhagic necrotizing bronchopneumonia and fibrinous
pleuritis which can reach a high mortality rate [59, 60].
Although the disease is best known in its acute/peracute
forms, subacute and/or chronic presentations with low or
no mortality are highly prevalent, especially in the pres-
ence of antibiotic treatments. Many herds are subclini-
cally infected without previous or present episodes of
clinical disease and in the absence of suggestive lesions
at the slaughter house. Animals are, nevertheless, carri-
ers of the pathogen. This happens in several conventional
herds which may be simultaneously infected not only
with several low/intermediate virulent strains, but also,
in some cases, with strains highly likely to cause disease.
In the latter case, outbreaks may suddenly appear in the
presence of concomitant diseases or as a consequence
of changes in management and/or environment [59, 60].
Eighteen serotypes of the bacterium have been described,
which can all induce disease, although clear differences
in virulence have been described [59, 60]. These bac-
teria can be found mainly in tonsils of carrier animals;
virulent strains have a tropism for the lower respiratory
tract where they preferentially bind to ciliated cells of the
terminal bronchioli and pneumocytes [59, 60]. Different
virulence factors expressed by A. pleuropneumoniae are
involved in the colonization and the development of the
disease. Adhesion to cells could be mediated by type IV
fimbriae that are expressed upon contact with respiratory
epithelial cells in vitro and during lung infection [59, 60].
Adhesion of A. pleuropneumoniae to respiratory epithe-
lial cells also involves the binding of bacterial lipopoly-
saccharides to glycosphingolipids on the surface of the
cells [59, 60]. The formation of biofilm by the bacteria is
likely to play an important role in the colonization of the
host [61]. After attachment to the target cells, the bac-
teria can produce four different pore-forming exotoxins
(Apx I, II, IIT and IV) inducing the lysis of alveolar epi-
thelial cells, thus allowing the acquisition of nutrients
by the bacteria, but also participating in the develop-
ment of the lesions [60, 62]. Some of the virulence fac-
tors expressed by A. pleuropneumoniae interfere with
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the host’s immune response. The toxins Apx I, II and III
induce the lysis of not only respiratory epithelial cells,
but also of cells involved in the innate immune response
such as macrophages and neutrophils [60, 63]. At lower
concentrations, these toxins lose their lytic properties but
can still impair macrophages chemotactic activity and
their phagocytic abilities [64]. The capsular polysaccha-
rides of A. pleuropneumoniae interfere with macrophage
phagocytosis and enable resistance to complement-medi-
ated killing [60]. A. pleuropneumoniae may also interfere
with the antibody response by producing proteases that
can degrade porcine IgA and IgG [59, 60].

2.7 Mycoplasma hyopneumoniae

This cell wall-free bacterium is considered to play a pri-
mary role in PRDC and is the causative agent of porcine
Enzootic Pneumonia (EP), a disease with high morbid-
ity but low mortality rates [65]. The main pathological
mechanisms involved in M. hyopneumoniae infections
are: (i) adhesion to the ciliated cells of the tracheal epi-
thelium inducing ciliostasis, loss of cilia and exfoliation,
dysregulation of cellular homeostasis (with increased
intracellular calcium concentration) and secretion of
cytotoxic factors, (ii) alteration of the mucociliary tract,
(iii) inflammatory reactions sometimes exacerbated and
prolonged, and (iv) manipulation of the innate and adap-
tive immune responses [65, 66]. Among the adhesins
described in M. hyopneumoniae, P97 is reported to be
a major determinant of cell adhesion [65-67]. Several
other adhesins were reported: P102 linked to P97, LppS,
LppT, MgPa, P65, P76, P110, P146, P159, and P216 [65,
66]. Most adhesins are transcribed and translated dur-
ing M. hyopneumoniae infection and then undergo post-
translational cleavage to result in diverse products on the
membrane surface [65, 67, 68]. The diversity of surface
proteins can also derive from the variation in the num-
ber of repeats in genes encoding adhesins [69]. These
mechanisms of antigenic variation enable the bacterium
to escape from immune system recognition and to invade
the host [66]. Adhesins can also recruit extracellular
matrix components (plasminogen, fibronectin and actin
amongst others), and therefore can promote invasion and
inflammatory response [65, 70].

The immune response induced against M. hyopneu-
moniae, may have a double action: over-activation of the
local immune response resulting in a pathologic inflam-
matory reaction or local immunosuppression explaining
the chronic nature of the associated pathologies [65, 66].
Acute M. hyopneumoniae infection leads to the recruit-
ment and activation of various innate immune cells,
essentially through the involvement of a large range
of cytokines: IL1, IL6 and TNFa in lungs; CXCLS, IL1,
IL2, IL4, IL6, TNFa and IL10 in Bronchus-Associated
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Lymphoid Tissue (BALT) or TracheoBronchial Lavage
Fluid (TBLF) [65, 71, 72]. Some of these inflammatory
cytokines (TNFa, CXCL8, IL1{, IL6) are produced chron-
ically in the lungs and play powerful roles in apoptosis
(TNF«), differentiation and chemotaxis of neutrophils
(respectively, IL6 and IL8), and macrophage activation
(TNFa, IL1B). Chronic infections are typically associated
with intense lymphoid hyperplasia [71] and are charac-
terized by an accumulation of IgG- and IgA-expressing
plasma cells, CD4* T cells, macrophages and DCs in the
BALT of inflamed lung tissue [73]. Involvement of T cell
activation in chronic inflammation is also supported by
the presence of T-cell cytokines such as IL-2 and IL-4 in
bronchoalveolar exudates [72].

In vitro studies conducted with macrophages co-
cultured with M. hyopneumoniae highlighted a strong
activation of inflammatory pathways inducing the pro-
duction of cytokines and chemokines, and expression
of receptors or pathways inducing cell apoptosis [65, 66,
74, 75]. Moreover, M. hyopneumoniae is described as an
inhibitor of macrophages phagocytic activity, which may
explain the chronicity of M. hyopneumoniae infections
and the greater host susceptibility to other pathogens [65,
66, 74].

Mycoplasma hyopneumoniae was found to activate co-
stimulatory molecule expression on bona fide DCs with
poor TNFa production, contrasting with monocytes.
Interestingly, a strong mitogenic activity for B cells was
observed [76]. Altogether, these data indicate that M.
hyopneumoniae is well sensed by the innate immune sys-
tem, but the presence of immune evasion mechanisms
targeting antigen presenting cells remains a possibility
that needs further investigations.

Antibody responses after infection develop slowly and
do not appear to correlate with protection [65, 66]. The
literature on M. hyopneumoniae infections coupled with
information from mouse models indicates that adaptive
immune responses represent a fragile balance between
pathogenic and protective Th- cell responses, probably
belonging to the Thl or Th17 types [65, 66].

2.8 Bordetella bronchiseptica

This aerobic Gram-negative bacterium can be found
in the respiratory tract of several animal species and it
presents a worldwide distribution in the porcine rearing
[77]. B. bronchiseptica has a strong tropism for ciliated
cells from the respiratory tissue and is mostly detected in
the apical portion of the ciliated cells of turbinates, tra-
chea and lungs [77, 78]. It can also be found in the cyto-
plasm of neutrophils and macrophages and rarely in the
alveolar lumen associated with small tufts of cilia [77,
78]. Hence, infected pigs show cilia loss in the bronchial
and bronchiolar epithelium associated with multifocal
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erosion, fibrosis, and hyperplasia. Neutrophil infiltrates
are noted in the peri-conchal meatus and the submucosa
of the bronchioles and alveoli, while lymphocyte and
plasma cell infiltrations occur at the level of the lamina
propria [77,78].

Cell adhesion of B. bronchiseptica is a multifactorial
process involving two main virulence factors; Filamen-
tous HemAgglutinin (FHA) and PeRtactiN (PRN) [77,
79]. The expression of both adhesins is controlled by the
Bordetella virulence genes (Bvg)AS signal transduction
system. FHA is an adhesin with several binding domains
including a carbohydrate- recognition domain responsi-
ble of the adhesion to macrophages and ciliated epithe-
lial cells, a heparin-binding domain that mediates the
binding to sulfated polysaccharides, and an Arg-Gly-Asp
domain (RGD) regulating the InterCellular Adhesion
Molecule 1 (ICAM1) by epithelial cells after interac-
tion with the NF-«kB signalling pathways [79]. This RGD
domain is also present in the structure of PRN and con-
tributes to the binding process [77, 79]. On the other
hand, non-opsonic adhesion mechanisms play a role in
binding to the host cells such as carbohydrate-specific
mechanisms and those involving sialic acid-containing
compounds [77].

Virulence of the bacteria depends on the strains; there-
fore, clinical signs can be different going from sneezing
and transient nasal discharge for moderate and non-toxic
strains to bronchopneumonia and atrophy of the nasal
turbinate bones for virulent strains, especially if they are
associated to other bacteria such as P multocida [77].
Thus, B. bronchiseptica is usually described as primary
lung pathogen in young pigs where it causes necrohem-
orrhagic bronchopneumonia whereas in older pigs this
bacterium is mostly known as an opportunistic pathogen
contributing to the PRDC [77]. The immune response
against B. bronchiseptica is mainly triggered by the differ-
ent toxins expressed such as adenylate cyclase, tracheal
cytotoxin and DermoNecrotic Toxin (DNT).

3 Coinfections and superinfections

and the resultant consequences for the porcine

host
3.1 Selection and exclusion criteria for considered studies
In the following section and Additional file 1, we have
used the published studies evaluating multiple infections
including viral-viral, bacterial-viral, viral-bacterial and
bacterial-bacterial respiratory coinfections and super-
infections in swine. Both in vivo and in vitro studies
comparing single to multiple infections were included.
Studies evaluating vaccinations and the development
of diagnostic techniques such as ELISA or qPCR were
excluded as well as trials testing antiviral or antibacterial
molecules when there was no clear comparison between
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single and multiple infections. An attempt to present
a synthetic view of coinfections is depicted in the heat
maps (see Figures 1, 2, 3). However, we recommend read-
ers to refer to Additional file 1 for each coinfection cou-
ple to get a more detailed view.

In these heat maps, we were interested in the effect of
the first pathogen on the multiplication of the second
one (named “assessed pathogen” in the figures) and on
the host immune response and/or clinical signs. These
effects were evaluated and a grade from —5 to +5 was
given to every pathogen depending on the intensity of
its impact on the multiplication of the second agent and
on the immune response or on the clinical signs. Nega-
tive grades were given to pathogens decreasing the mul-
tiplication of other pathogens, while positive grades were
given to those inducing an increase. Similarly, negative
grades were attributed to pathogens with a tendency to
decrease clinical signs or immune response related to
the other pathogen. Positive grades were given in case
of an increase. The sum of the grades was calculated if
the same pathogen combination was evaluated in sev-
eral studies except in the case of discordant results. This
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grading was represented in the following heat maps and
the number of the identified studies for the same patho-
gen combination is shown on the maps. In the heat maps,
other pathogens, that are less associated to PRDC such as
G. parasuis, M. hyorhinis, M. floculare, P. multocida, and
S. suis or even not considered as respiratory pathogens
like Staphylococcus aureus, Classical Swine Fever Virus,
Hepatitis E Virus, Porcine RubulaVirus, PPV, and Torque
Teno sus Virus 1 have also been included. Indeed, these
pathogens can also impact the outcome of respiratory
infections and deserve, at least, to be mentioned.

3.2 The different types of coinfections

3.2.1 Virus-virus

Viral/viral respiratory coinfections have always had an
important role in the porcine respiratory disease com-
plex [1]. Several studies assessed the presence of two or
more viral pathogens in pigs showing respiratory clini-
cal signs in farms located in endemic regions [7, 8, 13].
The main viruses contributing to the porcine respiratory
disease are swlAV, PRRSV, PCV2, and to a lower extent
the PRCoV and the ADV. Due to their fast-spreading and
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their economic consequences, some viruses were more
studied than others in the last 20 years, especially PCV2,
PRRSYV, and swIAV as shown in Additional file 1A and B.
We will thus put more emphasis on these three viruses as
causes of primary infections.

Many in vivo studies were carried out to assess the
severity of the clinical signs and the development of the
microscopic/macroscopic lesions. This approach ena-
bled a comparison between coinfection/superinfection
and single-infection conditions. Then, viral interference
was progressively more frequently measured as a way
to better understand the consequences of coinfections.
In the last decades, the strong development of molecu-
lar biology and various tools enabled the evaluation of
the immune response developed following polyviral
infections.

In Additional file 1, the selected studies that were car-
ried out on viral coinfections are presented from the old-
est in vivo experiments to the latest in vitro and ex vivo
experiments (Additional file 1A and B). This data synthe-
sis highlights the major impact of PRRSV primary infec-
tion, which can both increase the titre of the following
virus (PCV2, Hepatitis E Virus—HEV) in vitro [80] and
in vivo [81-83] (Figure 1A), but can also worsen the clini-
cal score associated to the disease (Figure 3A). Interest-
ingly, even when the PRRSV does not increase the viral
production of the other virus, as observed in coinfections
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involving swIAV [84] or PRCoV [85] (Figure 1A), it can
also worsen the associated clinical signs. SWIAV and
PCV2 as primary infectious agents have been less stud-
ied. However, it can be observed that swIAV can interfere
with other virus productions (PRRSV and PRCoV) [85,
86] whereas PCV2 has some detrimental impact on the
clinical outcome of secondary viral infections (PRRSV,
swlAV, and PPV) [87-89] (see Additional file 1 and Fig-
ure 1A). Then, regarding the inflammation induced in
coinfection conditions, various outcomes were observed
depending which viruses were considered (Figure 2A).

3.2.2 Bacterium-virus and virus-bacterium

Many in vitro and in vivo experiments, with different
bacterium-virus and virus-bacterium combinations, have
been performed to identify the underlying mechanisms
of the PRDC (see Figures 1B, C, 2B, C, and 3B). The main
studies are presented in Additional file 1C and D.

Bacterium-viral coinfections can also involve various
primary respiratory pathogens. Among them, the most
frequently studied bacterium is M. hyopneumoniae, a
pathogen that induces a chronic respiratory disease and
can influence the outcome of a subsequent viral infec-
tion. However, mycoplasma infection needs to be already
well established in the respiratory tract at the time of the
viral infection to potentiate it. Indeed, M. hyopneumo-
niae inoculated to pigs simultaneously or shortly before
the virus did not strongly impact the severity of the viral
infections (PCV2, swlAV, PRRSV) [90-92], while its
impact was clearly evidenced when inoculated 3 weeks
before viral infections [93].

It is well-known that viral infections can induce an ideal
environment for a bacterial superinfection through dif-
ferent mechanisms such as the destruction of the epithe-
lial barrier, the over-expression of the receptors involved
in the bacterial adhesion to the cells, and the alteration of
the host immune response [1, 2, 94, 95]. The swIAV infec-
tion has been shown, for instance, as a way to facilitate
the colonization of epithelial cells by S. suis, but only for
the serotypes containing sialic-acid in their capsule [96].
The swlAV infection induces a loss of ciliated cells lead-
ing to the impairment of the mucociliary clearance func-
tion, but induces also the presence of the viral HA on the
surface of infected cells that interacts with the sialic acid
of the bacterial capsule, leading to increased adherence
of S. suis [96, 97]. Although these swlIAV effects on S. suis
have been clearly shown in vitro, no clear in vivo impact
of swlAV infection on S. suis pulmonary load has been
described [98]. It was clearly shown that the presence of
both pathogens significantly induces more inflammation
than single infections [98, 99].

Overall, studies carried out in pigs showed that a bac-
terium-virus or a virus-bacterium coinfection frequently
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induces an aggravation of pulmonary lesions (Figure 3B)
and a higher inflammation (Figure 2B) and immune
response, with increased production of pro-inflamma-
tory cytokines. In many bacterium-virus and virus-bac-
terium associations, this worsened outcome seems to be
the result of additive effects from both pathogens rather
than a real synergy [100, 101]. However, a potentiation
of the viral infection by bacteria can also be observed in
other cases, such as in the M. hyopneumoniae-PRRSV
coinfection [102]. In that case, higher amounts of PRRSV
genomes were detected in lymphoid tissue and blood
[102] and a slower viral clearance was observed [75] (Fig-
ure 1B), suggesting that the recruitment of immune cells
in the lung parenchyma upon established M. hyopneu-
moniae infection may provide a steady supply of suscep-
tible cells for PRRSV [1]. Then, in porcine AMs and in
the “African green monkey” (originally described as por-
cine origin) St-Jude Porcine Lung (SJPL) cell line, PRRSV
infection has been shown to be blocked by a pre-infec-
tion with A. pleuropneupmoniae, this antiviral activity
being due to the A. pleuropneumoniae metabolites [103]
(Figure 1B). Given the fact that in vivo studies involving
PRRSV and A. pleuropneumoniae did not always investi-
gate the impact of an A. pleuropneumoniae pre-infection
on the subsequent PRRSV infection [104, 105], as done in
experiments performed in vitro [103], it cannot be eas-
ily concluded if this interference would be observed in
the target species. However, in vivo, PRRSV-A. pleuro-
pneumoniae interactions were reported as absent or mild
[104, 105] (Figure 3B).

3.2.3 Bacterium-bacterium

In virus-bacterium coinfections, the dogma usually
encountered is that viruses play an immunomodulatory
role, which favors bacterial superinfections. Neverthe-
less, a pre-disposing effect is also described for M. hyo-
pneumoniae, which promotes viral but also bacterial
superinfections [65] (Figure 1D). Few studies of experi-
mental coinfections or superinfections with M. hyopneu-
moniae and/or other bacteria involved in PRDC were
performed compared to coinfections involving viruses.
These studies are reported in Additional file 1E. Over-
all, these coinfections or superinfections induce more
clinical signs and lung lesions and poorer technical per-
formances when compared to single infections with the
same infectious pathogens (Figure 3C). The bacterial-
bacterial coinfections are also responsible for immune
response alterations (for reviews see [106, 107]). For
example, macrophages from pigs infected by M. hyo-
pneumoniae decrease their phagocytosis capacity against
A. pleuropneumoniae [60, 65]. M. hyorhinis and M. floc-
culare, two mycoplasmas commonly co-isolated with M.
hyopneumoniae in gross pneumonia-like lesions, may
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also impact the immune response by inducing the cyto-
toxicity of immune cells and/or the secretion of cytokines
affecting its outcome [108]. Co-stimulation of por-
cine BMDCs with M. hyopneumoniae and M. hyorhinis
induces a strong IL12 production. In this last in vitro
model, M. hyopneumoniae associated with M. flocculare
reduces TNFa production compared to BMDCs stimu-
lation by M. flocculare alone producing a TNFa con-
centration greater than that observed after stimulation
with M. hyopneumoniae alone and M. hyorhinis alone
[108]. Therefore, M. flocculare might play an initial role
in pulmonary inflammation by inducing the produc-
tion of TNFa by resident myeloid cells. Supplementary
investigations will be needed to elucidate the role of this
cytokine in the pathogenesis of the disease [108]. Other
examples of bacterium-bacterium in vivo coinfections
are presented in Additional file 1E.

3.3 Mechanisms of coinfections interferences

Regarding coinfections and superinfections, most stud-
ies assessed the clinical outcome of the process but less
is known about the mechanisms of interactions between
pathogens and the consequences for the pathogens them-
selves, the infected cells and more generally for the host.
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The outcome of dual infection is variable depending on
the antagonism, neutrality or synergy between the infec-
tious agents. On the host side, coinfection can make the
host response ineffective, and vice versa. If we look now
at the possible interactions that can occur between path-
ogens we have to consider the nature of the infectious
agents (summary provided in Figure 4). Different situa-
tions can be observed and coinfections can involve virus
with virus, bacterium with virus and vice versa, and bac-
terium with bacterium.

3.3.1 Virus-virus interactions

Regarding virus—virus interactions, consequences are
diversified and many studies looking at virus replication
in coinfection situations have been carried out [2]. The
first consequence of coinfection could be the so-called
viral interference, a situation whereby one virus interferes
with the replication of the other one making the cells
resistant to the superinfecting virus [109].

The most common way for viral interference is indirect
and based on the production of type 1 and 3 IFNs which
induce the expression of ISGs after interacting with their
cognate receptors [110, 111]. These proteins then acti-
vate numerous mediators of the cellular antiviral system
that may non-specifically block the replication of viruses.
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They may also interfere, to a certain extent, with bacterial
multiplication since IFN can also be induced by Intra-
cellular Bacterial Pathogens (IBPs) or some extracellular
bacteria [107, 112]. Nevertheless, in some situations type
1 IFNs can also increase the host susceptibility to subse-
quent bacterial infection [113] through impaired mac-
rophage recruitment with a reduced CXCL1 and CXCL2
transcription [114] and a reduced IL17 [115] production.
Then, there is also the non-interferon-mediated viral
interference (or intrinsic interference) which is a cellular
state of resistance induced by the virus to new viral infec-
tion by closely related or unrelated viruses [116]. Various
mechanisms are described to explain this cellular state of
direct or indirect resistance (for examples see [2]). In this
type of interference, which can occur between viruses
but also between viruses and bacteria [107, 117], there is
a competition between pathogens for the metabolites and
all the host factors that allow their multiplication. Besides
the mechanisms involving a competition for common
cellular factors, there are also several other mechanisms
of interference described. These relies on viral Defective
Interfering (DI) particles [118], RNA interference (RNAi)
[119], non-specific double stranded RNA (dsRNA) [120]
as well as trans-acting proteins [121]. Interference can
occur at specific steps or multiple steps of the viral rep-
lication cycle (attachment, penetration, genome repli-
cation and/or budding) and can be direct or indirect.
Inhibition of superinfection (superinfection exclusion
and superinfection suppression) is one of several conse-
quences that can be observed in the interference between
related and unrelated microorganisms. In superinfection
exclusion, an established infection interferes with a sub-
sequent, closely related infection [2, 122]. An example of
this phenomenon in pigs is the exclusion of highly viru-
lent classical swine fever virus strain Margarita in wild
boars persistently infected with this virus upon a chal-
lenge infection with the same Margarita strain [123].
Superinfection suppression is a quite close concept where
this time persistently infected cells resist to a challenge
with a heterologous virus [2]. Furthermore, when the
host immune response—innate or adaptive—is consid-
ered in the study of the complex interactions taking place
in viral coinfections, additional mechanisms of indirect
interference linked to cellular and humoral cross-protec-
tion—resulting from a first viral contact with a wild-type
or a vaccine strain—can be described.

Conversely, in some situations, viral coinfections can
directly or indirectly result in enhanced replication and
virulence for one or both pathogens as observed in sev-
eral studies involving porcine viruses [80, 83, 124—126].
In other cases, coinfection/superinfection has no effects
on virus replications and the viruses can coexist in a rela-
tion called accommodation [2]. Besides consequences in
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terms of viral replication, there are also consequences
for the genetic of the viruses and their evolution through
events of recombination between closely related viral
genomes. Recombination, the parameters influencing it
and its consequences were reviewed in RNA and DNA
viruses [127, 128]. Then, as a result of all these possible
interactions between viruses, the severity of the resulting
disease and its epidemiology can be altered as exempli-
fied in Additional file 1. In the pig studies, most often,
however, the exact mechanisms controlling interactions
between viruses were not elucidated.

3.3.2 Bacterium-virus and virus-bacterium interactions
Several mechanisms explaining bacterium-virus and
virus—bacterium interactions have been identified (for
reviews see [1, 94, 117]). The interactions can have
either a positive or a negative impact on both pathogens
depending on the bacterial and viral species involved.
Usually, when the interactions are direct they promote
viral infection without affecting the bacterial species [1,
94, 117]. Examples of these direct interactions are (i)
direct binding of the virus to a bacterium or (ii) the uti-
lization of a bacterial product by the virus. An example
of direct interactions in the respiratory tract is the cleav-
age of the IAV HA into HA1 and HA2 by a Staphylococ-
cus aureus protease helping the viral particle to become
infectious [129]. On the contrary, when interactions
are indirect they often provide an advantage to bacte-
rial infections. Four mechanisms dealing with indirect
interactions have been described: (i) viral alteration of
the epithelial barrier, (ii) reduction or suppression of
the host immune response, (iii) viral alteration/displace-
ment of the microbiota, and (iv) virus-induced alteration
of bacterial cellular receptor expression [94]. All these
mechanisms can operate together for the benefit of the
superinfecting bacteria. A typical example of these indi-
rect interactions is provided by PCV2 and swlAV and
porcine pathogenic bacteria such as A. pleuropneumo-
niae [130] and S. suis [96, 97, 131] where the bacteria
benefit from the prior viral infections. However, bacteria
can also directly benefit from a previous viral infection as
observed in a study demonstrating that Staphylococcus
aureus was able to bind viral HA [132]. The consequence
of that binding was an enhanced bacterial internalisation
by two mechanisms: (i) binding to HA exposed at the
surface of infected cells, and (ii) binding to free extracel-
lular virions.

In some other situations, non-pathogenic bacteria can
also directly or indirectly protect the host from viral
infection as typically observed with probiotic bacteria
which can show antiviral activity through the binding/
capture of the viruses and/or the competition for cell
adhesion (for a review see [117]). This type of interaction
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has been frequently observed with enteric bacteria [117]
and an example in pigs is the reduced infection of IPEC-
J2 cells by vesicular stomatitis virus after pre-incubation
of the cells with multiple probiotic bacteria [133]. An
intriguing relationship is occurring between IBP and
viruses where metabolic reprogramming in host cells
triggered by viruses might support or conversely limit
coinfection by an intracellular bacterial partner (for a
review see [107]). Different possibilities can be identified
in that type of interaction [107]: (i) the first pathogen can
reprogram cellular metabolism related to cellular immu-
nity and decrease the defense against the other pathogen,
(ii) the metabolic changes triggered by the first pathogen
can facilitate the adhesion, the penetration, and the rep-
lication of the other, and (iii) the coinfection transform
the active replicative state of the first pathogen into a
stable persistent state. The first possibility associated to
a decrease of the cellular defense is a commonly accepted
mechanism [134] while the second and the third possi-
bilities are less experimentally demonstrated [107].

3.3.3 Bacterium-bacterium interactions

Looking at bacterium—bacterium interactions, they are
extremely complex to assess because of the large diversity
of the bacterial world and because little is known about
the mechanisms underpinning these interactions dur-
ing infections. Moreover, it is now also clear that intes-
tinal and respiratory microbiomes affect the interactions
between pathogenic bacteria and the porcine host [135].
Some examples of the complex interactions occurring
in bacteria—bacteria coinfections are presented in Addi-
tional file 1E, but little is known about the mechanisms
controlling these interactions. However, some mecha-
nisms were provided above and interesting reviews deal-
ing with that subject were published recently [106, 107]
discussing the possible direct interactions between bacte-
ria—mainly chemical and physical. Indirect interactions
between bacteria were not reviewed in these articles but
were discussed to some extent in other review papers
focusing on polymicrobial infections [1, 136].

3.4 Limitations of coinfection studies

The first observation coming from this review must be,
even if several studies have been carried out on the sub-
ject, a lack of data about some specific coinfections and
many discrepancies between studies. For instance, there
are only a few in vivo studies about PCV2 in virus/virus
coinfections and about PCV2 and PRRSV in virus/bac-
terium coinfections (Additional file 1 and heat maps in
Figures 1, 2, 3). Discrepancies are not surprising because
of the definition of coinfection is not always the same
between studies in addition to huge variations in the
coinfection parameters amongst studies.
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In this review we focused on experimental (in vivo and
in vitro) coinfections, it is worth to underline that these
studies are inspired by field veterinarians and epidemiol-
ogists observations. However, the definition of epidemi-
ologist coinfection can also vary between studies. Indeed,
in some cases there is concomitant direct identification
of two microorganisms in the same animals, sometimes
in the same farms, while in other cases it is just an indi-
rect identification of the microorganisms’ presence at
some points through indirect serological assays. Moreo-
ver, as stated before, the term coinfection is sometimes
used to describe some situations of superinfections where
the delay can be significant.

Regarding the experimental parameters, the Multiplici-
ties Of Infection (MOI), the strains, the potential delays
between successive infections, the routes of inocula-
tions, the types of cellular hosts considered (more or less
susceptible to one of the microorganism), the genetic
background (breeds) and the sanitary status (specific
pathogen free or conventional breeding) of the pigs, and
the readout to assess coinfection outcome varied a lot
between studies. To fully compare studies, a standardi-
zation of the assays would be needed. Interestingly also,
whereas in vitro studies’ usefulness is not in question,
it is important to underline here that in vitro observed
interplay between pathogens cannot be automatically
applied in vivo. For instance, whereas M. hyopneumo-
niae decreases the PRRSV titre in vitro [75], it increases
PRRSV shedding in vivo and indeed worsens the clini-
cal signs upon coinfection [102]. Consequently, the use
of intermediary settings, such as co-culture of differ-
ent cell types (see [2] for examples), Precision Cut Lung
Slices (PCLS) [137] or organoids [138], could help to
understand the complexity of coinfections in the respira-
tory tissue. In vitro approaches usually consider one or
a few cell types with some limitations during the evalu-
ation process of the coinfection consequences. Some
viruses can contribute to the elimination of other viruses
just because of their ability to replicate faster on a par-
ticular cell type [139]. Thus, results obtained in vitro can-
not mimic the field situation when both agents coinfect
the same pig, providing inaccurate conclusions about the
coinfection dynamics. Under such circumstances, patho-
gens may simply have different host cells and no longer
be under direct competition for resources [140]. Besides
the different interactions that infecting agents can have
between them through a competition to resources,
studies showed clearly that the immune system and the
immunological responses can highly affect these inter-
actions by inducing the competitive power of a patho-
gen or abolishing it and making it less competitive on
the resource [141, 142]. The effects of the immune sys-
tem (especially humoral parameters) are often not taken
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into consideration in selected in vitro models [140]. On
the other hand, in vivo coinfection experiments have
to deal with numerous constraints (health status of the
animals used, cost, husbandry, and ethics amongst oth-
ers) and therefore are not always easy to perform. Hence,
although in vivo experiments are required in this very
complex field, they surely need to be combined to in
silico/in vitro/ex vivo analyses of potential interactions
between pathogens. Moreover, multiple parameters of
the coinfection protocols appeared difficult to set with-
out any a priori such as the choice of the pathogen that
will be inoculated first and the delay between infections.
One possibility to deal with multiple parameters is to use
intra-host infection mathematical modelling [143] allow-
ing to play, at limited cost, with the different parameters
of the coinfections. However, these models need to be fed
with data coming from conventional in vitro experiments
as well as more complex in vivo studies. The other possi-
bility is to rely on field prevalence studies monitoring the
very presence of the pathogens (isolation, PCR) instead
of the sero-conversion, in order to have a clear epidemio-
logical picture of when and where coinfections occur.

Consequently, ex vivo models such as PCLS generated
from freshly sacrificed pigs [137] or organoids [138] are
developing. These models are closer to mimic the in vivo
situation than usual in vitro approaches, combining dif-
ferent types of cells and providing the pathogens with a
wider range of cell hosts. However, the contribution of
the immune response to the interaction between differ-
ent pathogens is rarely considered [97]. Furthermore,
the MOI cannot be controlled because the number of
infected cells in the slice or the organoid cannot be moni-
tored easily either.

Another limiting factor in coinfection studies is the cell
regeneration, which can vary between in vivo and in vitro
models. Cell regeneration can highly affect the dynamics
of a coinfection, giving some pathogens extra target cells
guarantying their longer existence while contributing
to the clearance of others [140]. Finally, other potential
technical limitations could always be discussed such as
the lack of precision or sensitivity in the different diag-
nostic techniques especially in the presence of multiple
agents. Hence, the detection of coinfecting pathogens
could be compromised or reduced as compared to their
detection level in the context of single infections.

4 Conclusion and perspectives

As shown in this review many works have been dedi-
cated to the study of coinfections and superinfections
in pigs. Usually, when the experiments were carried
out in vivo, the researchers were more interested in
the clinical outcome than in the interactions occurring
between pathogens. Indeed, in most of the cases the
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fine interactions between pathogens and especially the
mechanisms behind these interactions and its potential
consequences, at the molecular level, on the immune
response were not studied for several reasons including
technical limitations. Also, in the studies assessing the
occurrence of coinfections/superinfections in the fields,
coinfection identification based on molecular tools such
as PCR would be more accurate than sero-prevalence
approaches which are less prone to identify currently
present pathogens and thus coinfective pathogens. Then,
a better knowledge of each pathogen involved is crucial.
We thus would like to make recommendations for future
studies dealing with respiratory coinfections in pigs: (i)
Authors should clearly summarize their coinfection or
superinfection experimental setup—doses of pathogens,
delays between infections—in their Materials and meth-
ods section; (ii) in this summary they would need to
clearly present the pathogens they use and they should,
as often as possible, select well-characterized strains; (iii)
environmental and management conditions would need
a strict control and monitoring; (iv) animal genetic and
sanitary status would need to be carefully described and
monitored during the study; and (v) the multiplications
of all the pathogens shall be followed during the experi-
ment using highly sensitive and specific assays. A clear
description of all these parameters would help the sci-
entific community to compare studies and progress in
the understanding of the complex interactions between
microorganisms.

In the last years, the concept of innate immune
memory or trained immunity has gained a lot of inter-
est. This concept is coming from old observation, in
1946 [144], recognizing that the bacterial vaccine strain
“Bacille de Calmette et Guérin” (BCG) was protecting
not only against Mycobacterium tuberculosis but also
against antigenically different microorganism causing
childhood mortality, suggesting an “adaptation” of the
cellular innate immune system. Since then, many inter-
esting studies about innate immune memory or trained
immunity have been published (for a review see [145])
and it is recognized that cells such as myeloid cells, NK
cells, and even epithelial cells [146] can have a higher
and quicker response upon re-exposure to a pathogen.
Trained immunity is accompanied by epigenetic changes
and most often associated with modifications in cellular
metabolism. A close look at potential epigenetic changes
and cellular metabolism modifications would be of high
interest in respiratory coinfection studies in the porcine
species. Recently an alternative to the mechanism of
trained immunity in resident lung innate immune cells
named “epigenetic legacy” has been described [147]. In
that study, the authors demonstrated that following IAV
clearance and clinical recovery (1-month post-infection),
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mice were better protected from Streptococcus pneumo-
niae infection by adult bone-marrow-derived AMs dis-
playing transient transcriptional and epigenetic distinct
profiles. This newly described consequence of a first viral
infection also needs additional studies about PRDC with
an identification of the mechanisms shaping the complex
interactions between pathogens.

Supplementary information
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org/10.1186/513567-020-00807-8.

Additional file 1. Studies about coinfections in the pig respiratory
tract and their consequences.

Acknowledgements

The authors would like to thank the colleagues who shared their experience
regarding coinfections in pigs. FM is supported by an establishment grant
from the Région Pays de la Loire (RFI Food for tomorrow-Cap aliment). GS PhD is
funded by Foundation Philippe Jabre (Liban).

Authors’ contributions

All the authors were involved in the writing of the review. GS, NB, and FM
generated the figures. GS, CD, JB, CF, CM-C, GSi, NB and FM prepared the Addi-
tional file 1. All the authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Author details

TINRAE, Oniris, BIOEPAR, 44300 Nantes, France. 2 Swine Virology Immunology
Unit, Ploufragan-Plouzané-Niort Laboratory, ANSES, BP 53, 22440 Ploufragan,
France. 3 University of Rennes 1, Rennes, France. * Mycoplasmology, Bacteriol-
ogy and Antibiotics Resistance Unit, Ploufragan-Plouzané-Niort Laboratory,
ANSES, BP 53, 22440 Ploufragan, France. 5 Epidemiology Health and Welfare
Unit, Ploufragan-Plouzané-Niort Laboratory, ANSES, BP 53, 22440 Ploufragan,
France. °® Institute of Virology and Immunology (IVI), Sensemattstrasse 293,
3147 Mittelhdusern, Switzerland. ” Swine and Poultry Infectious Diseases
Research Center, Faculty of Veterinary Medicine, University of Montreal, St-Hya-
cinthe, QC, Canada. ® College of Veterinary Medicine, Comparative Medicine
Research Institute, Yangzhou University, Yangzhou 225009, China. ? Joint
International Research Laboratory of Agriculture and Agri-Product Safety,
Yangzhou 225009, China. 10 Department of Infectious Diseases and Pathobiol-
ogy, University of Bern, 3012 Bern, Switzerland.

Received: 24 March 2020 Accepted: 2 June 2020
Published online: 16 June 2020

References

1. Opriessnig T, Gimenez-Lirola LG, Halbur PG (2011) Polymicrobial respira-
tory disease in pigs. Anim Health Res Rev 12:133-148

2. Kumar N, Sharma S, Barua S, Tripathi BN, Rouse BT (2018) Virological
and immunological outcomes of coinfections. Clin Microbiol Rev
31:e00111-e00117

3. Brockmeier SL, Halbur PG, Thacker EL (2002) Porcine respiratory disease
complex. In: Brogden KA, Guthmiller JM (eds) Polymicrobial diseases.
ASM Press, Washington DC

4. Asner SA, Science ME, Tran D, Smieja M, Merglen A, Mertz D (2014) Clini-
cal disease severity of respiratory viral co-infection versus single viral
infection: a systematic review and meta-analysis. PLoS One 9:€99392

5. Loosli CG (1968) Synergism between respiratory viruses and bacteria.
Yale J Biol Med 40:522-540

20.

22.

23.

Page 15 0of 19

Morrison RB, Pijoan C, Hilley HD, Rapp V (1985) Microorganisms associ-
ated with pneumonia in slaughter weight swine. Can J Comp Med
49:129-137

Choi YK, Goyal SM, Joo HS (2003) Retrospective analysis of etio-

logic agents associated with respiratory diseases in pigs. Can Vet J
44:735-737

Fablet C, Marois-Crehan C, Simon G, Grasland B, Jestin A, Kobisch M,
Madec F, Rose N (2012) Infectious agents associated with respiratory
diseases in 125 farrow-to-finish pig herds: a cross-sectional study. Vet
Microbiol 157:152-163

Liu X, Xu Z, Zhu L, Liao S, Guo W (2014) Transcriptome analysis of
porcine thymus following porcine cytomegalovirus infection. PLoS One
9:e113921

Thacker E, Thacker B, Janke B (2001) Interaction between Myco-
plasma hyopneumoniae and swine influenza virus. J Clin Microbiol
39:2525-2530

Kim K-S, Jung J-Y, Kim J-H, Kang S-C, Hwang E-K, Park B-K, Kim D-Y, Kim
J-H (2011) Epidemiological characteristics of pulmonary pneumocysto-
sis and concurrent infections in pigs in Jeju Island, Korea. J Vet Sci 12:15
Fablet C, Marois C, Kuntz-Simon G, Rose N, Dorenlor V, Eono F, Eveno E,
Jolly JP, Le Devendec L, Tocqueville V, Queguiner S, Gorin S, Kobisch M,
Madec F (2011) Longitudinal study of respiratory infection patterns of
breeding sows in five farrow-to-finish herds. Vet Microbiol 147:329-339
Fablet C, Marois C, DorenlorV, Eono F, Eveno E, Jolly JP, Le Devendec L,
Kobisch M, Madec F, Rose N (2012) Bacterial pathogens associated with
lung lesions in slaughter pigs from 125 herds. Res Vet Sci 93:627-630
Kuhn JH, Lauck M, Bailey AL, Shchetinin AM, Vishnevskaya TV, Bao Y, Ng
TFF, LeBreton M, Schneider BS, Gillis A, Tamoufe U, Diffo JLD, Takuo JM,
Kondov NO, Coffey LL, Wolfe ND, Delwart E, Clawson AN, Postnikova E,
Bollinger L, Lackemeyer MG, Radoshitzky SR, Palacios G, Wada J, Shevt-
sova ZV, Jahrling PB, Lapin BA, Deriabin PG, Dunowska M, Alkhovsky
SV et al (2016) Reorganization and expansion of the nidoviral family
Arteriviridae. Arch Virol 161:755-768

Bordet E, Maisonnasse P, Renson P, Bouguyon E, Crisci E, Tiret M,
Descamps D, Bernelin-Cottet C, Urien C, Lefevre F, Jouneau L, Bourry
O, Leplat J-J, Schwartz-Cornil I, Bertho N (2018) Porcine alveolar
macrophage-like cells are pro-inflammatory pulmonary intravascular
macrophages that produce large titers of porcine reproductive and
respiratory syndrome virus. Sci Rep 8:10172

Lunney JK, Fang Y, Ladinig A, Chen N, Li Y, Rowland B, Renukaradhya GJ
(2016) Porcine Reproductive and Respiratory Syndrome Virus (PRRSV):
pathogenesis and interaction with the immune system. Annu Rev
Anim Biosci 4:129-154

Singleton H, Graham SP, Frossard J-P, Bodman-Smith KB, Steinbach F
(2018) Infection of monocytes with European porcine reproductive
and respiratory syndrome virus (PRRSV-1) strain Lena is significantly
enhanced by dexamethasone and IL-10. Virology 517:199-207

Chang HH-C, Peng Y-T, Chang HH-C, Chaung H-C, Chung W-B (2008)
Phenotypic and functional modulation of bone marrow-derived den-
dritic cells by porcine reproductive and respiratory syndrome virus. Vet
Microbiol 129:281-293

Wang X, Eaton M, Mayer M, Li H, He D, Nelson E, Christopher-Hennings
J(2007) Porcine reproductive and respiratory syndrome virus produc-
tively infects monocyte-derived dendritic cells and compromises their
antigen-presenting ability. Arch Virol 152:289-303

Bordet E, Blanc F, Tiret M, Crisci E, Bouguyon E, Renson P, Maisonnasse
P, Bourge M, Leplat J-J, Giuffra E, Jouneau L, Schwartz-Cornil I, Bourry O,
Bertho N (2018) Porcine Reproductive and Respiratory Syndrome Virus
Type 1.3 Lena triggers conventional dendritic cells 1 activation and

T helper 1T immune response without infecting dendritic cells. Front
Immunol 9:2299

Guilliams M, Ginhoux F, Jakubzick C, Naik SH, Onai N, Schraml BU,
Segura E, Tussiwand R, Yona S (2014) Dendritic cells, monocytes and
macrophages: a unified nomenclature based on ontogeny. Nat Rev
Immunol 14:571-578

Zhang Q, Yoo D (2015) PRRS virus receptors and their role for pathogen-
esis. Vet Microbiol 177:229-241

Xie J, Christiaens |, Yang B, Van Breedam W, Cui T, Nauwynck HJ (2017)
Molecular cloning of porcine Siglec-3, Siglec-5 and Siglec-10, and iden-
tification of Siglec-10 as an alternative receptor for porcine reproduc-
tive and respiratory syndrome virus (PRRSV). J Gen Virol 98:2030-2042


https://doi.org/10.1186/s13567-020-00807-8
https://doi.org/10.1186/s13567-020-00807-8

Saade et al. Vet Res

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

(2020) 51:80

Vanderheijden N, Delputte PL, Favoreel HW, Vandekerckhove J, Van
Damme J, van Woensel PA, Nauwynck HJ (2003) Involvement of
sialoadhesin in entry of porcine reproductive and respiratory syn-
drome virus into porcine alveolar macrophages. J Virol 77:8207-8215
Whitworth KM, Rowland RRR, Ewen CL, Trible BR, Kerrigan MA,
Cino-Ozuna AG, Samuel MS, Lightner JE, McLaren DG, Mileham AJ,
Wells KD, Prather RS (2016) Gene-edited pigs are protected from
porcine reproductive and respiratory syndrome virus. Nat Biotechnol
34:20-22

Wells KD, Bardot R, Whitworth KM, Trible BR, Fang Y, Mileham A, Ker-
rigan MA, Samuel MS, Prather RS, Rowland RRR (2017) Replacement
of porcine CD163 scavenger receptor cysteine-rich domain 5 with a
CD163-Like homolog confers resistance of pigs to genotype 1 but
not genotype 2 porcine reproductive and respiratory syndrome virus.
JVirol 91:e01521-16

Hou G, Xue B, Li L, Nan Y, Zhang L, Li K, Zhao Q, Hiscox JA, Stewart JP,
Wu C, Wang J, Zhou E-M (2019) Direct interaction between CD163
N-terminal domain and MYH9 C-terminal domain contributes to
porcine reproductive and respiratory syndrome virus internalization
by permissive cells. Front Microbiol 10:1815

Van Reeth K, Labarque G, Nauwynck H, Pensaert M (1999) Differential
production of proinflammatory cytokines in the pig lung during
different respiratory virus infections: correlations with pathogenicity.
Res Vet Sci 67:47-52

Thanawongnuwech R, Thacker B, Halbur P, Thacker EL (2004)
Increased production of proinflammatory cytokines following infec-
tion with porcine reproductive and respiratory syndrome virus and
Mycoplasma hyopneumoniae. Clin Diagn Lab Immunol 11:901-908
Lee S-M, Schommer SK, Kleiboeker SB (2004) Porcine reproductive
and respiratory syndrome virus field isolates differ in in vitro inter-
feron phenotypes. Vet Immunol Immunopathol 102:217-231
Gimeno M, Darwich L, Diaz |, de la Torre E, Pujols J, Martin M, Inumaru
S, Cano E, Domingo M, Montoya M, Mateu E (2011) Cytokine profiles
and phenotype regulation of antigen presenting cells by genotype-|
porcine reproductive and respiratory syndrome virus isolates. Vet Res
42:9

Wei R, Van Renne N, Nauwynck HJ (2019) Strain-dependent porcine
circovirus type 2 (PCV2) entry and replication in T-lymphoblasts.
Viruses 11:813

Nauwynck HJ, Sanchez R, Meerts P, Lefebvre DJ, Saha D, Huang L,
Misinzo G (2012) Cell tropism and entry of porcine circovirus 2. Virus
Res 164:43-45

Segales J, Allan GM, Domingo M, Segalés J, Allan GM, Domingo M,
Segales J, Allan GM, Domingo M (2005) Porcine circovirus diseases.
Anim Health Res Rev 6:119-142

Sanchez RE, Meerts P, Nauwynck HJ, Ellis JA, Pensaert MB (2004) Char-
acteristics of porcine circovirus-2 replication in lymphoid organs of
pigs inoculated in late gestation or postnatally and possible relation
to clinical and pathological outcome of infection. J Vet Diagn Investig
16:175-185

Yu S, Opriessnig T, Kitikoon P, Nilubol D, Halbur PG, Thacker E (2007)
Porcine circovirus type 2 (PCV2) distribution and replication in tissues
and immune cells in early infected pigs. Vet Immunol Immunopathol
115:261-272

Steiner E, Balmelli C, Herrmann B, Summerfield A, McCullough K
(2008) Porcine circovirus type 2 displays pluripotency in cell target-
ing. Virology 378:311-322

Vincent IE, Carrasco CP, Herrmann B, Meehan BM, Allan GM, Sum-
merfield A, McCullough KC (2003) Dendritic cells harbor infectious
porcine circovirus type 2 in the absence of apparent cell modulation
or replication of the virus. J Virol 77:13288-13300

Nielsen J, Vincent IE, Batner A, Ladekjeer-Mikkelsen A-S, Allan G,
Summerfield A, McCullough KC (2003) Association of lymphopenia
with porcine circovirus type 2 induced postweaning multisystemic
wasting syndrome (PMWS). Vet Immunol Immunopathol 92:97-111
Darwich L (2003) Cytokine profiles of peripheral blood mononuclear
cells from pigs with postweaning multisystemic wasting syndrome in
response to mitogen, superantigen or recall viral antigens. J Gen Virol
84:3453-3457

Doster AR, Subramaniam S, Yhee J-Y, Kwon B-J, Yu C-H, Kwon S-Y,
Osorio FA, Sur J-H (2010) Distribution and characterization of

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Page 16 of 19

IL-10-secreting cells in lymphoid tissues of PCV2-infected pigs. J Vet
Sci11:177-183

Kekarainen T, Montoya M, Dominguez J, Mateu E, Segalés J (2008)
Porcine circovirus type 2 (PCV2) viral components immunomodulate
recall antigen responses. Vet Immunol Immunopathol 124:41-49
Vincent IE, Carrasco CP, Guzylack-Piriou L, Herrmann B, McNeilly F,

Allan GM, Summerfield A, McCullough KC (2005) Subset-dependent
modulation of dendritic cell activity by circovirus type 2. Immunology
115:388-398

Crisci E, Mussa T, Fraile L, Montoya M (2013) Review: influenza virus in
pigs. Mol Immunol 55:200-211

Meischel T, Villalon-Letelier F, Saunders PM, Reading PC, Londrigan SL
(2020) Influenza A virus interactions with macrophages: lessons from
epithelial cells. Cell Microbiol 22:¢13170

Summerfield A, McCullough KC (2009) Dendritic cells in innate

and adaptive immune responses against influenza virus. Viruses
1:1022-1034

Chaimayo C, Dunagan M, Hayashi T, Santoso N, Takimoto T (2018)
Specificity and functional interplay between influenza virus PA-X and
NS1 shutoff activity. PLoS Pathog 14:e1007465

Park H, Liu G, Raman NT, Landreth SL (2018) NS1 Protein of 2009 pan-
demic influenza A virus inhibits porcine NLRP3 inflammasome-medi-
ated interleukin-1 beta production by suppressing ASC ubiquitination.
JVirol 92:200022-18

Vlasova AN, Wang Q, Jung K, Langel SN, Malik YS, Saif LJ (2020) Porcine
coronaviruses. Emerging transbounding animal viruses. Springer, Singa-
pore, pp 79-110

Zhou P, Fan H, Lan T, Yang X-L, Shi W-F, Zhang W, Zhu Y, Zhang Y-W, Xie
Q-M, Mani S, Zheng X-S, Li B, Li J-M, Guo H, Pei G-Q, An X-P, Chen J-W,
Zhou L, Mai K-J, Wu Z-X, Li D, Anderson DE, Zhang L-B, Li S-Y, Mi Z-Q, He
T-T, Cong F, Guo P-J, Huang R, Luo Y et al (2018) Fatal swine acute diar-
rhoea syndrome caused by an HKU2-related coronavirus of bat origin.
Nature 556:255-258

Chen W, Yan M, Yang L, Ding B, He B, Wang Y, Liu X, Liu C, Zhu H, You

B, Huang S, Zhang J, Mu F, Xiang Z, Feng X, Wen J, Fang J, Yu J, Yang H,
Wang J (2005) SARS-associated coronavirus transmitted from human to
pig. Emerg Infect Dis 11:446-448

Shi J,Wen Z, Zhong G, Yang H, Wang C, Huang B, Liu R, He X, Shuai L,
Sun Z, ZhaoY, Liu P, Liang L, Cui P, Wang J, Zhang X, Guan Y, Tan W, Wu
G, Chen H, Bu Z (2020) Susceptibility of ferrets, cats, dogs, and other
domesticated animals to SARS-coronavirus 2. Science 368:1016-1020
Delmas B, Gelfi J, Sjostrom H, Noren O, Laude H (1993) Further charac-
terization of aminopeptidase-N as a receptor for coronaviruses. Adv Exp
Med Biol 342:293-298

Mettenleiter T, Ehlers B, Mller T, Yoon K, Teifke J (2019) Herpesviruses.
In: Zimmerman JJ, Karriker LA, Ramirez A, Schwartz KJ, Stevenson GW,
Zhang J (eds) Diseases of swine, 11th edn. Wiley, Chichester

Pomeranz LE, Reynolds AE, Hengartner CJ (2005) Molecular biology of
pseudorabies virus: impact on neurovirology and veterinary medicine.
Microbiol Mol Biol Rev 69:462-500

Spear PG, Eisenberg RJ, Cohen GH (2000) Three classes of cell surface
receptors for alphaherpesvirus entry. Virology 275:1-8

Ober BT, Teufel B, Wiesmdller K-H, Jung G, Pfaff E, Saalmiller A, Rziha H-J
(2000) The porcine humoral immune response against pseudorabies
virus specifically targets attachment sites on glycoprotein gC. J Virol
74:1752-1760

Huang C, Hung J-J, Wu C-Y, Chien M-S (2004) Multiplex PCR for rapid
detection of pseudorabies virus, porcine parvovirus and porcine circo-
viruses. Vet Microbiol 101:209-214

Sassu EL, Bossé JT, Tobias TJ, Gottschalk M, Langford PR, Hennig-Pauka

1 (2018) Update on Actinobacillus pleuropneumoniae-knowledge, gaps
and challenges. Transbound Emerg Dis 65(Suppl 1):72-90

Gottschalk M, Broes A (2019) Actinobacillosis. In: Zimmerman JJ, Kar-
riker LA, Ramirez A, Schwartz KJ, Stevenson GW, Zhang J (eds) Diseases
of swine, 11th edn. Wiley, Chichester

Kaplan JB, Mulks MH (2005) Biofilm formation is prevalent among field
isolates of Actinobacillus pleuropneumoniae. Vet Microbiol 108:89-94
van de Kerkhof A, Haesebrouck F, Chiers K, Ducatelle R, Kamp EM, Smits
MA (1996) Influence of Actinobacillus pleuropneumoniae and its metab-
olites on porcine alveolar epithelial cells. Infect Immun 64:3905-3907



Saade et al. Vet Res

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

(2020) 51:80

Cullen JM, Rycroft AN (1994) Phagocytosis by pig alveolar macrophages
of Actinobacillus pleuropneumoniae serotype 2 mutant strains defec-
tive in haemolysin Il (ApxIl) and pleurotoxin (Apxlil). Microbiology
140:237-244

Tarigan S, Slocombe RF, Browning GF, Kimpton W (1994) Functional and
structural changes of porcine alveolar macrophages induced by sub-
Iytic doses of a heat-labile, hemolytic, cytotoxic substance produced by
Actinobacillus pleuropneumoniae. Am J Vet Res 55:1548-1557

Pieters MG, Maes D (2019) Mycoplasmosis. In: Zimmerman JJ, Karriker
LA, Ramirez A, Schwartz KJ, Stevenson GW, Zhang J (eds) Diseases of
swine, 11th edn. Wiley, Chichester

Maes D, Sibila M, Kuhnert P, Segales J, Haesebrouck F, Pieters M (2018)
Update on Mycoplasma hyopneumoniae infections in pigs: knowledge
gaps for improved disease control. Transbound Emerg Dis 65(Suppl
1):110-124

Adams C, Pitzer J, Minion FC (2005) In Vivo expression analysis of the
P97 and P102 paralog families of Mycoplasma hyopneumoniae. Infect
Immun 73:7784-7787

Tacchi JL, Raymond BB, Haynes PA, Berry 1), Widjaja M, Bogema DR,
Woolley LK, Jenkins C, Minion FC, Padula MP, Djordjevic SP (2016)
Post-translational processing targets functionally diverse proteins in
Mycoplasma hyopneumoniae. Open Biol 6:150210

Dos Santos LF, Sreevatsan S, Torremorell M, Moreira MA, Sibila M, Piet-
ers M (2015) Genotype distribution of Mycoplasma hyopneumoniae

in swine herds from different geographical regions. Vet Microbiol
175:374-381

Raymond BBA, Turnbull L, Jenkins C, Madhkoor R, Schleicher |, Uphoff
CC, Whitchurch CB, Rohde M, Djordjevic SP (2018) Mycoplasma
hyopneumoniae resides intracellularly within porcine epithelial cells. Sci
Rep 8:17697

Rodriguez F, Ramirez GA, Sarradell J, Andrada M, Lorenzo H (2004)
Immunohistochemical labelling of cytokines in lung lesions of pigs
naturally infected with Mycoplasma hyopneumoniae. J Comp Pathol
130:306-312

Lorenzo H, Quesada O, Assuncao P, Castro A, Rodriguez F (2006)
Cytokine expression in porcine lungs experimentally infected

with Mycoplasma hyopneumoniae. Vet Immunol Immunopathol
109:199-207

Sarradell J, Andrada M, Ramirez AS, Ferndndez A, Gomez-Villamandos
JC, Jover A, Lorenzo H, Herrdez P, Rodriguez F (2003) A morphologic
and immunohistochemical study of the bronchus-associated lymphoid
tissue of pigs naturally infected with Mycoplasma hyopneumoniae. Vet
Pathol 40:395-404

Bin L, Luping D, Bing S, Zhengyu Y, Maojun L, Zhixin F, Yanna W, Haiyan
W, Guoging S, Kongwang H (2014) Transcription analysis of the porcine
alveolar macrophage response to Mycoplasma hyopneumoniae. PLoS
One 9:.¢101968

Thanawongnuwech R, Young TF, Thacker B, Thacker EL (2001) Dif-
ferential production of proinfammatory cytokines: in vitro PRRSV and
Mycoplasma hyopneumoniae co-infection model. Vet Immunol Immu-
nopathol 79:115-127

Trueeb BS, Braun RO, Auray G, Kuhnert P, Summerfield A (2020) Differ-
ential innate immune responses induced by Mycoplasma hyopneumo-
niae and Mycoplasma hyorhinis in various types of antigen presenting
cells. Vet Microbiol 240:108541

Brockmeier SL, Register KB, Nicholson TL, Loving C (2019) Bordetellosis.
In: Zimmerman JJ, Karriker LA, Ramirez A, Schwartz KJ, Stevenson GW,
Zhang J (eds) Diseases of Swine, 11th edn. Wiley, Chichester
Ackermann MR, Register KB, Gentry-Weeks C, Gwaltney SM, Magyar

T (1997) A porcine model for the evaluation of virulence of Bordetella
bronchiseptica. J Comp Pathol 116:55-61

Nicholson TL, Brockmeier SL, Loving CL (2009) Contribution of Borde-
tella bronchiseptica filamentous hemagglutinin and pertactin to respira-
tory disease in swine. Infect Immun 77:2136-2146

Sun N, Sun P LvH, Sun, Guo J,Wang Z, Luo T, Wang S, Li H (2016)
Matrine displayed antiviral activity in porcine alveolar macrophages co-
infected by porcine reproductive and respiratory syndrome virus and
porcine circovirus type 2. Sci Rep 6:24401

Ramamoorthy S, Opriessnig T, Pal N, Huang FF, Meng XJ (2011) Effect
of an interferon-stimulated response element (ISRE) mutant of porcine
circovirus type 2 (PCV2) on PCV2-induced pathological lesions in a

82.

83.

84.

85.

86.

87.

88.

89.

90.

o1

92.

93.

94.

95.

96.

97.

98.

99.

Page 17 of 19

porcine reproductive and respiratory syndrome virus (PRRSV) co-
infection model. Vet Microbiol 147:49-58

Rovira A, Balasch M, Segales J, Garcia L, Plana-Duran J, Rosell C, Ellerbrok
H, Mankertz A, Domingo M (2002) Experimental inoculation of conven-
tional pigs with porcine reproductive and respiratory syndrome virus
and porcine circovirus 2. J Virol 76:3232-3239

Salines M, Barnaud E, Andraud M, Eono F, Renson P, Bourry O, Pavio N,
Rose N (2015) Hepatitis E virus chronic infection of swine co-infected
with Porcine Reproductive and Respiratory Syndrome Virus. Vet Res
46:55

Kitikoon P, Vincent AL, Jones KR, Nilubol D, Yu S, Janke BH, Thacker BJ,
Thacker EL (2009) Vaccine efficacy and immune response to swine
influenza virus challenge in pigs infected with porcine reproductive
and respiratory syndrome virus at the time of SIV vaccination. Vet
Microbiol 139:235-244

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

Krimmling T, Schwegmann-Wef3els C (2017) Comparison of mono- and
co-infection by swine influenza A viruses and porcine respiratory coro-
navirus in porcine precision-cut lung slices. Res Vet Sci 115:470-477
Dong VH, Tu P-Y, Tsai P-C, Lin Y-H, Chang H-L, Kuo T-Y, Chiou M-T, Lin
C-N, Chung W-B (2015) 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 101:180-186
Wei H, Lenz SD, Van Alstine WG, Stevenson GW, Langohr IM, Pogranich-
niy RM (2010) Infection of cesarean-derived colostrum-deprived pigs
with porcine circovirus type 2 and Swine influenza virus. Comp Med
60:45-50

Opriessnig T, Fenaux M, Yu S, Evans RB, Cavanaugh D, Gallup JM, Pallares
FJ, Thacker EL, Lager KM, Meng XJ, Halbur PG (2004) Effect of porcine
parvovirus vaccination on the development of PMWS in segregated
early weaned pigs coinfected with type 2 porcine circovirus and por-
cine parvovirus. Vet Microbiol 98:209-220

Sibila M, Fort M, Nofrarias M, Pérez de Rozas A, Galindo-Cardiel I, Mateu
E, Segalés J (2012) Simultaneous porcine circovirus type 2 and Myco-
plasma hyopneumoniae co-inoculation does not potentiate disease in
conventional pigs. J Comp Pathol 147:285-295

Yazawa S, Okada M, Ono M, Fujii S, Okuda'Y, Shibata I, Kida H (2004)
Experimental dual infection of pigs with an HINT swine influenza

virus (A/Sw/Hok/2/81) and Mycoplasma hyopneumoniae. Vet Microbiol
98:221-228

Thacker EL, Halbur PG, Ross RF, Thanawongnuwech R, Thacker BJ (1999)
Mycoplasma hyopneumoniae potentiation of porcine reproductive

and respiratory syndrome virus-induced pneumonia. J Clin Microbiol
37:620-627

Deblanc C, Robert F, Pinard T, Gorin S, Quéguiner S, Gautier-Bouchardon
AV, Ferré S, Garraud JM, Cariolet R, Brack M, Simon G (2013) Pre-
infection of pigs with Mycoplasma hyopneumoniae induces oxidative
stress that influences outcomes of a subsequent infection with a swine
influenza virus of HINT subtype. Vet Microbiol 162:643-651

Almand EA, Moore MD, Jaykus L-A (2017) Virus-bacteria interactions: an
emerging topic in human infection. Viruses 9:58

McCullers JA (2014) The co-pathogenesis of influenza viruses with
bacteria in the lung. Nat Rev Microbiol 12:252-262

Wang Y, Gagnon CA, Savard C, Music N, Srednik M, Segura M, Lachance
C, Bellehumeur C, Gottschalk M (2013) Capsular sialic acid of Strepto-
coccus suis serotype 2 binds to swine influenza virus and enhances
bacterial interactions with virus-infected tracheal epithelial cells. Infect
Immun 81:4498-4508

Meng F, Wu NH, Nerlich A, Herrler G, Valentin-Weigand P, Seitz M (2015)
Dynamic virus-bacterium interactions in a porcine precision-cut lung
slice coinfection model: swine influenza virus paves the way for Strepto-
coccus suis infection in a two-step process. Infect Immun 83:2806-2815
Lin X, Huang C, Shi J, Wang R, Sun X, Liu X, Zhao L, Jin M (2015) Investi-
gation of pathogenesis of HINT1 influenza virus and swine Streptococcus
suis serotype 2 co-infection in pigs by microarray analysis. PLoS One
10:0124086

Dang Y, Lachance C,Wang Y, Gagnon CA, Savard C, Segura M, Grenier D,
Gottschalk M (2014) Transcriptional approach to study porcine tracheal



Saade et al. Vet Res

100.

102.

103.

104.

105.

112.

113.

115.

116.

117.

118.

(2020) 51:80

epithelial cells individually or dually infected with swine influenza virus
and Streptococcus suis. BMC Vet Res 10:86

Deblanc C, Delgado-Ortega M, Gorin S, Berri M, Paboeuf F, Berthon P,
Herrler G, Meurens F, Simon G (2016) Mycoplasma hyopneumoniae does
not affect the interferon-related anti-viral response but predisposes the
pig to a higher level of inflammation following swine influenza virus
infection. J Gen Virol 97:2501-2515

Zhang H, Lunney JK, Baker RB, Opriessnig T (2011) Cytokine and
chemokine mRNA expression profiles in tracheobronchial lymph nodes
from pigs singularly infected or coinfected with porcine circovirus

type 2 (PCV2) and Mycoplasma hyopneumoniae (MHYO). Vet Immunol
Immunopathol 140:152-158

Cho JG, Dee SA, Deen J, Trincado C, Fano E, Jiang Y, Faaberg K, Mur-
taugh MP, Guedes A, Collins JE, Joo HS (2006) The impact of animal age,
bacterial coinfection, and isolate pathogenicity on the shedding of
porcine reproductive and respiratory syndrome virus in aerosols from
experimentally infected pigs. Can J Vet Res 70:297-301

Levesque C, Provost C, Labrie J, Hernandez Reyes Y, Burciaga Nava JA,
Gagnon CA, Jacques M, Lévesque C, Provost C, Labrie J, Hernandez
Reyes Y, Burciaga Nava JA, Gagnon CA, Jacques M, Levesque C, Provost
C, Labrie J, Hernandez Reyes Y, Burciaga Nava JA, Gagnon CA, Jacques
M (2014) Actinobacillus pleuropneumoniae possesses an antiviral activity
against porcine reproductive and respiratory syndrome virus. PLoS One
9:298434

van Dixhoorn IDE, Reimert I, Middelkoop J, Bolhuis JE, Wisselink

HJ, Groot Koerkamp PWG, Kemp B, Stockhofe-Zurwieden N (2016)
Enriched housing reduces disease susceptibility to co-infection with
porcine reproductive and respiratory virus (PRRSV) and Actinobacillus
pleuropneumoniae (A. pleuropneumoniae) in young pigs. PLoS One
11:0161832

Pol JM, van Leengoed LA, Stockhofe N, Kok G, Wensvoort G (1997) Dual
infections of PRRSV/influenza or PRRSV/Actinobacillus pleuropneumo-
niae in the respiratory tract. Vet Microbiol 55:259-264

Short FL, Murdoch SL, Ryan RP (2014) Polybacterial human disease: the
ills of social networking. Trends Microbiol 22:508-516

Eisenreich W, Rudel T, Heesemann J, Goebel W (2019) How viral and
intracellular bacterial pathogens reprogram the metabolism of host
cells to allow their intracellular replication. Front Cell Infect Microbiol
9:42

Fourour S, Marois-Créhan C, Martelet L, Fablet C, Kempf I, Gottschalk M,
Segura M (2019) Intra-species and inter-species differences in cytokine
production by porcine antigen-presenting cells stimulated by Myco-
plasma hyopneumoniae, M. hyorhinis, and M. flocculare. Pathogens 8:34
Dianzani F (1975) Viral interference and interferon. Ric Clin Lab
5:196-213

McNab F, Mayer-Barber K, Sher A, Wack A, O'Garra A (2015) Type | inter-
ferons in infectious disease. Nat Rev Immunol 15:87-103

Zhou J-H, Wang Y-N, Chang Q-Y, Ma P, Hu Y, Cao X (2018) Type lll inter-
ferons in viral infection and antiviral immunity. Cell Physiol Biochem
51:173-185

Boxx GM, Cheng G (2016) The roles of type | interferon in bacterial
infection. Cell Host Microbe 19:760-769

Doughty L, Nguyen K, Durbin J, Biron C (2001) A role for IFN-alpha

beta in virus infection-induced sensitization to endotoxin. J Immunol
166:2658-2664

Shirey KA, Perkins DJ, Lai W, Zhang W, Fernando LR, Gusovsky F, Blanco
JCG, Vogel SN (2019) Influenza “trains” the host for enhanced suscepti-
bility to secondary bacterial infection. mBio 10:e00810-19

Li W, Moltedo B, Moran TM (2012) Type | interferon induction during
influenza virus infection increases susceptibility to secondary Strepto-
coccus pneumoniae infection by negative regulation of y5 T cells. J Virol
86:12304-12312

Marcus PI (1977) Intrinsic interference: non-interferon mediated viral
interference. Tex Rep Biol Med 35:336-342

Moore MD, Jaykus L-A (2018) Virus-bacteria interactions: implications
and potential for the applied and agricultural sciences. Viruses 10:61
Yang Y, LyuT, Zhou R, He X, Ye K, Xie Q, Zhu L, Chen T, Shen C, Wu Q,
Zhang B, Zhao W (2019) The antiviral and antitumor effects of defective
interfering particles/genomes and their mechanisms. Front Microbiol
10:1852

119.

120.

121.

122.

123.

125.

126.

127.

128.

129.

130.

134.

138.

139.

140.

Page 18 of 19

Tan FL, Yin JQ (2004) RNAI, a new therapeutic strategy against viral
infection. Cell Res 14:460-466

Flenniken ML, Andino R (2013) Non-specific dsRNA-mediated antiviral
response in the honey bee. PLoS One 8:€77263

Lemm JA, Rice CM (1993) Roles of nonstructural polyproteins and
cleavage products in regulating Sindbis virus RNA replication and
transcription. J Virol 67:1916-1926

Meurens F, Schynts F, Keil GMM, Muylkens B, Vanderplasschen A, Gal-
lego P, Thiry E (2004) Superinfection prevents recombination of the
alphaherpesvirus bovine herpesvirus 1. J Virol 78:3872-3879
Mufoz-Gonzélez S, Pérez-Simd M, Colom-Cadena A, Cabezén O,
Bohorquez JA, Rosell R, Pérez LJ, Marco |, Lavin S, Domingo M, Ganges
L (2016) Classical swine fever virus vs. classical swine fever virus: the
superinfection exclusion phenomenon in experimentally infected wild
boar. PLoS One 11:20149469

Sinha A, Shen HG, Schalk S, Beach NM, Huang YW, Meng XJ, Halbur PG,
Opriessnig T (2011) Porcine reproductive and respiratory syndrome
virus (PRRSV) influences infection dynamics of porcine circovirus type
2 (PCV2) subtypes PCV2a and PCV2b by prolonging PCV2 viremia and
shedding. Vet Microbiol 152:235-246

Niederwerder MC, Jaing CJ, Thissen JB, Cino-Ozuna AG, McLoughlin KS,
Rowland RRR (2016) Microbiome associations in pigs with the best and
worst clinical outcomes following co-infection with porcine reproduc-
tive and respiratory syndrome virus (PRRSV) and porcine circovirus type
2 (PCV2). Vet Microbiol 188:1-11

Fan P, WeiY, Guo L, Wu H, Huang L, Liu J, Liu C (2013) Synergistic effects
of sequential infection with highly pathogenic porcine reproductive
and respiratory syndrome virus and porcine circovirus type 2. Virol J
10:265

Bentley K, Evans DJ (2018) Mechanisms and consequences of positive-
strand RNA virus recombination. J Gen Virol 99:1345-1356

Thiry E, Muylkens B, Meurens F, Gogev S, Thiry J, Vanderplasschen A,
Schynts F (2006) Recombination in the alphaherpesvirus bovine her-
pesvirus 1. Vet Microbiol 113:171-177

Tashiro M, Ciborowski P, Klenk HD, Pulverer G, Rott R (1987) Role of
Staphylococcus protease in the development of influenza pneumonia.
Nature 325:536-537

QiW, Zhu R, Bao C, Xiao J, Liu B, Sun M, Feng X, Gu J, LiY, Lei L (2019)
Porcine circovirus type 2 promotes Actinobacillus pleuropneumoniae
survival during coinfection of porcine alveolar macrophages by inhibit-
ing ROS production. Vet Microbiol 233:93-101

Wu N-H, Valentin-Weigand P, Meng F, Herrler G, Seitz M (2015) Sialic
acid-dependent interactions between influenza viruses and Strep-
tococcus suis affect the infection of porcine tracheal cells. J Gen Virol
96:2557-2568

Passariello C, Nencioni L, Sgarbanti R, Ranieri D, Torrisi MR, Ripa S, Garaci
E, Palamara AT (2011) Viral hemagglutinin is involved in promoting the
internalisation of Staphylococcus aureus into human pneumocytes dur-
ing influenza A HINT virus infection. Int J Med Microbiol 301:97-104
Boti¢ T, Klingberg TD, Weingartl H, Cencic A (2007) A novel eukaryotic
cell culture model to study antiviral activity of potential probiotic
bacteria. Int J Food Microbiol 115:227-234

Belon C, Blanc-Potard A-B (2016) Intramacrophage survival for extracel-
lular bacterial pathogens: MgtC as a key adaptive factor. Front Cell
Infect Microbiol 6:52

Niederwerder MC (2017) Role of the microbiome in swine respiratory
disease. Vet Microbiol 209:97-106

Lijek RS, Weiser N (2012) Co-infection subverts mucosal immunity in
the upper respiratory tract. Curr Opin Immunol 24:417-423
Delgado-Ortega M, Melo S, Punyadarsaniya D, Ramé C, Olivier M,
Soubieux D, Marc D, Simon G, Herrler G, Berri M, Dupont J, Meurens F
(2014) Innate immune response to a H3N2 subtype swine influenza
virus in newborn porcine trachea cells, alveolar macrophages, and
precision-cut lung slices. Vet Res 45:42

Bar-Ephraim YE, Kretzschmar K, Clevers H (2019) Organoids in immuno-
logical research. Nat Rev Immunol 20:279-293

Meurens F, Keil GM, Muylkens B, Gogev S, Schynts F, Negro S, Wiggers
L, Thiry E (2004) Interspecific recombination between two ruminant
alphaherpesviruses, bovine herpesviruses 1 and 5. J Virol 78:9828-9836
Pinky L, Dobrovolny HM (2016) Coinfections of the respiratory tract:
viral competition for resources. PLoS One 11:0155589



Saade et al. Vet Res

141.

142.

143.

144,

(2020) 51:80

Wiegand SB, Jaroszewicz J, Potthoff A, Honer Zu Siederdissen C, Maa-
soumy B, Deterding K, Manns MP, Wedemeyer H, Cornberg M (2015)
Dominance of hepatitis C virus (HCV) is associated with lower quantita-
tive hepatitis B surface antigen and higher serum interferon-y-induced
protein 10 levels in HBV/HCV-coinfected patients. Clin Microbiol Infect
21:710.e1-710.e9

Provost C, Hamonic G, Gagnon CA, Meurens F (2017) Dual infections of
CD163 expressing NPTr epithelial cells with influenza A virus and PRRSV.
Vet Microbiol 207:143-148

Go N, Belloc C, Bidot C, Touzeau S (2019) Why, when and how should
exposure be considered at the within-host scale? A modelling contri-
bution to PRRSv infection. Math Med Biol 36:179-206

Levine MI, Sackett MF (1946) Results of BCG immunization in New York
City. Am Rev Tuberc 53:517-532

145.

Page 19 of 19

Netea MG, Joosten LAB, Latz E, Mills KHG, Natoli G, Stunnenberg HG,
O'Neill LAJ, Xavier RJ (2016) Trained immunity: a program of innate
immune memory in health and disease. Science 352:aaf1098

Hamada A, Torre C, Drancourt M, Ghigo E (2018) Trained immunity car-
ried by non-immune cells. Front Microbiol 9:3225

Aegerter H, Kulikauskaite J, Crotta S, Patel H, Kelly G, Hessel EM, Mack M,
Beinke S, Wack A (2020) Influenza-induced monocyte-derived alveolar
macrophages confer prolonged antibacterial protection. Nat Immunol
21:145-157

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

At

Ready to submit your research? Choose BMC and benefit from:

Learn more biomedcentral.com/submissions

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

BMC, research is always in progress.




	1 Introduction
	2 �Porcine respiratory disease complex and the associated pathogens
	2.1 �Porcine reproductive and respiratory syndrome virus
	2.2 �Porcine circovirus type 2
	2.3 �Swine influenza A virus
	2.4 �Porcine respiratory alphacoronavirus
	2.5 �Aujeszky’s disease virus or PseudoRabies Virus (PRV)
	2.6 �Actinobacillus pleuropneumoniae
	2.7 �Mycoplasma hyopneumoniae
	2.8 �Bordetella bronchiseptica

	3 �Coinfections and superinfections and the resultant consequences for the porcine host
	3.1 �Selection and exclusion criteria for considered studies
	3.2 �The different types of coinfections
	3.2.1 �Virus–virus
	3.2.2 �Bacterium–virus and virus–bacterium
	3.2.3 �Bacterium–bacterium

	3.3 �Mechanisms of coinfections interferences
	3.3.1 �Virus–virus interactions
	3.3.2 �Bacterium–virus and virus–bacterium interactions
	3.3.3 �Bacterium–bacterium interactions

	3.4 �Limitations of coinfection studies

	4 �Conclusion and perspectives
	References
	Coinfections and their molecular consequences in the porcine respiratory tract
	Abstract 
	1 Introduction
	2 Porcine respiratory disease complex and the associated pathogens
	2.1 Porcine reproductive and respiratory syndrome virus
	2.2 Porcine circovirus type 2
	2.3 Swine influenza A virus
	2.4 Porcine respiratory alphacoronavirus
	2.5 Aujeszky’s disease virus or PseudoRabies Virus (PRV)
	2.6 Actinobacillus pleuropneumoniae
	2.7 Mycoplasma hyopneumoniae
	2.8 Bordetella bronchiseptica

	3 Coinfections and superinfections and the resultant consequences for the porcine host
	3.1 Selection and exclusion criteria for considered studies
	3.2 The different types of coinfections
	3.2.1 Virus–virus
	3.2.2 Bacterium–virus and virus–bacterium
	3.2.3 Bacterium–bacterium

	3.3 Mechanisms of coinfections interferences
	3.3.1 Virus–virus interactions
	3.3.2 Bacterium–virus and virus–bacterium interactions
	3.3.3 Bacterium–bacterium interactions

	3.4 Limitations of coinfection studies

	4 Conclusion and perspectives
	Acknowledgements
	References




