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Abstract – Swine influenza virus (SIV), porcine respiratory coronavirus (PRCV) and porcine reproductive and respiratory syndrome virus (PRRSV) are enzootic viruses causing pulmonary infections
in pigs. The first part of this review concentrates on known clinical and pathogenetic features of these
infections. SIV is a primary respiratory pathogen; PRCV and PRRSV, on the contrary, tend to cause
subclinical infections if uncomplicated but they appear to be important contributors to multifactorial
respiratory diseases. The exact mechanisms whereby these viruses cause symptoms and pathology, however, remain unresolved. Classical studies of pathogenesis have revealed different lung cell tropisms
and replication kinetics for each of these viruses and they suggest the involvement of different lung
inflammatory responses or mediators. The proinflammatory cytokines interferon-α (IFN-α), tumour
necrosis factor-α (TNF-α) and interleukin-1 (IL-1) have been shown to play key roles in several respiratory disease conditions. The biological effects of these cytokines and their involvement in human
viral respiratory disease are discussed in the second part of this review. The third part summarises studies that were recently undertaken in the authors’ laboratory to investigate the relationship between respiratory disease in pigs and bioactive lung lavage levels of IFN-α, TNF-α and IL-1 during single and
combined infections with the above viruses. In single SIV infections, typical signs of swine “flu”
were tightly correlated with an excessive and coordinate production of the 3 cytokines examined.
PRCV or PRRSV infections, in contrast, were subclinical and did not induce production of all 3
cytokines. Combined infections with these 2 subclinical respiratory viruses failed to potentiate disease
or cytokine production. After combined inoculation with PRCV followed by bacterial lipopolysaccharide,
both clinical respiratory disease and TNF-α/IL-1 production were markedly more severe than those associated with the respective single inoculations. Taken together, these data are the first to demonstrate
that proinflammatory cytokines can be important mediators of viral respiratory diseases in pigs.
cytokines / pathogenesis / swine influenza virus (SIV) / porcine respiratory coronavirus (PRCV)
/ porcine reproductive and respiratory syndrome virus (PRRSV)
Résumé – Cytokines proinflammatoires et maladies respiratoires virales chez le porc. Le virus
de la grippe porcine (swine influenza virus, SIV), le coronavirus respiratoire porcin (porcine
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respiratory coronavirus, PRCV), et le virus du syndrome dysgénésique et respiratoire porcin (porcine
reproductive and respiratory syndrome virus, PRRSV) sont des virus enzootiques provoquant des infections pulmonaires chez le porc. Les caractéristiques cliniques et pathogénétiques de ces infections sont
données dans la première partie de cette revue. Le SIV est un agent pathogène respiratoire primaire ;
les PRCV et PRRSV, en revanche, ne causent que des infections subcliniques en l’absence de complications, mais ils contribuent de manière importante aux maladies respiratoires multifactorielles.
Cependant, les mécanismes précis par lesquels ces virus provoquent des symptômes et une pathologie
demeurent inconnus. Les études classiques de pathogenèse ont révélé un tropisme pour les cellules
pulmonaires et des cinétiques de réplication différents pour chacun de ces virus, et suggèrent l’implication de différents types de réponses ou de médiateurs inflammatoires pulmonaires. Il a été démontré que les cytokines proinflammatoires interféron-α (IFN-α), facteur de nécrose tumorale-α (tumour
necrosis factor, TNF-α) et interleukine-1 (IL-1) jouaient un rôle clé dans plusieurs cas de maladies
respiratoires. Les effets biologiques de ces cytokines et leur implication dans les maladies respiratoires
virales chez l’humain sont discutés dans la seconde partie de cette revue. La troisième partie résume
les études qui ont été entreprises récemment dans le laboratoire des auteurs pour étudier la relation
entre les maladies respiratoires chez le porc et les quantités bioactives d’IFN-α, de TNF-α et
d’IL-1 retrouvées suite à des lavages pulmonaires, au cours d’infections simples et combinées avec
ces virus. Dans le cas d’infections simples à SIV, les signes typiques de grippe porcine étaient étroitement corrélés à la production excessive et coordonnée des 3 cytokines examinées. Par contre, les
infections PRCV ou PRRSV étaient subcliniques et ne pouvaient pas induire la production des
3 cytokines. Les infections combinées avec ces 2 virus respiratoires subcliniques n’ont pas eu d’effet
potentialisateur sur la maladie ou la production de cytokines. Par contre, après une inoculation combinée avec PRCV suivi d’un lipopolysaccharide bactérien, la maladie respiratoire clinique et la production de TNF-α et d’IL-1 ont été sensiblement plus sévères que lors des inoculations simples correspondantes. L’ensemble de ces données montre, pour la première fois, que les cytokines
proinflammatoires peuvent être d’importants médiateurs des maladies respiratoires virales chez le porc.
cytokines / pathogénie / virus de la grippe porcine / coronavirus respiratoire porcin / virus du
syndrome dysgénésique et respiratoire porcin
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Cytokines and porcine respiratory viruses

1. INTRODUCTION
Respiratory disease continues to be the
greatest cause of economic losses to modern
swine production. There has been relatively
little progress in the control of respiratory
disease over the past 15 years, despite the
continuous development of new vaccines
and antibiotics. Infections with respiratory
viruses (swine influenza virus (SIV), porcine
respiratory coronavirus (PRCV), porcine
reproductive and respiratory syndrome virus
(PRRSV)) form part of the respiratory disease problem. The physical, antigenic and
genetic characteristics of these viruses, their
epidemiology, transmission and diagnosis
have been well studied. Their exact clinical
significance and economic impacts, however, are frequently a matter of debate.
PRRSV, for example, is recognised as a primary respiratory pathogen by some
researchers, and considered insignificant by
others. Similarly, the multifactorial nature of
respiratory disease was accepted long ago,
but there are few proven examples of
microorganisms or circumstances that can
combine to produce respiratory disease.
Above all, there are serious gaps of knowledge concerning the disease mechanisms of
respiratory viruses. While the tissue and cell
tropism and the pathological manifestations
of these viruses are known, information
regarding the host response to these infections and the cellular/molecular basis of disease is comparatively scarce. More fundamental knowledge could prove extremely
helpful in the development of novel, rational
preventive and therapeutic strategies.
Cytokines are involved in many pathophysiological processes of the body. They
act as intercellular messengers and exert
potent biological effects at extremely low
concentrations. The so-called early response
or proinflammatory cytokines (interferonα (IFN-α), tumour necrosis factor-α (TNF-α)
and interleukin-1(IL-1)) are produced during
the most early stages of inflammation or
infection, in an antigen-independent way.
Several of these cytokines appear to play
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critical roles in infectious or non-infectious
respiratory disease conditions, such as the
adult respiratory distress syndrome and
bronchial asthma in humans, and Gram-negative bacterial infections of the lungs in several animal species. As for viral respiratory
diseases, information on the role of these
cytokines is still very limited. Furthermore,
interactions between viruses and cytokines
have been largely studied in vitro, in isolated cell populations removed from their
normal context that so profoundly influences the response of cells to cytokines, and
in mice models. Virus-cytokine studies in
pigs have been largely neglected. This has
led us to test the hypothesis that an excessive
production of IFN-α, TNF-α and IL-1 correlates with lung pathology and disease during infections with the above mentioned
viruses.
This article is meant to review: (1) The
current knowledge on the clinical and pathogenetic features of SIV, PRCV and PRRSV;
(2) The potential biological effects of IFN-α,
TNF-α and IL-1, and studies on the involvement of these cytokines in viral respiratory
diseases of humans; (3) Recent studies that
were undertaken in our laboratory to examine the relationship between cytokines and
disease in single and combined respiratory
virus infections of pigs.

2. CURRENT KNOWLEDGE
ON THE PATHOGENESIS
OF PORCINE RESPIRATORY
VIRUSES
Swine influenza virus (SIV), porcine respiratory coronavirus (PRCV) and porcine
reproductive and respiratory syndrome virus
(PRRSV) are readily transmitted via the respiratory route, and the respiratory tract is
the only (SIV, PRCV) or main (PRRSV)
route of virus entry. Pigs become infected
with these viruses by air or by close contact with infected animals. These 3 viruses
are ubiquitous in swine producing areas of
the world. In intensive swine-rearing areas
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such as Belgium, nearly 100% of swine
farms test positive for antibodies against
H1N1-and H3N2-subtype influenza viruses,
PRCV and PRRSV. All 3 viruses replicate
extensively in the lungs of pigs, but experimental studies point out differences in lung
cell tropism and replication kinetics and
suggest differences in pathological characteristics. The clinical impact of each of these
virus infections is frequently a matter of
debate. As for most respiratory viruses, there
is extreme variability in the response to
experimental infection. A virus that fails to
induce any symptoms in the hands of some
researchers, may be associated with significant respiratory disease by others. It is
apparent that the variety of experimental
conditions used (virus dose, virus inoculation route, virus strain, age and sanitary status of pigs) is at least partially responsible
for these discrepancies. Direct comparative
studies of the 3 virus infections have not
been undertaken, but critical reading of
experimental studies together with close
consideration of field data allows to more
or less judge the clinical significance of SIV,
PRCV and PRRSV.

clearly distinguishable from, the currently
circulating human viruses. A third virus subtype, H1N2, has become very common in
the UK since the 1980s [24]. There is no
cross-immunity between virus subtypes and
fattening pigs frequently contract infections
with 2 or more influenza viruses within their
relatively short lifetime. There is no doubt
that SIVs of all 3 subtypes can act as primary respiratory pathogens. In Belgium and
in the Netherlands, SIVs are the most commonly identified agents in acute respiratory
outbreaks in swine herds. In a 1995 diagnostic survey in the Midwestern US, SIV
was demonstrated in approximately 25% of
pneumonic lung tissue samples (Bruce
Janke, personal communication). Typical
outbreaks of swine influenza (SI) are characterised by a sudden onset of coughing,
laboured jerky breathing, fever, anorexia,
muscular weakness and weight loss. Morbidity is high, but mortality is usually less
than 1%, and recovery is almost as sudden as
the onset. In addition to the clinical SI outbreaks, subclinical infections frequently
occur and secondary bacterial infections
often increase disease severities and mortality rates.

2.1. Swine influenza virus

Infection with SIV is generally limited
to the respiratory tract. In experimental
infections, virus replication has been demonstrated in nasal mucosa, tonsils, trachea, and
lungs [72, 86]. Low virus titres have occasionally been isolated from serum [23], but
virus isolation from extra-respiratory sites
was negative. In the lungs, massive virus
replication occurs in epithelial cells of
bronchi, bronchioli and alveoli. Virus titres
in the lungs may reach up to 108 50% egg
infectious doses (EID50)/gram lung tissue
[49] and immunofluorescence studies may
show infection of nearly 100% of the epithelial lining of bronchi/bronchioli. In most
experimental studies, virus clearance was
extremely rapid. SIV could not be isolated
from lungs or other respiratory tract tissues
on or after day 7 [23]. Influenza specific
antibodies have been detected in the serum

Swine influenza viruses (SIVs) are type
A influenza viruses, in the family Orthomyxoviridae. The epidemiology of SIVs is particularly complex and differs in different
geographical areas of the world. Three SIV
subtypes with a different antigenic makeup
are circulating in swine in Europe, while
only 1 subtype is widespread in the US. In
most European countries, virus subtypes
with the haemagglutinin/neuraminidase configuration H1N1 and H3N2 are enzootic
[41, 47, 75, 140]. The prevailing H1N1 virus
is of avian origin and was introduced in
European pigs in 1979 [97]. The H3N2 virus
was transferred from humans to pigs in Asia
in 1969 and later disappeared from the
human population [69]. Swine H1N1 and
H3N2 influenza viruses are related to, but
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and nasal swabs as early as 3 and 4 days
post inoculation (DPI) respectively [77].
The characteristic histopathological lung
lesions include detachment of large areas
of bronchial/bronchiolar epithelium and
accumulation of necrotic epithelial cell
debris and neutrophils in the airspaces.
Later, the airways are filled with exudates
containing monocytes and lymphocytes [48].
There is often extensive lung consolidation
at the macroscopic level, with a sharp line of
demarcation between the affected, red and
firm lung parts and normal lung tissue.
Though swine are readily infected by
experimental SIV inoculation, the typical
clinical picture can be reproduced under
very specific conditions only. In fattening
swine (± 100 kg), direct inoculation of high
virus doses (107-107.5 EID50 per pig) into
the trachea of either the H1N1 or H3N2 subtype, results in high fever, complete anorexia
and severe respiratory distress within 24 h
post inoculation (h PI) [48, 49], and mean
weight losses of 5-6 kg during the first week
PI. Still, recovery is rapid and symptoms
persist only for 2 or 3 days. In contrast, inoculation of the same amount of virus by the
less invasive oronasal route produces mild
clinical signs or an asymptomatic infection.
The underlying causes for the variety of
clinical severities are undiscovered.
2.2. Porcine respiratory coronavirus
PRCV is a deletion mutant of transmissible gastroenteritis virus (TGEV) of pigs
(reviewed in [74]). Unlike TGEV, PRCV
causes a respiratory tract infection with minimal or no intestinal replication. PRCV first
appeared in Europe in 1984 [98] and in the
USA in 1989 [148]. The virus has spread
more rapidly and extensively in Europe
(where it has become enzootic [47, 75, 140])
than in the US, but recent data indicate that
PRCV seroprevalence in Midwestern states
may be increasing [149]. PRCV is generally considered as non-pathogenic, because
as a rule infection on swine farms passes
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without being noticed by the pig keeper.
Recent field data, however, indicate that
PRCV may be involved in respiratory disease problems in conjunction with PRRSV
or bacteria, such as Haemophilus parasuis,
Streptococcus suis and Pasteurella multocida [50, 65].
Experimental infection studies have
shown that PRCV replicates readily in
epithelial cells of nasal mucosa, tonsils and
lungs [35, 36, 92]. Viraemia is detected in
very young pigs (≤1 week) only, and
parenchymal organs and lymph nodes are
virus-negative in immunofluorescence studies. High amounts of virus are isolated from
the lungs (107.5-108.3 50% tissue culture
infectious doses (TCID50)/g tissue) and from
nasal swabs (106.5-107.3 TCID50/100 mg
secretions) during the first week after inoculation [35, 36, 139]. PRCV was detected
in several types of lung cells (bronchial and
bronchiolar epithelial cells, type I and II
pneumocytes, alveolar and septal
macrophages) using antigen detection methods [35, 36, 92, 114] and different experimental studies yielded conflicting data as
to the main virus target cell. In studies with
Belgian PRCV isolates, cells of the alveolar
epithelia and septa were predominantly
infected [35, 36], while US isolates were
shown to replicate mainly in bronchiolar
epithelial cells [114]. Nasal virus excretion
continues until 8-9 DPI [21, 72, 138, 139]
suggesting a similar duration of virus replication in the lungs. Virus neutralising antibodies in serum are detectable by 10-14 DPI
[72, 135].
Microscopic examination of the lungs of
experimentally infected pigs reveals a mild
to moderate broncho-interstitial pneumonia. Lesions mainly involve smaller bronchioli, alveolar ducts and peribronchiolar
alveoli. They are characterised by peribronchiolar and septal infiltration with
mononuclear cells, bronchiolar and alveolar
lymphohistiocytic exudate, and occasional
epithelial cell necrosis [35, 50, 92]. The
reparative process starts at approximately
1 week PI [92]. The lungs are grossly
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consolidated and the % of affected lung tissue varies depending on the PI time [50,
92]. Different US PRCV isolates have been
reported to differ in the extent of lung
pathology [51].
The clinical outcomes of experimental
PRCV infections appear to depend largely
on the sanitary status of pigs. Under strictly
gnotobiotic circumstances, both European
and US PRCV isolates fail to induce clinical
disease, despite considerable lung pathology [35, 50, 92, 148]. In some of the specific
pathogen free (SPF) or conventional pig
studies using pigs of various ages and various inoculation methods, mild dyspnoea and
polypnoea and a short lasting fever [48, 135,
138] or fever without respiratory signs [21,
40, 72] have been observed. Slightly reduced
weight gains have also been recorded. In
many clinical studies, the pigs were not uniformly affected. As for lung pathological
lesions, the American PRCV isolates differ
in their ability to induce clinical signs in
conventional pigs and these differences
might relate to different genome deletions
[95]. To test the hypothesis that the severity
of disease induced by PRCV depends on
concurrent infection, experimental combined infections with PRCV followed by
SIV [72, 139], and with PRRSV followed by
PRCV [141] were performed. The clinical
effects of such dual virus infections were
more severe than the single virus infections
in some but not in all studies.

2.3. Porcine reproductive
and respiratory syndrome virus
PRRSV is an arterivirus of the swine
(reviewed in [5]). The virus was first noticed
in the USA in 1987 [30] and subsequently in
Europe in 1990 [2, 12, 124] and has become
enzootic on both continents. Antigenic differences have been reported between European and North American PRRSV isolates,
and among different US PRRSV isolates
[88]. The role of the virus in respiratory disease is difficult to define. In many herds,

infection with PRRSV is subclinical and
productivity does not seem to be affected.
There has, however, been a general increase
in respiratory disease and poor productivity since the enzootic appearance of PRRSV,
and there are serious indications that PRRSV
may cause respiratory disease and/or poor
doing in combination with other infectious
agents. In problem herds, PRRSV has been
isolated along with a mixture of bacteria
(Actinobacillus
pleuropneumoniae,
Mycoplasma hyopneumoniae, Mycoplasma
hyorhinis, Haemophilus parasuis, Actinomyces pyogenes, Streptococcus suis) and
with common respiratory viruses, notably
SIV and PRCV [50, 65, 66, 118, 152].
In contrast to SIV and PRCV, PRRSV
causes a generalised infection. The virus
most frequently enters via the respiratory
tract, but viraemia and dissemination rapidly
occur throughout the body. Transplacental
infection occurs in late gestating sows, but
is beyond the scope of this review. In experimentally infected pigs, PRRSV replicates in
nasal turbinates, tonsils, lungs, several
lymph nodes, spleen, liver, kidney, thymus,
brain, heart, bone marrow and choroid
plexus [32, 46, 101, 107]. Nasal secretions
are inconsistently virus positive and plasma
or serum samples are more appropriate for
virus isolation than nasal swabs [32].
Macrophages are the principal virus target
cells in all organs. In the lungs, PRRSV antigens have been detected in macrophages of
the alveolar spaces and alveolar septa and,
more rarely, in type 2 pneumocytes [32, 39,
46]. On the contrary, only a small fraction of
the total alveolar macrophage (AM) population (no more than about 2% of lavaged
alveolar cells) are found to be PRRSV antigen positive [32, 39, 81]. The pathogenetic
consequences of PRRSV replication in AMs
are unknown and there is no substantial evidence that PRRSV infection causes local or
general immunosuppression [6]. One particular feature of PRRSV is its capacity to
persist in the infected pig for several weeks.
In various experimental studies, virus replication peaks between 7 and 14 DPI [107]
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and peak virus titres are in the range of 103.5105.0 TCID50/g lung. Though PRRSV specific serum antibodies appear within 2 weeks
after exposure to the virus, virus clearance
does not occur until 4-6 weeks PI [17, 39,
151]. While the virus can be recovered from
most susceptible organs during the first
2 weeks, only some organs (lungs, serum,
tonsils and lymph nodes) are found positive
thereafter. Results of several studies indicate that the lungs are the major site of virus
persistence and a source of viraemia [32,
39, 81], but other studies suggest virus persistence in lymphoid tissues [107].
Mild histopathological lung changes have
been recorded in most experimental studies and are mainly confined to the alveoli
[32, 52, 101, 107]. Lesions typically consist of alveolar septal thickening with many
macrophages and few lymphocytes. Interstitial pneumonia is of a prolonged nature,
with most severe changes at 10 DPI, but
inflammatory changes can persist until
28 DPI [106]. Remarkable gross lung lesions
have been observed exclusively with some
“more virulent” US PRRSV isolates [53].
Many clinical studies have been performed with pigs of different ages and sanitary status and using different PRRSV isolates and inoculation methods. With few
exceptions, the experimental inoculation
with PRRSV failed to induce overt respiratory disease. The most common clinical
manifestation is a transient fever after
2-3 days [3, 89, 93, 100]. In some studies,
inappetence and depression have been
recorded [32]. Considerable respiratory distress, lethargy and anorexia have been
reported with some selected US PRRSV
isolates only [52-54]. These isolates are
seemingly more virulent and more invasive
for the lungs, lymph nodes and tonsils than
other US PRRSV isolates and than the European Lelystad virus.
PRRSV is recognised as a key agent in
multifactorial respiratory disease problems
designated as the “porcine respiratory disease complex” (PRDC), but clinical disease
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has been difficult to reproduce in experimental infections with PRRSV and other
agents. Galina et al. [43] provided limited
experimental evidence for an interaction
between PRRSV and a virulent strain of
Streptococcus suis, but other workers failed
to demonstrate synergisms between PRRSV
and bacteria. Dual infections with PRRSV
followed by Streptococcus suis, Salmonella
choleraesuis, Pasteurella multocida,
Mycoplasma
hyopneumoniae
or
Haemophilus parasuis were all very mild
or subclinical [4, 34, 116, 132]. Variable
degrees of respiratory disease and growth
retardation may result from infections with
PRRSV followed by either PRCV or SIV
[141].

3. EARLY CYTOKINES
AND THEIR INVOLVEMENT
IN RESPIRATORY DISEASE
Cytokines – the term is derived from the
ancient Greek words “cytos” (cell) and
“kinein” (to move) – are essential transmitters of cell-to-cell communication in physiological and pathophysiological states. Cells
in any compartment of the body are capable
of cytokine production. In most instances,
cytokines are produced in response to stimulation, and after withdrawal of the stimulus,
production stops. A variety of agents including viruses, bacteria, components of moulds
and noxious agents can interact with specific components of the cell surface membrane or cytoplasm to trigger cytokine gene
activation and expression. Intracellular
pathogens like viruses can also trigger
cytokine gene expression via molecules generated during their replication cycle. In addition, many cytokines can themselves induce
cytokine production. Cytokines generally
function in an autocrine (on the cytokineproducing cell itself) or paracrine (on nearby
cells) manner.
Cytokines released following infection
can be classified broadly into “early”
and “late” cytokines. Early cytokines are

194

K. van Reeth, H. Nauwynck

produced by (non-immune) cells at the site
of infection and they are responsible for
local inflammatory reactions as well as some
systemic effects. Interferon-α (IFN-α), the
proinflammatory cytokines such as interleukin-1 (IL-1), tumour necrosis factor-α
(TNF-α) and interleukin-6 (IL-6), as well
as a number of chemotactic cytokines such
as interleukin-8 and the macrophage inflammatory proteins belong to the group of early
cytokines. IFN-α, TNF-α and IL-1 theoretically stand most proximal in the early
cytokine cascade and have been the focus
of our virus-cytokine studies in pigs. In contrast, late cytokines are produced by T cells
after recognition of antigens in association
with major histocompatibility complex
(MHC) molecules on the surface of antigen-presenting cells. These cytokines are
important in the regulation of the specific
immune response to infection and are
beyond the scope of this review.
The actions of cytokines and the cytokine
response to viruses have been studied mainly
in vitro, in isolated cell populations removed
from their normal context. One must be
extremely careful when extrapolating from
in vitro results to an in vivo situation for
several reasons. Cytokine production is
highly dependent upon the cell type and
conflicting data have often been obtained
with one virus in different cell types. Also,
as explained before, cytokines are part of a
complex in vivo network and the microenvironments in which they occur affect their
production and actions. In this review, therefore, we will try to emphasise in vivo data of
cytokine involvement in respiratory disease
pathogenesis wherever possible.
The aim of this chapter is to illustrate
certain aspects of the involvement of early
cytokines (IFN-α, TNF-α and IL-1 in particular) in the pathophysiology of viral respiratory disease. First, a brief introduction on
interferons, tumour necrosis factors and
interleukin-1 is made elucidating the complex nomenclature of these cytokines. Thereafter, the potential biological activities of
IFN-α, TNF-α and IL-1 are summarised,

specifically as they relate to respiratory
infections. Finally, data about cytokines in
the pathogenesis of respiratory virus infections are discussed.

3.1. Biology of interferons, tumour
necrosis factors and interleukin-1
The interferons (IFNs) are grouped into
2 main types: type I and type II IFNs. Type
II IFN or IFN-γ is unrelated to type I IFNs
and is produced after antigen specific or
mitogenic stimulation of T lymphocytes and
natural killer cells. IFN-γ is thus a “late”
cytokine and will not be treated further.
Type I IFNs are a large family of several
related subtypes of IFN-α (more than
12 subtypes in humans and pigs) and IFN-β
(1 subtype in humans; multiple subtypes in
pigs and ruminants). The more recently discovered type I IFN-ω and IFN-τ do not seem
to play a role in virus infection and are left
aside. Virus infection mostly induces a mixture of different IFN-α subtypes and IFN-β
and virus-induced IFN is therefore commonly designated as IFN-α/β. IFN-α and
IFN-β were originally named leukocyte and
fibroblast IFN respectively, according to
their main producer cells, but it later turned
out that many other cell types can produce
these IFNs. IFN-α and -β subtypes are
closely related, share a common receptor
and hence have similar effects. One characteristic property, which forms the basis
of biological assays quantifying IFNs, is
their ability to induce an antiviral state in
target cells.
There are 2 important related tumour
necrosis factors (TNFs). TNF-α, commonly
referred to as TNF, is produced by activated
macrophages and monocytes and various
other cell types. TNF-β is a lymphocyte
product induced by antigenic stimuli and is
called “lymphotoxin”. Production of TNF-α
generally occurs at an earlier stage during
infection than that of TNF-β. They bind to
common receptors and share several biological activities, but TNF-α is more closely
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associated to proinflammatory effects. TNF-α
and TNF-β are cytostatic and cytocidal for
neoplastic cells and they are often assayed
by in vitro “cytotoxicity assays”. We will
further focus on TNF-α.
There are 2 forms of interleukin-1 (IL-1)
in all species, IL-1α and IL-1β, and porcine
IL-1β exists in 2 forms [134]. IL-1s are synthesised by macrophages-monocytes and
many other cell types. Although IL-1α and
β proteins have only about 25% homology,
they bind to the same receptors and have
identical biological effects. IL-1 was originally named “lymphocyte activating factor”, because it stimulates lymphocyte proliferation in the presence of suboptimal
doses of mitogen. This effect forms the basis
of several biological assays. Pure IL-1α and
IL-1β are equipotent in all bioassays and
specific antibodies are needed to distinguish
between them.
For details about the molecular biology of
porcine IFN-α, TNF-α and IL-1, the reader
is referred to excellent review articles [78,
96, 133].
3.2. Cytokine effects
on the respiratory tract
Proinflammatory cytokines usually
remain compartmentalised in the area of the
body where they are produced. During pulmonary infections cytokine production is
mainly restricted to the lung and it seems
that diffusion of cytokines across the bloodalveolar barrier is rather limited [87]. Consequently, the highest amounts of cytokines
are detected at the lung level, and plasma
cytokine levels are generally low or undetectable [11, 33]. This situation contrasts
with that seen during septicaemia, where
endothelial and blood cells are the primary
cytokine producers and systemic effects,
such as shock and multiple organ failure,
predominate. Still, the activities of cytokines
produced in the respiratory tract may be represented in both local and systemic effects.
Even compartmentalised production of IL-1
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can mediate fever and probably other central
nervous system responses as demonstrated
in a rat model [79], though the afferent pathways involved are not entirely clear. This
may be partially responsible for the close
correlation that is often seen between
cytokine production in the respiratory tract
and systemic disease [45]. Both the local
and systemic effects of IFN-α, TNF-α and
IL-1 are discussed here.
At the lung level, early cytokines exert
their most potent effects on phagocytic cells.
Neutrophil infiltration of the lungs is one
of the first and most important events during
pulmonary inflammation. Both TNF-α and
IL-1 induce a striking increase in intra-alveolar neutrophils when injected intratracheally into rats [129]. Neutrophils peak
within 12-24 h after administration of
cytokines, and return to baseline levels after
48 h. A smaller influx of monocytes and
lymphocytes is seen at 24 and 72 h respectively. The process of neutrophil infiltration
involves a series of steps: expression of
endothelial cell adhesion molecules, neutrophil-endothelial cell adhesion, neutrophil
activation and expression of neutrophilderived adhesion molecules, neutrophil diapedesis and migration beyond the vascular
barrier along a neutrophil-specific chemotactic gradient. Both TNF-α and IL-1
strongly upregulate or induce the adhesion
molecules (intercellular adhesion molecule-1
(ICAM-1), E-selectin and P-selectin) on the
vascular endothelium [119]. Other effects
by which these cytokines can facilitate neutrophil sequestration in the lungs include
adhesion molecule expression on neutrophils
and on the respiratory epithelium [119, 126]
and induction of chemoattractant cytokines,
such as IL-8, by endothelial, lung epithelial
or inflammatory cells [70]. TNF-α and IL1 were initially reported to have direct
chemotactic activities. The current view,
however, is that TNF-α and/or IL-1 are
essential to the initial adhesive reaction of
neutrophils to the microvascular endothelium of the lung, but that IL-8 or other
chemokines are necessary for the directed
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migration of leukocytes into the lung [19,
113]. The recent finding that cytokineinduced expression of endothelial cell adhesion molecules is differentially regulated in
different tissues and cell types [121] is
another example of the complex regulation
of leukocyte recruitment. Besides neutrophil
chemoattractants, TNF-α and IL-1 also
induce chemokines with selective macrophage attracting properties, such as monocyte chemoattractant protein-1 [117].
Once neutrophils have arrived in the
lungs, TNF-α and IL-1 may exert profound
stimulating effects on neutrophil function.
In vivo, the TNF-α/IL-1 associated neutrophilic exudate has been linked to an
increased phagocytic capacity of the lung,
with release of enzymes from neutrophils
and with respiratory burst activity. The local
release of enzymes from neutrophils probably makes important contributions to lung
tissue injury and increased vascular permeability with resultant lung haemorrhages
and edema [94, 129]. In vitro studies have
demonstrated stimulating effects of TNF-α
and IL-1 on both neutrophils and
macrophages of several animal species. As
an example, bovine and porcine neutrophils
treated with TNF-α showed increased
phagocytosis, degranulation, and respiratory burst activity [29, 31, 109] and similar
effects have been observed for bovine neutrophils incubated with IL-1 [109]. Yet,
these in vitro studies must be evaluated with
caution, because conflicting results have
often been reported. Neutrophils and
macrophages can produce several inflammatory cytokines and mediators, including
platelet activating factor, leukotrienes and
arachidonic acids in response to TNF-α or
IL-1. One interesting finding is that newly
recruited neutrophils may serve as important sources of extra TNF-α/IL-1 production during acute lung injury in rabbits [63].
It is equally intriguing how neutrophils can
in turn downregulate TNF-α bioactivity.
Activated human neutrophils have been
shown to release proteolytic enzymes that
cause inactivation of TNF-α [136] and they

can shed TNF-α receptors that may decrease
the responsiveness of neutrophils and other
cells to TNF-α [102]. Such events will probably help to regulate the local inflammatory
reaction and to protect the host against the
deleterious effects of TNF-α.
For IFN-α, substantial evidence for a role
in leukocyte recruitment to the lungs is lacking. Unlike TNF-α and IL-1, the effects of
intratracheal administration of exogenous
IFN-α have not been studied. Both pro- and
anti-inflammatory effects on airway cell
populations have been reported after oral or
systemic administration of IFN-α in domestic animals [84]. Still, limited experimental
data suggest that IFN-α may be involved in
tissue lymphocyte or neutrophil infiltration.
For example, local production of IFN-α/β in
the lungs of virus-infected calves is temporally correlated with an influx of CD8+ T
lymphocytes into the lung parenchyma [46].
Also, virus-induced IFN-α/β production in
the lymph nodes of mice is associated with
a striking neutrophil infiltration [104]. Furthermore, IFN-α augments the expression
of the adhesion molecules B 7.2 and ICAM-1
in cultures of endothelial cells [28]. Neutrophil- and macrophage-activating effects,
as reported for TNF-α and IL-1, have also
been observed in in vitro studies (reviewed
in [125]).
TNF-α and IL-1 are both associated with
bronchial hyperresponsiveness in animal
models of obstructive disease [67]. Bronchoconstriction may result from increased
synthesis of endothelin - a potent vasoconstrictor and bronchoconstrictor - in response
to both cytokines [42]. Furthermore, it is
worth mentioning that TNF-α and IL-1 can
directly or indirectly alter mucus secretion,
ciliary beat frequency and surfactant production in cultured airway epithelial cells
(reviewed in [1]). It is clear from the above
information that TNF-α and IL-1 have multiple overlapping activities, but in a few
cases they do counteract each other’s effects.
Production of pulmonary surfactant
components, for example, is generally
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downregulated by TNF-α, but enhanced by
IL-1 (reviewed in [25]).
Theoretically all 3 cytokines discussed here
have non-specific antiviral effects. IFN-α is
the prototypic antiviral cytokine and induces
an antiviral state in its target cells via the
induction of specific antiviral proteins, e.g.
2’, 5’-adenylate synthetase and protein
kinase enzymes. The antiviral properties of
interferons have been convincingly demonstrated in vivo. TNF-α and IL-1 protect a
rather limited number of cell lines from viral
infection and synergise with interferons in
the induction of an antiviral state (reviewed
in [73, 150]). According to some studies,
the antiviral effects of TNF-α/IL-1 are mediated through the induction of IFN-β or IL-6.
In addition to protecting cells from viral
infection, TNF-α selectively kills virusinfected cells in an IFN-independent way
[16, 27]. Furthermore, the 3 cytokines under
study can significantly contribute to the nonspecific immune response through their
effects on phagocytic functions.
The systemic effects of IFN-α, TNF-α
and IL-1 have been studied mainly by intramuscular or intravenous administration of
these cytokines to experimental animals.
The results of such studies are summarised
briefly.
All 3 cytokines are pyrogenic. Fever
results from intramuscular injection of either
TNF-α, IL-1 or IFN-α in rabbits [38]. On a
weight basis, IFN-α is less pyrogenic than
TNF-α or IL-1. Pigs and goats experience
fever in response to intramuscular injection
of high doses of recombinant porcine and
human IFN-α, respectively [78, 137]. Intramuscular injections of recombinant bovine
IL-1β to 9- to 11-day-old pigs caused a transient increase in rectal temperatures [112].
Excessive sleepiness and loss of appetite
also result from the action of TNF-α, IL-1
and IFN-α on the brain. Pigs injected intramuscularly with a high dose of recombinant
bovine IL-1β display profound physiological effects, including vomiting and lethargy,
and some pigs show central nervous system

197

disturbances [20]. Similarly, intracerebroventricular injection of recombinant
porcine TNF-α in pigs induces behavioural,
metabolic and neuroendocrine responses
resembling the responses of pigs that were
injected peripherally with endotoxin [147].
TNF-α and IL-1 produce characteristic
acute phase effects in the liver. They mediate an increased uptake of plasma-Fe and
-Zn, and an increased synthesis of typical
acute phase proteins by the liver. As a result,
hypozincaemia, hypoferraemia, and elevated
plasma concentrations of acute phase proteins occur. In cattle, 5 daily administrations of recombinant bovine IL-1β cause
heightened and prolonged elevations of
serum haptoglobin and fibrinogen, as well as
α1-acid glycoproteins [44]. Some of these
biochemical changes have also been
observed with IFN-α [137]. Chronic exposure to TNF-α or IL-1 results in cachexia
and wasting, due to catabolic effects on muscle and fat cells. Prolonged treatment of cattle with recombinant bovine TNF-α is associated with a depletion of body fat depots
[16].
The fact that IFN-α, TNF-α and IL-1 can
synergise with each other, and induce each
other is of major importance. With IL-1 and
TNF-α in particular, synergistic interactions
have been documented for several effects.
For example, TNF-α synergises with IL-1β
to promote ICAM-1 expression on endothelial cells [56]. Concentrations of TNF-α and
IL-1 that do not induce superoxide production by macrophages alone do so in combination [122]. Also, the combination of both
cytokines may lead to a secondary cytokine
response that is 250-fold greater than that
seen with each cytokine alone [26]. Furthermore, several systemic effects are
enhanced when TNF-α and IL-1 are administered together [37]. Finally, the ultimate
effects of a given cytokine do not merely
reflect its own and other cytokine concentrations, but also the levels of cytokine receptor expression and cytokine antagonists. The
proteins involved in inflammatory cytokine
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action of TNF-α and IL-1 are reviewed in
detail by Murtaugh et al. [85].
3.3. Cytokines in viral respiratory
diseases of humans
IFN-α, TNF-α and IL-1 can be induced
in cells by viruses. IFN-α is classically associated with virus infection, and viruses are
more potent IFN-α inducers than bacteria
or bacterial products [115]. In contrast with
IFN-α, TNF-α and IL-1 are induced by
many stimuli other than virus infection. In
monocyte-macrophage cultures, for example, TNF-α and IL-1 are induced in response
to Gram-negative and Gram-positive bacteria and their products (lipopolysaccharides, lipid A analogue, muramyl peptide),
leukotrienes, phorbol esters, complement
components, reactive oxygen species and
cytokines, to name a few. In fact, production
of TNF-α or IL-1 during virus infection may
occur both directly or indirectly (for example, as a result of cellular damage in
response to virus infection or via induction
by other cytokines). IFN-α is capable of
inducing both TNF-α and IL-1, and crossinduction of TNF-α and IL-1 has been
demonstrated in many cell types (reviewed
in [76]).
While information on the in vivo
cytokine response to pulmonary virus infections of domestic animals is scarce,
cytokines have been shown to be involved in
3 important respiratory virus infections of
humans - influenza, respiratory syncytial
virus (RSV) infection and rhinovirus colds.
The available data from these studies are
summarised here.
Influenza in humans is caused by type A
influenza viruses that are antigenically
related to those of swine. The infection is
characterised by marked constitutional
symptoms (fever, chills, muscular aching,
prostration and anorexia) and respiratory
signs. In susceptible individuals, the virus
replicates in epithelial cells along the entire
respiratory tract. Peak virus replication is

associated with the degeneration of respiratory tract epithelium and excessive neutrophil infiltration. The typical influenza
symptoms and pathology almost certainly
involve cytokines, as demonstrated in experimental infections of human volunteers or
mice. In humans, rapid peaks of IFN-α and
IL-6 from nasal lavage fluid were followed
by peaks of TNF-α and IL-8, while IL-1β
remained undetectable [57]. Nasal IFN-α
and IL-6 concentrations are directly correlated with viral titres and signs of upper respiratory illness, such as runny nose and sore
throat. In addition, plasma IL-6 levels are
associated with both systemic and upper
respiratory symptoms. Systemic cytokine
levels, however, are either significantly
lower than those in respiratory tract secretions or undetectable, indicating a higher
local production of cytokines. Unfortunately,
these human volunteer challenge studies fail
to reproduce the severe lower respiratory
tract disease that often results from natural
influenza infections. In addition, sampling of
the lower respiratory tract is not practical
in humans. Until now, the association
between cytokines and influenza pneumonia
has been studied exclusively in mice, which
are not natural influenza virus hosts. In this
murine model, there is an early increase of
both TNF-α and IL-1 [59, 99, 131] in bronchoalveolar lavage fluids (BAL), and
cytokines correlate with the characteristic
signs of disease (lethargy, anorexia, followed by mortality) and with mononuclear
cell infiltration in the lungs and gross lesion
development. In a study by Hennet et al.
[59], production of TNF-α/IL-1 was followed by that of other cytokines and inflammatory products: IL-6, granulocyte
macrophage-colony stimulating factor,
IFN-γ and leukotriene B4. Thus, cytokines
and mediators other than TNF-α/IL-1 may
participate in the inflammatory response
and their production may be induced or stimulated via TNF-α/IL-1. The role of individual cytokines during influenza in mice
was assessed only recently by specific
anti-cytokine strategies. Intraperitoneal
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administration of TNF antibodies at the time
of influenza inoculation reduces lung lesion
severity and prolongs survival by 24 h [99].
In IL-1β gene knock-out mice, influenza
inoculation has a smaller effect on body
temperature than in wild type mice, but
anorexia and weight loss are similar [68].
Similarly, treatment with either IFN-α or
IL-1α antibodies reduces fever [71]. The
finding that IFN antibodies suppress IL-1
production supports the importance of
cytokine networking. Although these studies confirm the significance of cytokines in
influenza pathogenesis, the effect of blocking individual cytokines was only partial
and in some cases very modest. Furthermore, higher mortality rates in IL-1β knockout mice indicate that anti-cytokine strategies may endanger the host natural defence
[68].
Respiratory syncytial virus (RSV) infections may cause severe lower respiratory
tract disease, particularly in children. Epithelial cells of the upper and lower respiratory
tract are the main viral target cells. Bronchiolitis, with excessive neutrophil infiltration, pneumonitis and lung emphysema are
prominent histopathological features. There
are few experimental data on in vivo
cytokine production in RSV infection, but
data from RSV patients and from in vitro
studies support the involvement of multiple (pro)inflammatory cytokines in RSVinduced inflammation. In a BALB/c mouse
model of RSV infection, a sharp rise in
TNF-α and IL-1 from BAL fluid and proportionally lower serum levels of both
cytokines were detected as early as one day
after inoculation [58]. Disease, lung inflammatory changes and cytokine secretion were
interrelated and clearly virus dose-dependent. Comparable high amounts of TNF-α
and IL-6, next to IL-1β and IL-8 have been
found in nasal secretions and superficial
mucosal biopsies in RSV-infected infants
and children [80, 91]. Further evidence for
a role of TNF-α and IL-6 in acute RSV
infections comes from a patient study in
which higher IL-6: TNF-α ratios in nasopha-

199

ryngeal secretions are correlated with the
lower severities of the disease [61]. This
finding can be explained by the negative
effects of IL-6 on TNF-α and IL-1 release
and resulting proinflammatory effects [110].
IL-8 is generally thought to play a major
role in RSV-induced neutrophil influx and
bronchiolitis, because of excessive plasma
IL-8 concentrations in severely affected
patients [18]. All these cytokines have also
been demonstrated in cultures of
macrophages [83, 127] and pulmonary
epithelial cells [7, 90]. In vitro experiments
suggest that TNF-α and IL-1 are the main
inducers of IL-8 during RSV infection [7,
14]. One particular feature of RSV is its
capacity to induce inhibitors of proinflammatory cytokine action in vitro, notably IL-1
inhibitor [105] and soluble TNF-receptor
type I [7].
Human rhinoviruses are responsible for
the majority of common colds. Rhinovirus
infection of the nasal epithelium typically
produces congestion and neutrophil infiltration and increased glandular secretions.
The cytokines IL-1β, IL-6 and IL-8 have
been found in the nasal secretions of symptomatic humans with experimental rhinovirus colds [103, 128, 154]. These very
cytokines, in addition to TNF-α, are also
induced by infection of cultured lung epithelial cells [64, 123]. Both TNF-α [120] and
IL-1β [123] have been reported to upregulate the expression of ICAM-1, the major
rhinovirus receptor on epithelial cells. In
this way, cytokines can possibly enhance
rhinovirus replication thereby maintaining
the cytokine response.
In pigs, cytokine production during pulmonary virus infections has not been studied
so far. Yet, support for the involvement of
early cytokines in respiratory pathology has
been obtained from experimental infections
with mycoplasma and bacteria. Pigs infected
with Mycoplasma hyopneumoniae develop
characteristic gross lung lesions and peribronchiolar lymphoid hyperplasia which are
directly associated with TNF-α, IL-1 and
IL-6 in BAL fluids [9, 10]. After infection
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with Actinobacillus pleuropneumoniae, typical pleuropneumonic lesions were found
to be related to the production of IL-1 and
IL-8, while TNF-α was seemingly less
important [11]. Field studies as well suggest a role for early cytokines in respiratory
disease. TNF-α has been associated with an
acute phase response and post-arrival disease in boars [55]. The presence of IFN-α in
serum is considered as a possible indicator
of viral infections during the first weeks
after grouping together of pigs in multisource fattening herds [8].

4. GROWING EVIDENCE
FOR A ROLE OF CYTOKINES
IN PULMONARY VIRUS
INFECTIONS OF PIGS
The clinical manifestations of a given
respiratory virus infection in pigs will
depend both on the pathogenicity of the
virus and on the presence and nature of concurrent respiratory infections. At the pathogenetic level, the excessive production of
early cytokines can theoretically switch the
balance from subclinical to disease. To begin
to test this hypothesis, we performed a series
of experimental studies in which we analysed and compared the clinical and lung
inflammatory response to different viruses
and virus combinations. In these studies, we
especially tried to find correlations between
the cytokine patterns and the associated
pathogenetic features. All experiments were
performed under strictly gnotobiotic conditions, in caesarean-derived and colostrumdeprived pigs. Between 3 and 4 weeks of
age, the pigs were administered the highest
possible dose of the respective virus(es)
(106.0 to 107.5 ID50 per pig) by a standardised intratracheal inoculation method. Mockinoculated control pigs were included in
each experiment. The pigs were clinically
monitored and euthanatised during the acute
stage of infection. Lung inspections, virologic and histopathologic examinations were
performed. Total cell numbers and percent-

ages of neutrophils in bronchoalveolar
lavage (BAL) fluids were determined and
cell-free lavage fluids were assayed for
cytokines by bioassays.

4.1. Cytokine profiles correlate
with intrinsic pathogenicity
of respiratory viruses
In this first series of studies, we examined whether SIV, PRCV and PRRSV differ
in their ability to induce lung proinflammatory cytokine secretion and whether different cytokine profiles can be linked to different clinical and pathogenetic features.
Different times of euthanasia were selected
for each virus infection, because of their
known differences in replication kinetics.
Figure 1 compares clinicopathological and
cytokine responses during SIV, PRCV and
PRRSV infection. These results have been
described in detail elsewhere [143].
The inoculation with an H1N1-subtype
SIV was followed by typical systemic and
respiratory signs (depression, anorexia, shivering, tachypnoea, dyspnoea and coughing)
and massive lung virus replication within
18 to 24 h. At that time, neutrophils, which
were virtually absent in virus-negative control pigs, were the predominant cell type in
BAL fluids and there was excessive lung
epithelial desquamation and complete
obstruction of many bronchi and bronchioli with neutrophils and other cells. Gross
lung consolidation of approximately
20–40% of the lungs developed 2 and 3 days
after inoculation. The secretion of all 3
examined cytokines was temporally correlated with the development of disease and
lung inflammation, as well as with virus
replication. IFN-α was found in particularly
high levels. TNF-α and IL-1 titres were proportionally lower, but substantial in comparison with bioactive amounts of these
cytokines in other in vivo studies. As clinical symptoms and lung inflammation subsided, IFN-α levels diminished and TNF-α
and IL-1 became undetectable. Interestingly,
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Figure 1. Comparative profiles of clinical signs, lung virus titres, neutrophils and cytokines in bronchoalveolar lavage (BAL) fluids after intratracheal inoculation with swine influenza virus (SIV),
porcine respiratory coronavirus (PRCV) or porcine reproductive-respiratory syndrome virus (PRRSV)
(details in [143]).

individual cytokine levels as well correlated
largely with clinical severities and lung
pathology, as demonstrated earlier in another
study [142]. Though similar cytokine profiles have been demonstrated in BAL fluids of mice and in nasal lavage fluids of man
during experimental influenza virus infections, this was the first demonstration of
cytokines in the lungs of a natural influenza
virus host. Moreover, our findings strongly
argue for a role of these cytokines in typical
flu symptoms and pneumonia.
PRCV infection was entirely asymptomatic, despite relatively high amounts of
infectious virus production. Neutrophil infiltration occurred, but not to the degree seen
in SIV infection. The histopathological
changes much resembled those described
in previous experimental studies [35, 92]
and mainly consisted of a mild multifocal
airway epithelial necrosis and infiltration

with macrophages, and a few neutrophils.
In spite of the subclinical course of the infection, gross lung consolidation involved up to
34% of the lungs at 4 DPI and as such
equalled the gross pathology of an SIV
infection. IFN-α was detected at high levels,
but TNF-α was negligible and IL-1 undetectable. Thus, though the presence of interferons has been associated with fevers, chills
and malaise in acute viral infections, the
present data implicate that high levels of
IFN-α as such are insufficient to produce
disease.
PRRSV infection induced a transient
anorexia and lethargy, without obvious respiratory signs. BAL neutrophil percentages
remained low, but there was a massive infiltration of the lungs with mononuclear cells
and macrophages resulting in an up to 5fold increase of total BAL cells at 7–10 DPI,
and marked thickening of alveolar septa on
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histopathology. In many respects, PRRSV
did not behave like a classical respiratory
virus. Unlike SIV or PRCV, PRRSV infection induced no microscopic lung epithelial
damage and minimal consolidation lesions.
Instead, a failure to collapse, a mild interlobular oedema and small multifocal areas of
atelectasis were the main necropsy findings.
IFN-α titres were at least 100 times lower
than those found during SIV or PRCV infection and TNF-α was negative, but there was
considerable production of IL-1. The prolonged secretion of IL-1 during this infection
prompts the question as to why cytokine
production is rapidly shut down during some
infections, such as SIV, and not during others. The exact role of IL-1 in the pathogenesis of PRRSV infection is uncertain. There
is the possibility that IL-1 contributes to the
systemic symptoms observed and to the
mononuclear cell infiltration of the lung.
Indeed, localised production of IL-1 can
induce fever and anorexia [60], and IL-1 is
one of the main stimuli for the production of
monocyte-attracting chemokines [153].
Taken together, these studies document
differential production of early cytokines
during different respiratory virus infections.
These differences may explain exactly why
SIV is the single most important respiratory
virus infection of swine, and why PRCV or
PRRSV tend to cause subclinical infections
if uncomplicated. Because of the coordinate
and excessive production of IFN-α, TNF-α
and IL-1 during SIV infection, these
cytokines will most probably act synergistically to induce lung inflammation and “flulike” symptoms. Additional support for this
hypothesis comes from the demonstration
of a very similar BAL cytokine profile in
typical natural cases of SI. Conversely, the
lack of such a “cytokine triad” during PRCV
or PRRSV infection may in part account for
the mild respiratory pathology and the
absence of clinical disease.
So far, we have concentrated on the acute
inflammatory response to respiratory virus
infections. The subacute and resolution
phase also greatly differs with SIV, PRCV

and PRRSV. That is, the influenza virus
elicits extremely rapid and efficient immune
responses and complete virus elimination
from the lungs occurs within 1 week post
initial virus exposure. Infection with PRCV
or PRRSV, however, lasts for an approximate 12 and 28 days respectively. Several
data support the hypothesis that the successful immune response against SIV may
be related to the quick and efficient production of multiple cytokines. IFN-α, TNF-α
and IL-1, in addition to modulating nonspecific immune responses, can also participate in the specific immune response to
infection (reviewed in [62, 125]). Furthermore, several “late” cytokines with highly
specific immune-regulatory properties have
already been demonstrated in the mouse
model [13].

4.2. Dual infections
with respiratory viruses
It is a classic hypothesis that virus infections of the lungs open the door for bacteria
and thereby facilitate disease. It is less well
known that dual or multiple infections with
respiratory viruses in itself occur very often
in the field [140]. Combined infections with
PRRSV and other enzootic viruses, such as
PRCV, have been regularly diagnosed and
have been linked with respiratory disease
problems in some instances [50, 65]. In previous experimental studies in conventional
pigs, we have further demonstrated the clinical significance of combined PRRSVPRCV infections [141]. Pigs inoculated with
PRRSV and then 3 days later with PRCV
developed a 9 day lasting fever with tachypnoea, dyspnoea, productive coughing and
significant growth retardation. The present
gnotobiotic pig studies were undertaken in
an attempt to unravel the pathogenesis of
such infections. We set out to test the
hypothesis that PRRSV primes production
of IL-1 and TNF-α in response to a subsequent PRCV infection and thereby promotes
clinical disease, based on the cytokine and
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Figure 2. Interferon-α (shaded bars), tumour necrosis factor-α (open bars) and interleukin-1 (dark bars)
titres in bronchoalveolar lavage fluids after intratracheal inoculation with PRRSV or PRCV only or
with the PRRSV-PRCV combination at 3- and 7-day intervals. Data of one individual pig are given
at each time point. Titres higher than 10 000 U.mL–1 are indicated by //. Pigs with clinical disease at
euthanasia are indicated by *.

clinical profiles of the single PRRSV and
PRCV infections. As shown in Figure 2, the
pigs were inoculated with PRRSV first and
then, 3 or 7 days later, with PRCV. The

dually inoculated pigs were sequentially
killed between 2 and 5 days after PRCV and
compared with singly PRRSV- and PRCVinoculated controls.
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The clinical outcomes in these gnotobiotic
pig studies differed substantially from those
in conventional pigs. Generally speaking,
the disease was milder and the morbidity
rates were lower under gnotobiotic conditions, and only 3 of the total 10 PRRSVPRCV infected pigs were seen with marked
general disease and tachypnoea. Given the
fact that monocytes and macrophages are
pre-eminent producer cells of TNF-α and
IL-1, one could speculate that the increased
cell numbers following PRRSV infection
predispose for an enhanced cytokine release
and resulting dramatic neutrophil influx after
a second infection. This hypothesis, however, had to be rejected. Both in the 3 dayand 7 day-interval groups, BAL cell numbers and composition were quite similar to
those after single PRRSV infection. Proportionally, neutrophil infiltration was even
lower after dual than after single PRCV inoculation (≤ 8% in dually infected pigs versus
≤ 20% in singly PRCV-infected pigs), but
due to increased total BAL cells in the
PRRSV-PRCV groups, absolute neutrophil
counts were comparable. Histopathological
examination of the lungs revealed the
mononuclear cell infiltration characteristic of
PRRSV infection in addition to the typical
bronchointerstitial pneumonia of PRCV.
Similarly, macroscopic lung lesion scores
resembled a combination of the effects of
both single virus infections, rather than a
potentiation of one virus infection on
another. This also holds true for cytokine
production: TNF-α was undetectable, and
IFN-α and IL-1 were detected at levels similar to those during single PRCV and
PRRSV infections respectively. A closer
look at individual cytokine titres of the
dually infected pigs, however, cannot
exclude some involvement of cytokines in
disease. Two of the 3 severely affected pigs,
one from each group, were killed within a
few hours after the appearance of symptoms,
3 days after PRCV, at the presumed peak of
the disease. These very pigs had the highest amounts of IFN-α (8436-19168 U.mL–1)
and IL-1 (126-190 U .mL–1) within their

respective groups. Both cytokines share the
ability to produce fever, lethargy, somnolence and anorexia; additive and synergistic interactions theoretically occur between
them at several levels [15]. It is thus plausible that the combination of IFN-α and IL-1
somehow contributes to the systemic signs of
the dual PRRSV-PRCV infection.
Apart from dual PRRSV-PRCV infections, we also performed dual infections with
PRRSV followed by SIV. As already mentioned, the uncomplicated SIV infection is
frequently subclinical, and the combination
of PRRSV and SIV has also been linked
with multi-infectious respiratory disease in
the field [50]. It is important to note that we
chose to use an aerosol inoculation method
for experimental PRRSV-SIV inoculations.
This method was previously shown to reproduce a clinically mild SIV infection, with
approximately 100-fold lower virus titres
and much milder lung pathology than after
intratracheal inoculation. The present study
additionally revealed that proinflammatory
cytokine levels are unremarkable after
aerosol SIV inoculation. These data further
substantiate the notion that rapid and massive
replication of SIV contributes to the induction of all 3 cytokines and that cytokine production is implicated in the disease. As for
the dual PRRSV-SIV infection, our findings
were remarkably similar to those of the
PRRSV-PRCV infection. Again, disease
severities were milder and mortality rates
(20-25%) lower in gnotobiotic pigs than in
previous conventional pig studies. The
pathological and cytokine picture of the lung
resembled a combination of the effects of
both single virus infections, rather than a
potentiation of one virus infection on
another. IFN-α and IL-1 were the only
cytokines produced, and TNF-α was missing
in all pigs. These data were not statistically
significant, despite a tendency towards
higher IL-1 titres in severely affected pigs.
The conclusive message from these dual
viral infection studies is that prior infection
with PRRSV fails to potentiate cytokine
production in response to a subsequent viral
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infection. The poor cytokine response is in
agreement with the overall mild clinical
course of the pure dual viral infection. This
does not mean that dual infections with respiratory viruses are unimportant in the etiology of PRDC. In the field, interactions
between PRRSV and one single additional
pathogen are more the exception than the
rule, and multifactorial respiratory disease
usually involves interactions of multiple
pathogens or factors. Besides, the clinical
and economic impact of dual viral infections has been demonstrated in conventional
pig studies [141], under conditions that more
closely mimic the field situation. It was
learned, however, that the final clinical outcome of such infections is always unpredictable and dependent on factors that are
difficult to discover or reproduce experimentally. For this reason, we decided to
search for a better model to reproduce and
study the pathogenesis of PRDC.

4.3. Interactions between respiratory
viruses and bacterial
lipopolysaccharides
Endotoxin or lipopolysaccharide (LPS)
is a component of the outer membrane of
Gram-negative bacteria. Endotoxins occur
at relatively high concentrations in the respirable fraction of dust in swine confinement
units [108] and they are released locally in
the lungs during pulmonary infections with
Gram-negative bacteria. In man and several
animal species, endotoxin exposure can
induce a marked infiltration of the lungs with
neutrophils and macrophages, decreased lung
functions and chronic coughing [129, 130,
145]. Many of the biological effects of LPS
are mediated via the release of TNF-α and
IL-1 [129, 146]. Nearly all endotoxin effects
are strictly dose-related, and lower endotoxin levels are insufficient for cytokine
induction and disease to occur [82, 129].
The potential interactions between viruses
and endotoxins in the respiratory tract of
domestic animals are unexplored. We have

205

recently performed experimental combined
inoculations of pigs with PRCV followed by
LPS from E. coli 0111:B4 (described in detail
in [144]). One of the important reasons for
the choice of this combination, was that the
intratracheal inoculation with either PRCV
alone or relatively low doses (20 µg.kg–1)
of LPS alone induced no clinical disease and
negligible production of TNF-α or IL-1.
Also, combined inoculation with a virus and
an agent that does not multiply, such as LPS,
may avoid the variability resulting from interference of a first virus with replication of a
second virus. In contrast to the respective
single agent inoculations, dual inoculations
with PRCV followed 24 h later by LPS
resulted in marked laboured breathing, dullness and loss of appetite during the first
10–12 h after LPS. Unlike in dual infections
with 2 viruses, severe disease was seen in
all PRCV-LPS pigs. A significant timedependent increase of both TNF-α and IL-1
was noted, but TNF-α correlated better with
the development of respiratory symptoms
than IL-1. In spite of abundant neutrophil
infiltration in the lungs of PRCV-LPS inoculated pigs, neutrophils did not seem to play
a major role in PRCV-LPS induced illness.
Firstly, neutrophil infiltration occurred to the
same extent in PRCV-LPS and singly LPSinoculated pigs. Secondly, neutrophils persisted for longer time periods after LPS than
the clinical signs. In our view, this provides
an excellent example of the ”redundancy”
and “pleiotropy” of the actions of TNF-α
or other cytokines. There are indeed few biological responses that are mediated by only
one cytokine. Accumulation of neutrophils
in the lung, though often due to TNF-α production, is not unique to this cytokine and
can result from the actions of several other
cytokines/chemokines, or even from the
direct actions of LPS on pulmonary endothelium and/or neutrophils. Conversely, TNF-α
can exert many effects other than neutrophil
sequestration in the lungs: activation of
phagocytic cells, bronchial hyperresponsiveness or bronchoconstriction represent
just a few examples. It is an attractive
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hypothesis that the pathogenesis of PRCVLPS induced respiratory disease is in part
mediated by these rather functional effects
of TNF-α.

4.4. Final thoughts
In conclusion, we have been able to
establish 2 experimental models of virusinduced respiratory disease in pigs: the single SIV inoculation and the combined
PRCV-LPS inoculation. Proinflammatory
cytokines likely play a critical role in both
clinical entities and they may provide a clue
as to why clinically manifest respiratory disease develops in these infection models but
not in others. This does not mean, however,
that the exact cytokines involved and their
actions are identical in both respiratory disease conditions. In fact, there is preliminary
evidence as to the contrary. The precise contributions of the cytokines found here have
to be further documented in both settings.
Given the fact that TNF-α and IL-1 are
potent stimuli for production of IL-6 and a
series of chemokines [153], it is only reasonable to assume that cytokines other than
those tested here also play a role. Besides,
IL-6 and IL-8 have been detected in
influenza infected mice and human volunteers respectively [57, 59], and LPS has been
shown to induce almost any cytokine. The
contributions of the direct effects of virus
and LPS on lung cells may be equally
important. It has been accepted for a long
time that typical influenza pathology results
to some extent from the direct cytopathic
effects of the virus on the respiratory epithelium. LPS as well can have direct damaging
effects on epithelia and endothelia [22, 111]
and can induce adhesion molecule expression in a cytokine-independent way.
Our virus-cytokine studies in pigs have
been merely descriptive, but they did raise
several more fundamental questions. Which
proteins or genes of the influenza virus are
responsible for cytokine induction? How do
viruses prime cells for an enhanced cytokine

response to a second stimulus? Are
cytokines produced by virus-infected or by
bystander cells? Can neutrophils in the
inflammatory exudate affect cytokine production? To resolve some of these questions, we are now working to detect the cellular source of cytokines in virus-infected
lungs by immunohistochemistry and in situ
hybridisation. These techniques will allow us
to investigate the spatial relationship
between cytokine-producing cells on the
one hand and virus-infected and inflammatory cells on the other. Furthermore, they
will help us to develop in vitro models
resembling the in vivo situation as closely as
possible, and to study the basic mechanisms
of cytokine induction by viruses.

5. EPILOGUE
Why study cytokine production during
respiratory infections of swine? Will we
ever use (anti)cytokine treatments in the control of respiratory disease in farm animals?
Unfortunately, the potential use of antibodies against proinflammatory cytokines, or
cytokines with anti-inflammatory properties, or even cytokine receptors or their
antagonists has a number of limitations. For
example, it is not practical to deliver such
molecules locally in the deeper lung, as
would be required to modulate production
or local actions of the cytokine mediating
(respiratory) disease. Another difficulty is
the timing of (anti)cytokine administration.
Preventive application, which is problematic under field conditions, is definitely more
successful than therapeutic administration.
A major problem is that suppression of those
(pro)inflammatory cytokines whose overproduction can be detrimental has shown to
compromise host defence mechanisms in
many instances. Indeed, the effects of these
cytokines, such as changes in vascular permeability, neutrophil chemotaxis, phagocyte activation and hyperthermia, initially
serve to eliminate pathogens and help to
restore normal body functions. The balance
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between the beneficial and detrimental
effects of the inflammatory and acute phase
reactions are extremely delicate. Additionally, given the redundancy of cytokine
actions, it would be unrealistic to expect that
inhibition of one single cytokine will have a
profound effect on such a complex process
as inflammation. Finally, synthetic cytokines
or their inhibitors are still too expensive to
allow their large-scale use in domestic animals. Still, experimental cytokine studies
are useful for at least two reasons. Firstly,
non-steroidal anti-inflammatory drugs are
widely used in the treatment of respiratory
disease, while their effects on the pathophysiology of disease are only very rudimentarily known. Studies of the specific
effects of different categories of these drugs
on cytokine profiles and associated pathological features will help us to develop more
rational treatments. At the same time, such
studies will give further insights into the
roles of cytokines in the disease processes.
Secondly, the determinants of respiratory
virus pathogenicity remain largely unknown.
Knowledge of the pathways of cytokine
induction by viruses can reveal important
new information in this respect.
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