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Abstract — Swine influenza virus (SIV), porcine respiratory coronavirus (PRCV) and porcine repro-
ductive 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, how-
ever, 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 intedgtbh-a), tumour

necrosis factoor (TNF-a) and interleukin-1 (IL-1) have been shown to play key roles in several res-
piratory 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 stud-
ies that were recently undertaken in the authors’ laboratory to investigate the relationship between res-
piratory disease in pigs and bioactive lung lavage levels obiFNNF-a 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 Tbifi--1 production were markedly more severe than those asso-
ciated 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 pokce. 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 infec-
tions pulmonaires chez le porc. Les caractéristiques cliniques et pathogénétiques de ces infections sont
données dans la premiére partie de cette revue. Le SIV est un agent pathogene respiratoire primaire ;
les PRCV et PRRSV, en revanche, ne causent que des infections subcliniques en I'absence de com-
plications, mais ils contribuent de maniére importante aux maladies respiratoires multifactorielles.
Cependant, les mécanismes précis par lesquels ces virus provoquent des symptoémes et une pathologie
demeurent inconnus. Les études classiques de pathogenése ont révélé un tropisme pour les cellules
pulmonaires et des cinétiques de réplication différents pour chacun de ces virus, et suggérent I'impli-
cation de différents types de réponses ou de médiateurs inflammatoires pulmonaires. Il a été démon-
tré que les cytokines proinflammatoires interfécofiFN-a), facteur de nécrose tumoralgtumour

necrosis factor, TN et interleukine-1 (IL-1) jouaient un role clé dans plusieurs cas de maladies
respiratoires. Les effets biologiques de ces cytokines et leur implication dans les maladies respiratoires
virales chez ’humain sont discutés dans la seconde partie de cette revue. La troisieme 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 bioactivesud'teNFNFea et

d’IL-1 retrouvées suite a des lavages pulmonaires, au cours d’infections simples et combinées avec
ces virus. Dans le cas d'infections simples a SIV, les signes typiques de grippe porcine étaient étroi-
tement corrélés a 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, aprés une inoculation com-
binée avec PRCV suivi d’un lipopolysaccharide bactérien, la maladie respiratoire clinique et la pro-
duction de TNFa et d’IL-1 ont été sensiblement plus séveres que lors des inoculations simples cor-
respondantes. L'ensemble de ces données montre, pour la premiére fois, que les cytokines
proinflammatoires peuvent étre 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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1. INTRODUCTION critical roles in infectious or non-infectious
respiratory disease conditions, such as the

Respiratory disease continues to be thadult respiratory distress syndrome and
greatest cause of economic losses to modeRfionchial asthma in humans, and Gram-neg-
swine production. There has been relativelytive bacterial infections of the lungs in sev-
little progress in the control of respiratory€ral animal species. As for viral respiratory
disease over the past 15 years, despite téseases, information on the role of these
continuous development of new vaccinegytokines is still very limited. Furthermore,
and antibiotics. Infections with respiratoryinteractions between viruses and cytokines
viruses (swine influenza virus (SIV), porcinehave been largely studied in vitro, in iso-
respiratory coronavirus (PRCV), porcinelated cell populations removed from their
reproductive and respiratory syndrome virugiormal context that so profoundly influ-
(PRRSV)) form part of the respiratory dis-€nces the response of cells to cytokines, and
ease problem. The physical, antigenic ani! mice models. Virus-cytokine studies in
genetic characteristics of these viruses, theRigs have been largely neglected. This has
epidemiology, transmission and diagnosided Us to test the hypothesis that an excessive
have been well studied. Their exact clinicaProduction of IFNe;, TNF-a and IL-1 cor-
significance and economic impacts, how-elates with lung pathology and disease dur-
ever, are frequently a matter of debateing infections with the above mentioned
PRRSV, for example, is recognised as a privIrTuses.

mary respiratory pathogen by some Thjs article is meant to review: (1) The
researchers, and considered insignificant byurrent knowledge on the clinical and patho-
others. Slmllarly, the multifactorial nature of genetic features of SIV, PRCV and PRRSV;
respiratory disease was accepted long aggz) The potential biological effects of IFX-

but there are few proven examples offNF-q and IL-1, and studies on the involve-
microorganisms or circumstances that cament of these cytokines in viral respiratory
combine to produce respiratory diseasegiseases of humans; (3) Recent studies that
Above all, there are serious gaps of knowlyere undertaken in our laboratory to exam-
edge concerning the disease mechanisms pfe the relationship between cytokines and

respiratory viruses. While the tissue and celfjisease in single and combined respiratory
tropism and the pathological manifestationssirus infections of pigs.

of these viruses are known, information

regarding the host response to these infec-

tions and the cellular/molecular basis of disy  cURRENT KNOWLEDGE
ease is comparatively scarce. More funda- QN THE PATHOGENESIS
mental knowledge could prove extremely o PORCINE RESPIRATORY
helpful in the development of novel, rational \/ rRUSES

preventive and therapeutic strategies.

Cytokines are involved in many patho- Swine influenza virus (SIV), porcine res-
physiological processes of the body. Theyiratory coronavirus (PRCV) and porcine
act as intercellular messengers and exeréproductive and respiratory syndrome virus
potent biological effects at extremely low (PRRSV) are readily transmitted via the res-
concentrations. The so-called early respong@ratory route, and the respiratory tract is
or proinflammatory cytokines (interferon- the only (SIV, PRCV) or main (PRRSV)
a (IFN-a), tumour necrosis facter{TNF-a)  route of virus entry. Pigs become infected
and interleukin-1(IL-1)) are produced duringwith these viruses by air or by close con-
the most early stages of inflammation ortact with infected animals. These 3 viruses
infection, in an antigen-independent wayare ubiquitous in swine producing areas of
Several of these cytokines appear to plathe world. In intensive swine-rearing areas
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such as Belgium, nearly 100% of swineclearly distinguishable from, the currently
farms test positive for antibodies againstirculating human viruses. A third virus sub-
H1N1-and H3N2-subtype influenza virusestype, HIN2, has become very common in
PRCV and PRRSV. All 3 viruses replicatethe UK since the 1980s [24]. There is no
extensively in the lungs of pigs, but exper-cross-immunity between virus subtypes and
imental studies point out differences in lungfattening pigs frequently contract infections
cell tropism and replication kinetics andwith 2 or more influenza viruses within their
suggest differences in pathological characrelatively short lifetime. There is no doubt
teristics. The clinical impact of each of thesehat SIVs of all 3 subtypes can act as pri-
virus infections is frequently a matter of mary respiratory pathogens. In Belgium and
debate. As for most respiratory viruses, therg, the Netherlands, SIVs are the most com-
is extreme variability in the response tomonly identified agents in acute respiratory
experimental infection. A virus that fails to outbreaks in swine herds. In a 1995 diag_
induce any symptoms in the hands of somgostic survey in the Midwestern US, SIV
researchers, may be associated with signifyas demonstrated in approximately 25% of
icant respiratory disease by others. It ineumonic lung tissue samples (Bruce
apparent that the variety of experimentajanie, personal communication). Typical
conditions used (virus dose, virus inoculaythreaks of swine influenza (S) are char-
tion route, virus strain, age and sanitary Stéjcterised by a sudden onset of coughing,
tus of pigs) is at least partially responsiblgy . req jerky breathing, fever, anorexia,
for these discrepancies. Direct comparative, scjar weakness and weight loss. Mor-
studies of the 3 virus infections have no idity is high, but mortality is usually less

been _undertaken,'but critical regding O%han 1%, and recovery is almost as sudden as
expe'rclime?_tal s;L:yﬁjsc}otgetfrler W':h Close[he onset. In addition to the clinical Sl out-
consideration o Ti€ld data allows 10 MOr€, .o 5 s - supclinical infections frequently

grRI%s\i J;r? g%ggg\? ical significance of SIV’occur and secondary bacterial infections
) often increase disease severities and mor-
tality rates.

2.1. Swine influenza virus Infection with SIV is generally limited
to the respiratory tract. In experimental

Swine influenza viruses (SIVs) are typelnfections, virus replication has been demon-
A influenza viruses, in the family Orthomyx- Strated in nasal mucosa, tonsils, trachea, and
oviridae. The epidemiology of SIVs is par-1Ungs [72, 86]. Low virus titres have occa-
ticularly complex and differs in different Sionally been isolated from serum [23], but
geographical areas of the world. Three SI\¥irus isolation from extra-respiratory sites
subtypes with a different antigenic makeupVas negative. In the lungs, massive virus
are circulating in swine in Europe, whilereplication occurs in epithelial cells of
only 1 subtype is widespread in the US. Irpronchi, bronchioli and alveoli. Virus titres
most European countries, virus subtyped the lungs may reach up to®150% egg
with the haemagglutinin/neuraminidase coninfectious doses (EIf)/gram lung tissue
figuration HIN1 and H3N2 are enzootic[49] and immunofluorescence studies may
[41, 47, 75, 140]. The prevailing HIN1 virus show infection of nearly 100% of the epithe-
is of avian origin and was introduced inlial lining of bronchi/bronchioli. In most
European pigs in 1979 [97]. The H3N2 virusexperimental studies, virus clearance was
was transferred from humans to pigs in Asi@xtremely rapid. SIV could not be isolated
in 1969 and later disappeared from thdrom lungs or other respiratory tract tissues
human population [69]. Swine HIN1 andon or after day 7 [23]. Influenza specific
H3N2 influenza viruses are related to, buentibodies have been detected in the serum
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and nasal swabs as early as 3 and 4 daysthout being noticed by the pig keeper.
post inoculation (DPI) respectively [77]. Recent field data, however, indicate that

The characteristic histopathological lungPRCV may be involved in respiratory dis-
lesions include detachment of large area@Se problems in conjunction with PRRSV
of bronchial/bronchiolar epithelium and OF bacteria, such asaemophilus parasuis,
accumulation of necrotic epithelial cell Streptococcus susndPasteurella multo-
debris and neutrophils in the airspaces¢ida[50, 65].

Later, the airways are filled with exudates Experimental infection studies have
containing monocytes and lymphocytes [48]shown that PRCV replicates readily in
There is often extensive lung consolidatiorepithelial cells of nasal mucosa, tonsils and
at the macroscopic level, with a sharp line ofungs [35, 36, 92]. Viraemia is detected in
demarcation between the affected, red andery young pigs £1 week) only, and
firm lung parts and normal lung tissue.  parenchymal organs and lymph nodes are

Though swine are readily infected byyirus-negative in immu_nofluore_scence stud-
experimental SIV inoculation, the typical /€S. High amouSnts ofswrus are isolated from
clinical picture can be reproduced undethe lungs (16°-10°350% tissue culture
very specific conditions only. In fattening infectious doses (TCI&)/g tissue) and from
swine (+ 100 kg), direct inoculation of high Nasal swabs (£6-107-3 TCIDg/100 mg
virus doses (101075 EID,, per pig) into secretlons) during the first week after inoc-
the trachea of either the H1IN1 or H3N2 subdlation [35, 36, 139]. PRCV was detected
type, results in high fever, complete anorexid" several types of lung cells (bronchial and
and severe respiratory distress within 24 [Rronchiolar epithelial cells, type | and II
post inoculation (h PI) [48, 49], and meanPNe€umocytes, alveolar and septal
weight losses of 5-6 kg during the first weekMacrophages) using antigen detection meth-
PI. Still, recovery is rapid and symptoms©ds [35, 36, 92, 114] and different experi-
persist only for 2 or 3 days. In contrast, inoc/nental studies yielded conflicting data as
ulation of the same amount of virus by thdo thg main virus target cell. In studies with
less invasive oronasal route produces mil§elgian PRCV isolates, cells of the alveolar
clinical signs or an asymptomatic infection.ePithelia and septa were predominantly
The underlying causes for the variety ofnfected [35, 36], while US isolates were

clinical severities are undiscovered. shown to replicate mainly in bronchiolar
epithelial cells [114]. Nasal virus excretion

continues until 8-9 DPI [21, 72, 138, 139]
2.2. Porcine respiratory coronavirus suggesting a similar duration of virus repli-
cation in the lungs. Virus neutralising anti-

PRCV is a deletion mutant of transmis-Podies in serum are detectable by 10-14 DPI

sible gastroenteritis virus (TGEV) of pigs [72, 1385].

(reviewed in [74]). Unlike TGEV, PRCV  Microscopic examination of the lungs of
causes a respiratory tract infection with minexperimentally infected pigs reveals a mild
imal or no intestinal replication. PRCYV first to moderate broncho-interstitial pneumo-
appeared in Europe in 1984 [98] and in theia. Lesions mainly involve smaller bron-
USA in 1989 [148]. The virus has spreadchioli, alveolar ducts and peribronchiolar
more rapidly and extensively in Europealveoli. They are characterised by peri-
(where it has become enzootic [47, 75, 140fpbronchiolar and septal infiltration with
than in the US, but recent data indicate thanhononuclear cells, bronchiolar and alveolar
PRCV seroprevalence in Midwestern statefymphohistiocytic exudate, and occasional
may be increasing [149]. PRCYV is generepithelial cell necrosis [35, 50, 92]. The
ally considered as non-pathogenic, becauseparative process starts at approximately
as a rule infection on swine farms passe$ week Pl [92]. The lungs are grossly
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consolidated and the % of affected lung tisinfection with PRRSV is subclinical and
sue varies depending on the PI time [50productivity does not seem to be affected.
92]. Different US PRCYV isolates have beerThere has, however, been a general increase
reported to differ in the extent of lungin respiratory disease and poor productiv-
pathology [51]. ity since the enzootic appearance of PRRSV,
The clinical outcomes of experimentaland there are serious indications that PRRSV

; ; iratory disease and/or poor
PRCYV infections appear to depend largely'ay Cause respiratory ana/o
on the sanitary status of pigs. Under stricthi°iN9 |n|combt|3r|1at|orr]1 V‘(’j'th gtggrsl\r}fﬁctlogm
gnotobiotic circumstances, both Europeaﬁlg?n"s;j nlpro emh eras, b as been
and US PRCV isolates fail to induce clinical!SC'ated along with a mixture of bacteria

disease, despite considerable lung pathof£\ctinobacillus — pleuropneumoniae

ogy [35, 50, 92, 148]. In some of the specifi yc%plr?\sm: hyopnﬁ}rmoniaﬂycci)ép)lqsma
pathogen free (SPF) or conventional pig"Y°M!MN's, aem;p lluS parasy c_tlno(;
studies using pigs of various ages and varf? i)t/r?isor%ggr?r:gs;re('ft:)orslo\fi(r:ﬁssezwlr%?abIy
ous inoculation methods, mild dyspnoea an '
polypnoea and a short lasting fever [48, 135; IV:and PRCV [50, 65, 66, 118, 152].

138] or fever without respiratory signs [21, |y contrast to SIV and PRCV, PRRSV
40, 72] have been observed. Slightly reducegayses a generalised infection. The virus
weight gains have also been recorded. Igost frequently enters via the respiratory
many clinical studies, the pigs were not uniyract, but viraemia and dissemination rapidly
formly affected. As for lung pathological gccyr throughout the body. Transplacental
lesions, the American PRCV isolates diffefinfection occurs in late gestating sows, but
in their ability to induce clinical signs in ig heyond the scope of this review. In exper-
conventional pigs and these differencegmentally infected pigs, PRRSV replicates in
might relate to different genome deletionsyasa| turbinates, tonsils, lungs, several
[95]. To test the hypothesis that the severityymph nodes, spleen, liver, kidney, thymus,
of disease induced by PRCV depends 0Bajn, heart, bone marrow and choroid
concurrent infection, experimental com-plexus [32, 46, 101, 107]. Nasal secretions
bined infections with PRCV followed by aye inconsistently virus positive and plasma
SIV [72, 139], and with PRRSV followed by or serum samples are more appropriate for
PRCV [141] were performed. The clinical yjrys jsolation than nasal swabs [32].
effects of such dual virus mfgcthns werepacrophages are the principal virus target
more severe than the single virus infectiongg||s in all organs. In the lungs, PRRSV anti-
in some but not in all studies. gens have been detected in macrophages of
the alveolar spaces and alveolar septa and,
more rarely, in type 2 pneumocytes [32, 39,
2.3. Porcine reproductive 46]. On the contrary, only a small fraction of
and respiratory syndrome virus the total alveolar macrophage (AM) popu-
lation (no more than about 2% of lavaged
PRRSV is an arterivirus of the swinealveolar cells) are found to be PRRSV anti-
(reviewed in [5]). The virus was first noticed gen positive [32, 39, 81]. The pathogenetic
in the USA in 1987 [30] and subsequently inconsequences of PRRSV replication in AMs
Europe in 1990 [2, 12, 124] and has becomare unknown and there is no substantial evi-
enzootic on both continents. Antigenic dif-dence that PRRSV infection causes local or
ferences have been reported between Eurgeneral immunosuppression [6]. One par-
pean and North American PRRSV isolatesticular feature of PRRSV is its capacity to
and among different US PRRSYV isolategersist in the infected pig for several weeks.
[88]. The role of the virus in respiratory dis-In various experimental studies, virus repli-
ease is difficult to define. In many herds,cation peaks between 7 and 14 DPI [107]
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and peak virus titres are in the range &0 has been difficult to reproduce in experi-
105-°TCID5O/g lung. Though PRRSV spe- mental infections with PRRS\_/ and_ot_her
cific serum antibodies appear within 2 week&dents. Galina et al. [43] provided limited
after exposure to the virus, virus clearanc€XPerimental evidence for an interaction
does not occur until 4-6 weeks PI [17, 3g9Petween PRRSV and a virulent strain of

151]. While the virus can be recovered fromptréptococcus syibut other workers failed
most susceptible organs during the firsi® demonstrate synergisms between PRRSV
2 weeks, only some organs (lungs, serum’%”d bacteria. Dual |nfect|ons_ with PRRSV
tonsils and lymph nodes) are found positivdollowed byStreptococcus suis, Salmonella
thereafter. Results of several studies indi¢holeraesuis, Pasteurella multocida,
cate that the lungs are the major site of virudlycoplasma  hyopneumoniae or
persistence and a source of viraemia [32}aémophilus parasuigere all very mild

39, 81], but other studies suggest virus pef@’ Subclinical [4, 34, 116, 132]. Variable

sistence in lymphoid tissues [107]. degrees_ of respiratory dise_ase a_nd gro_wth
retardation may result from infections with

Mild histopathological lung changes haveprRSV followed by either PRCV or SIV
been recorded in most experimental studg 41).

ies and are mainly confined to the alveoli

[32, 52, 101, 107]. Lesions typically con-

sist of alveolar septal thickening with many3 EARLY CYTOKINES
macrophages and few lymphocytes. Inter-- AND THEIR INVOLVEMENT

stitial pneumonia is of a prolonged nature, |\ RESPIRATORY DISEASE
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 . . . (to move) — are essential transmit-

“more virulent” US PRRSV isolates [53]. ters of cell-to-cell communication in phys-

Many clinical studies have been per-iological and pathophysiological states. Cells
formed with pigs of different ages and sanin any compartment of the body are capable
itary status and using different PRRSV iso-of cytokine production. In most instances,
lates and inoculation methods. With fewcytokines are produced in response to stim-
exceptions, the experimental inoculationulation, and after withdrawal of the stimulus,
with PRRSV failed to induce overt respira-production stops. A variety of agents includ-
tory disease. The most common clinicaling viruses, bacteria, components of moulds
manifestation is a transient fever afterand noxious agents can interact with spe-
2-3 days [3, 89, 93, 100]. In some studiesgific components of the cell surface mem-
inappetence and depression have bedsrane or cytoplasm to trigger cytokine gene
recorded [32]. Considerable respiratory disactivation and expression. Intracellular
tress, lethargy and anorexia have beepathogens like viruses can also trigger
reported with some selected US PRRS\¢ytokine gene expression via molecules gen-
isolates only [52-54]. These isolates arerated during their replication cycle. In addi-
seemingly more virulent and more invasivetion, many cytokines can themselves induce
for the lungs, lymph nodes and tonsils thamytokine production. Cytokines generally
other US PRRSYV isolates and than the Eurdunction in an autocrine (on the cytokine-
pean Lelystad virus. producing cell itself) or paracrine (on nearby

PRRSV is recognised as a key agent i€!lS) manner.
multifactorial respiratory disease problems Cytokines released following infection
designated as the “porcine respiratory discan be classified broadly into “early”
ease complex” (PRDC), but clinical diseaseand “late” cytokines. Early cytokines are

Cytokines — the term is derived from the
ncient Greek words “cytos” (cell) and
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produced by (non-immune) cells at the sitespecifically as they relate to respiratory
of infection and they are responsible forinfections. Finally, data about cytokines in
local inflammatory reactions as well as somehe pathogenesis of respiratory virus infec-
systemic effects. Interferom{IFN-a), the tions are discussed.

proinflammatory cytokines such as inter-

leukin-1 (IL-1), tumour necrosis factor-

(TNF-0) and interleukin-6 (IL-6), as well 3.1. Biology of interferons, tumour

as a number of chemotactic cytokines such  necrosis factors and interleukin-1

as interleukin-8 and the macrophage inflam-

matory proteins belong to the group of early - Theinterferons(IFNs) are grouped into
pytoklnes. IFNel, TNF-a a}nd IL-1 theoret- 2 main types: type | and type Il IFNs. Type
ically stand most proximal in the early || |FN or IFN-yis unrelated to type | IFNs
cytokine cascade and have been the focygd is produced after antigen specific or
of our virus-cytokine studies in pigs. In con-mitogenic stimulation of T lymphocytes and
trast, late cytokines are produced by T cellaatural killer cells. IFNyis thus a “late”
after recognition of antigens in associatiortytokine and will not be treated further.
with major histocompatibility complex Type | IFNs are a large family of several
(MHC) mole'cules on the surface Qf anti-related subtypes of IFN-(more than
_gen-prese_ntlng cells. These CytOklnes_ argz Subtypes in humans and p|gs) and [_FN-
important in the regulat!on of _the specific(1 subtype in humans; multiple subtypes in
immune response to infection and argjgs and ruminants). The more recently dis-
beyond the scope of this review. covered type | IFN9and IFN1 do not seem
The actions of cytokines and the cytokingo play a role in virus infection and are left
response to viruses have been studied main@side. Virus infection mostly induces a mix-
in vitro, in isolated cell populations removedture of different IFNet subtypes and IFNB-
from their normal context. One must beand virus-induced IFN is therefore com-
extremely careful when extrapolating frommonly designated as IFNA3. IFN-a and
in vitro results to an in vivo situation for IFN-f were originally named leukocyte and
several reasons. Cytokine production idibroblast IFN respectively, according to
highly dependent upon the cell type andheir main producer cells, but it later turned
conflicting data have often been obtainedut that many other cell types can produce
with one virus in different cell types. Also, these IFNs. IFNa and {3 subtypes are
as explained before, cytokines are part of alosely related, share a common receptor
complex in vivo network and the microen-and hence have similar effects. One char-
vironments in which they occur affect theiracteristic property, which forms the basis
production and actions. In this review, thereof biological assays quantifying IFNs, is
fore, we will try to emphasise in vivo data oftheir ability to induce an antiviral state in
cytokine involvement in respiratory diseasetarget cells.

pathogenesis wherever possible. There are 2 important relatédmour
The aim of this chapter is to illustrate necrosis factor§TNFs). TNFe, commonly
certain aspects of the involvement of earlyeferred to as TNF, is produced by activated
cytokines (IFNe, TNF-a and IL-1 in par- macrophages and monocytes and various
ticular) in the pathophysiology of viral res- other cell types. TN is a lymphocyte
piratory disease. First, a brief introduction orproduct induced by antigenic stimuli and is
interferons, tumour necrosis factors andtalled “lymphotoxin”. Production of TNB-
interleukin-1 is made elucidating the com-generally occurs at an earlier stage during
plex nomenclature of these cytokines. Therenfection than that of TN They bind to
after, the potential biological activities of common receptors and share several bio-
IFN-a, TNF-a and IL-1 are summarised, logical activities, but TNFx is more closely
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associated to proinflammatory effects. TdlF- can mediate fever and probably other central
and TNFg are cytostatic and cytocidal for nervous system responses as demonstrated
neoplastic cells and they are often assaydd a rat model [79], though the afferent path-
by in vitro “cytotoxicity assays”. We will ways involved are not entirely clear. This
further focus on TNF. may be partially responsible for the close

There are 2 forms dnterleukin-1(IL-1) corre_lation that. is .often seen between
in all species, IL-& and IL-1B, and porcine cytokine production in the respiratory tract
IL-1p exists in 2 forms [134]. IL-1s are syn- and systemic disease [45]. Both the local
thesised by macrophages-monocytes arf@fd systemic effects of IFN; TNF-a and
many other cell types. Although ILedand  |L-1 are discussed here.

B proteins have only about 25% homology, At the lung level, early cytokines exert
they bind to the same receptors and haviaeir most potent effects on phagocytic cells.

identical biological effects. IL-1 was origi- Neutrophil infiltrationof the lungs is one

nally named “lymphocyte activating fac- uf the first and most important events during

tor", because it stimulates lymphocyte proy, imonary inflammation. Both TNB-and
liferation in the presence of suboptimal

. . 'IL-1 induce a striking increase in intra-alve-
doses of mitogen. This effect forms the basig |5, neutrophils when injected intratra-

of several biological assays. Pure -dnd  cheq|ly into rats [129]. Neutrophils peak
IL-1B are equipotent in all bioassays a”CE/ithin 12-24 h after administration of

specific antibodies are needed to distinguis vtokines, and return to baseline levels after

between them. 48 h. A smaller influx of monocytes and
For details about the molecular biology oflymphocytes is seen at 24 and 72 h respec-
porcine IFNe, TNF-a and IL-1, the reader tively. The process of neutrophil infiltration
is referred to excellent review articles [78,involves a series of steps: expression of
96, 133]. endothelial cell adhesion molecules, neu-
trophil-endothelial cell adhesion, neutrophil
activation and expression of neutrophil-
3.2. Cytokine effects derived adhesion molecules, neutrophil dia-
on the respiratory tract pedesis and migration beyond the vascular
barrier along a neutrophil-specific chemo-
Proinflammatory cytokines usually tactic gradient. Both TNF+ and IL-1
remain compartmentalised in the area of thstrongly upregulate or induce the adhesion
body where they are produced. During pulmolecules (intercellular adhesion molecule-1
monary infections cytokine production is (ICAM-1), E-selectin and P-selectin) on the
mainly restricted to the lung and it seemwyascular endothelium [119]. Other effects
that diffusion of cytokines across the blood-by which these cytokines can facilitate neu-
alveolar barrier is rather limited [87]. Con-trophil sequestration in the lungs include
sequently, the highest amounts of cytokineadhesion molecule expression on neutrophils
are detected at the lung level, and plasmand on the respiratory epithelium [119, 126]
cytokine levels are generally low or unde-and induction of chemoattractant cytokines,
tectable [11, 33]. This situation contrastssuch as IL-8, by endothelial, lung epithelial
with that seen during septicaemia, wherer inflammatory cells [70]. TNFErand IL-
endothelial and blood cells are the primaryl were initially reported to have direct
cytokine producers and systemic effectschemotactic activities. The current view,
such as shock and multiple organ failurehowever, is that TNFr and/or IL-1 are
predominate. Still, the activities of cytokinesessential to the initial adhesive reaction of
produced in the respiratory tract may be repaeutrophils to the microvascular endothe-
resented in both local and systemic effectdium of the lung, but that IL-8 or other
Even compartmentalised production of IL-1chemokines are necessary for the directed
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migration of leukocytes into the lung [19, can shed TN receptors that may decrease
113]. The recent finding that cytokine- the responsiveness of neutrophils and other
induced expression of endothelial cell adheeells to TNFel [102]. Such events will prob-
sion molecules is differentially regulated inably help to regulate the local inflammatory
different tissues and cell types [121] isreaction and to protect the host against the
another example of the complex regulatiordeleterious effects of TNE-

of leukocyte recruitment. Besides neutrophil . )
chemoattractants, TNE-and IL-1 also For IFN-a, substantial evidence for a role
induce chemokines with selective macroin leukocyte recruitment to the lungs is lack-
phage attracting properties, such as monaddg. Unlike TNFe and IL-1, the effects of

cyte chemoattractant protein-1 [117]. intratracheal administration of exogenous
IFN-a have not been studied. Both pro- and

Once neutrophils have arrived in theantj-inflammatory effects on airway cell
lungs, TNFe and IL-1 may exert profound populations have been reported after oral or
stimulating effects on neutrophil function systemic administration of IFi-in domes-

In vivo, the TNFa/IL-1 associated neu- tic animals [84]. Still, limited experimental
trophilic exudate has been linked to anyata suggest that IFtmay be involved in
increased phagocytic capacity of the lungissue lymphocyte or neutrophil infiltration.
with release of enzymes from neutrophilszor example, local production of IR in
and with respiratory burst activity. The localthe jungs of virus-infected calves is tempo-
release of enzymes from neutrophils probra|ly correlated with an influx of CD8+ T
ably makes important contributions to lungiymphocytes into the lung parenchyma [46].
tissue injury and increased vascular permea|so, virus-induced IFN/B production in
ability with resultant lung haemorrhagesthe lymph nodes of mice is associated with
and edema [94, 129]. In vitro studies hav§ striking neutrophil infiltration [104]. Fur-
demonstrated stimulating effects of TMF- thermore, IFNe augments the expression
and IL-1 on both neutrophils and of the adhesion molecules B 7.2 and ICAM-1
macrophages of several animal species. Ag cultures of endothelial cells [28]. Neu-
an example, bovine and porcine neutrophllﬁoph"_ and macrophage-activating effects,
treated with TNFa showed increased zg reported for TNE+and IL-1, have also

phagocytosis, degranulation, and respirapeen observed in in vitro studies (reviewed
tory burst activity [29, 31, 109] and similar j, [125]).

effects have been observed for bovine neu-

trophils incubated with IL-1 [109]. Yet, = TNF-a and IL-1 are both associated with
these in vitro studies must be evaluated withronchial hyperresponsivenessanimal
caution, because conflicting results havenodels of obstructive disease [67]. Bron-
often been reported. Neutrophils andchoconstriction may result from increased
macrophages can produce several inflamsynthesis of endothelin - a potent vasocon-
matory cytokines and mediators, includingstrictor and bronchoconstrictor - in response
platelet activating factor, leukotrienes ando both cytokines [42]. Furthermore, it is
arachidonic acids in response to TN+  worth mentioning that TNE-and IL-1 can
IL-1. One interesting finding is that newly directly or indirectly altemucus secretion,
recruited neutrophils may serve as imporeiliary beat frequencyandsurfactant pro-
tant sources of extra TN&HL-1 produc- ductionin cultured airway epithelial cells
tion during acute lung injury in rabbits [63]. (reviewed in [1]). It is clear from the above
It is equally intriguing how neutrophils can information that TNFa and IL-1 have mul-

in turn downregulate TNIe-bioactivity. tiple overlapping activities, but in a few
Activated human neutrophils have beertases they do counteract each other’s effects.
shown to release proteolytic enzymes thaproduction of pulmonary surfactant
cause inactivation of TNE-[136] and they components, for example, is generally
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downregulated by TNIes but enhanced by disturbances [20]. Similarly, intracere-
IL-1 (reviewed in [25]). broventricular injection of recombinant
orcine TNFe in pigs induces behavioural,

Theoretically all 3 cytokines discussed her%etabolic and neuroendocrine responses

have non-specifiantiviral effectsIFN-a is : -

the prototypic antiviral cytokine and inducesirr?jzecigzhg grit;r)]r? err(ijl?/ovc;ﬁ Zr?; gtlg)s(i:]h[altllv%/fz re
an antiviral state in its target cells via the '
induction of specific antiviral proteins, €.9.  TNF-a and IL-1 produce characteristic
2’, 5'-adenylate synthetase and proteirycyte phase effedis the liver. They medi-
kinase enzymes. The antiviral properties Ojte an increased uptake of plasma-Fe and
interferons have been convincingly demon-zn and an increased synthesis of typical
strated in vivo. TNFa and IL-1 protect a acute phase proteins by the liver. As aresult,
infection and synergise with interferons inpjasma concentrations of acute phase pro-
the induction of an antiviral state (reviewedieins occur. In cattle, 5 daily administra-
in [73, 150]). According to some studies.tions of recombinant bovine B cause

the antiviral effects of TNIé/IL-1 are medi-  hejghtened and prolonged elevations of
ated through the induction of IFler IL-6.  serym haptoglobin and fibrinogen, as well as
In addition to protecting cells from viral y1-acid glycoproteins [44]. Some of these
infected cells in an IFN-independent waygpserved with IFN& [137]. Chronic expo-
[16, 27]. Furthermore, the 3 cytokines undegyre to TNFe or IL-1 results in cachexia
study can significantly contribute to the non-gng wasting, due to catabolic effects on mus-
specific immune response through theigje and fat cells. Prolonged treatment of cat-
effects on phagocytic functions. tle with recombinant bovine TN&-is asso-

The systemic effects of IFN; TNF-o  ciated with a depletion of body fat depots
and IL-1 have been studied mainly by intra{16]-
muscular or intravenous administration of The fact that IFNa, TNF- and IL-1 can

these cytokines to experimental animals, nergise with each other, and induce each

'kl)'rril:ﬂr;/esults of such studies are SUMMans€iiner is of major importance. With IL-1 and

TNF-a in particular, synergistic interactions
All 3 cytokines are pyrogenidzever have been documented for several effects.
results from intramuscular injection of eitherFor example, TNFx synergises with IL-f
TNF-a, IL-1 or IFN-a in rabbits [38]. On a to promote ICAM-1 expression on endothe-
weight basis, IFNx is less pyrogenic than lial cells [56]. Concentrations of TNé&-and
TNF-a or IL-1. Pigs and goats experiencellL-1 that do not induce superoxide produc-
fever in response to intramuscular injectiortion by macrophages alone do so in combi-
of high doses of recombinant porcine andation [122]. Also, the combination of both
human IFNe, respectively [78, 137]. Intra- cytokines may lead to a secondary cytokine
muscular injections of recombinant bovineresponse that is 250-fold greater than that
IL-1Bto 9- to 11-day-old pigs caused a transeen with each cytokine alone [26]. Fur-
sient increase in rectal temperatures [112thermore, several systemic effects are
Excessivesleepinessndloss of appetite enhanced when TNé&-and IL-1 are admin-
also result from the action of TNg-IL-1  istered together [37]. Finally, the ultimate
and IFN@ on the brain. Pigs injected intra- effects of a given cytokine do not merely
muscularly with a high dose of recombinantreflect its own and other cytokine concen-
bovine IL-13 display profound physiologi- trations, but also the levels of cytokine recep-
cal effects, including vomiting and lethargy,tor expression and cytokine antagonists. The
and some pigs show central nervous systeproteins involved in inflammatory cytokine
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action of TNFe and IL-1 are reviewed in associated with the degeneration of respi-
detail by Murtaugh et al. [85]. ratory tract epithelium and excessive neu-
trophil infiltration. The typical influenza
symptoms and pathology almost certainly
3.3. Cytokines in viral respiratory involve cytokines, as demonstrated in exper-
diseases of humans imental infections of human volunteers or
mice. In humans, rapid peaks of IENand
IFN-a, TNF-0 and IL-1 can be induced IL-6 from nasal lavage fluid were followed
in cells by viruses. IFNis classically asso- by peaks of TNFa and IL-8, while IL-B
ciated with virus infection, and viruses areremained undetectable [57]. Nasal IBN-
more potent IFNx inducers than bacteria and IL-6 concentrations are directly corre-
or bacterial products [115]. In contrast withlated with viral titres and signs of upper res-
IFN-a, TNF-a and IL-1 are induced by piratory illness, such as runny nose and sore
many stimuli other than virus infection. In throat. In addition, plasma IL-6 levels are
monocyte-macrophage cultures, for examassociated with both systemic and upper
ple, TNFe and IL-1 are induced in responserespiratory symptoms. Systemic cytokine
to Gram-negative and Gram-positive bactevels, however, are either significantly
teria and their products (lipopolysacchajower than those in respiratory tract secre-
rides, lipid A analogue, muramyl peptide).tions or undetectable, indicating a higher
leukotrienes, phorbol esters, complemenfycal production of cytokines. Unfortunately,
components, reactive oxygen species anghese human volunteer challenge studies fail
cytokines, to name a few. In fact, productiong reproduce the severe lower respiratory
of TNF-a or IL-1 during virus infection may tract disease that often results from natural
occur both directly or indirectly (for exam- jnfluenza infections. In addition, sampling of
ple, as a result of cellular damage inpe |ower respiratory tract is not practical
response to virus infection or via inductionjn humans. Until now, the association
by other cytokines). IFNr is capable of patveen cytokines and influenza pneumonia
inducing both TNFa and IL-1, and €ross- pag peen studied exclusively in mice, which
induction of TNFe and IL-1 has been g not natural influenza virus hosts. In this
demonstrated in many cell types (reviewegyrine model, there is an early increase of
in [76]). both TNFa and IL-1 [59, 99, 131] in bron-
While information on the in vivo choalveolar lavage fluids (BAL), and
cytokine response to pulmonary virus infec-cytokines correlate with the characteristic
tions of domestic animals is scarcesigns of disease (lethargy, anorexia, fol-
cytokines have been shown to be involved ifowed by mortality) and with mononuclear
3 important respiratory virus infections of cell infiltration in the lungs and gross lesion
humans - influenza, respiratory syncytialdevelopment. In a study by Hennet et al.
virus (RSV) infection and rhinovirus colds. [59], production of TNFa/IL-1 was fol-
The available data from these studies arRwed by that of other cytokines and inflam-
summarised here. matory products: IL-6, granulocyte
Influenzain humans is caused by type Amacrophage-colony stimulating factor,
influenza viruses that are antigenicallylFN-y and leukotriene B4. Thus, cytokines
related to those of swine. The infection isand mediators other than TNFH.-1 may
characterised by marked constitutionaparticipate in the inflammatory response
symptoms (fever, chills, muscular aching,and their production may be induced or stim-
prostration and anorexia) and respiratorylated via TNFe/IL-1. The role of indi-
signs. In susceptible individuals, the virusvidual cytokines during influenza in mice
replicates in epithelial cells along the entirevas assessed only recently by specific
respiratory tract. Peak virus replication isanti-cytokine strategies. Intraperitoneal
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administration of TNF antibodies at the timeryngeal secretions are correlated with the
of influenza inoculation reduces lung lesionlower severities of the disease [61]. This
severity and prolongs survival by 24 h [99].finding can be explained by the negative
In IL-1 gene knock-out mice, influenza effects of IL-6 on TNFa and IL-1 release
inoculation has a smaller effect on bodyand resulting proinflammatory effects [110].
temperature than in wild type mice, butlL-8 is generally thought to play a major
anorexia and weight loss are similar [68]role in RSV-induced neutrophil influx and
Similarly, treatment with either IFM-or  bronchiolitis, because of excessive plasma
IL-1a antibodies reduces fever [71]. ThelL-8 concentrations in severely affected
finding that IFN antibodies suppress IL-1patients [18]. All these cytokines have also
production supports the importance ofoeen demonstrated in cultures of
cytokine networking. Although these stud-macrophages [83, 127] and pulmonary
ies confirm the significance of cytokines inepithelial cells [7, 90]. In vitro experiments
influenza pathogenesis, the effect of blocksuggest that TNie-and IL-1 are the main
ing individual cytokines was only partial inducers of I1L-8 during RSV infection [7,
and in some cases very modest. Furthet4]. One particular feature of RSV is its
more, higher mortality rates in ILBknock- capacity to induce inhibitors of proinflam-
out mice indicate that anti-cytokine strate-matory cytokine action in vitro, notably IL-1
gies may endanger the host natural defendehibitor [105] and soluble TNF-receptor
[68]. type | [7].

Respiratory syncytial viruRSV) infec- Humaqrhmowrusesare respons!ble _for
tions may cause severe lower respiratorjh€ majority of common colds. Rhinovirus
tract disease, particularly in children. Epithelnfection of the nasal epithelium typically
lial cells of the upper and lower respiratoryProduces congestion and neutrophil infil-
tract are the main viral target cells. Bron-ration and increased glandular secretions.
chiolitis, with excessive neutrophil infiltra- The cytokines IL-B, IL-6 and IL-8 have
tion, pneumonitis and lung emphysema ar@een found in the nasal secretions of symp-
prominent histopathological features. Therdomatic humans with experimental rhi-
are few experimental data on in vivohovirus colds [103, 128, 154]. These very
cytokine production in RSV infection, but cytokines, in addition to TNE are also
data from RSV patients and from in vitroinduced by infection of cultured lung epithe-
studies support the involvement of multi-lial cells [64, 123]. Both TNFRx [120] and
ple (pro)inflammatory cytokines in RSV- IL-1B [123] have been reported to upregu-
induced inflammation. In a BALB/c mouse late the expression of ICAM-1, the major
model of RSV infection, a sharp rise inrh;nowrus receptor on eplthe_llal cells. In
TNF-a and IL-1 from BAL fluid and pro- this way, cytokines can possibly enhance
portionally lower serum levels of both rhmokus replication thereby maintaining
cytokines were detected as early as one dafe cytokine response.
after inoculation [58]. Disease, lung inflam-  In pigs, cytokine production during pul-
matory changes and cytokine secretion wergonary virus infections has not been studied
interrelated and clearly virus dose-depenso far. Yet, support for the involvement of
dent. Comparable high amounts of TNF- early cytokines in respiratory pathology has
and IL-6, next to IL1B and IL-8 have been been obtained from experimental infections
found in nasal secretions and superficialith mycoplasma and bacteria. Pigs infected
mucosal biopsies in RSV-infected infantswith Mycoplasma hyopneumonidevelop
and children [80, 91]. Further evidence forcharacteristic gross lung lesions and peri-
a role of TNFe and IL-6 in acute RSV bronchiolar lymphoid hyperplasia which are
infections comes from a patient study indirectly associated with TNE; IL-1 and
which higher IL-6: TNFa ratios in nasopha- 1L-6 in BAL fluids [9, 10]. After infection
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with Actinobacillus pleuropneumonigiyp- ages of neutrophils in bronchoalveolar

ical pleuropneumonic lesions were foundavage (BAL) fluids were determined and

to be related to the production of IL-1 andcell-free lavage fluids were assayed for

IL-8, while TNF-a was seemingly less cytokines by bioassays.

important [11]. Field studies as well sug-

gest a role for early cytokines in respiratory

disease. TNFx has been associated with am. 1. Cytokine profiles correlate

acute phase response and post-arrival dis-  with intrinsic pathogenicity

ease in boars [55]. The presence of k- of respiratory viruses

serum is considered as a possible indicator

of viral infections during the first weeks | this first series of studies, we exam-

after grouping together of pigs in multi- jned whether SIV, PRCV and PRRSV differ

source fattening herds [8]. in their ability to induce lung proinflamma-
tory cytokine secretion and whether differ-
ent cytokine profiles can be linked to dif-

4. GROWING EVIDENCE ferent clinical and pathogenetic features.
FOR A ROLE OF CYTOKINES Different times of euthanasia were selected
IN PULMONARY VIRUS for each virus infection, because of their
INFECTIONS OF PIGS known differences in replication kinetics.

Figure 1 compares clinicopathological and
cytokine responses during SIV, PRCV and
respiratory virus infection in pigs will PRRSYV infection. These results have been

depend both on the pathogenicity of théjescrlbed in detail elsewhere [143].

virus and on the presence and nature of con- The inoculation with an H1N1-subtype
current respiratory infections. At the patho-SIV was followed by typical systemic and
genetic level, the excessive production ofespiratory signs (depression, anorexia, shiv-
early cytokines can theoretically switch theering, tachypnoea, dyspnoea and coughing)
balance from subclinical to disease. To begiand massive lung virus replication within
to test this hypothesis, we performed a seriek8 to 24 h. At that time, neutrophils, which
of experimental studies in which we anal-were virtually absent in virus-negative con-
ysed and compared the clinical and lungrol pigs, were the predominant cell type in
inflammatory response to different virusesBAL fluids and there was excessive lung
and virus combinations. In these studies, wepithelial desquamation and complete
especially tried to find correlations betweerobstruction of many bronchi and bronchi-
the cytokine patterns and the associatedli with neutrophils and other cells. Gross
pathogenetic features. All experiments weréung consolidation of approximately
performed under strictly gnotobiotic condi- 20—40% of the lungs developed 2 and 3 days
tions, in caesarean-derived and colostrumafter inoculation. The secretion of all 3
deprived pigs. Between 3 and 4 weeks oéxamined cytokines was temporally corre-
age, the pigs were administered the highe&ited with the development of disease and
possible dose of the respective virus(edung inflammation, as well as with virus
(10°%to 10° 1D, per pig) by a standard- replication. IFNe was found in particularly
ised intratracheal inoculation method. Mock-high levels. TNFa and IL-1 titres were pro-
inoculated control pigs were included inportionally lower, but substantial in com-
each experiment. The pigs were clinicallyparison with bioactive amounts of these
monitored and euthanatised during the acuteytokines in other in vivo studies. As clini-
stage of infection. Lung inspections, viro-cal symptoms and lung inflammation sub-
logic and histopathologic examinations weresided, IFNe levels diminished and TNE-
performed. Total cell numbers and percentand IL-1 became undetectable. Interestingly,

The clinical manifestations of a given
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SIV infection PRCYV infection PRRSV infection

Time after 0 18 24 48 72hours 0 1 2 3 d4days 0 3 5 7 9days
inoculation 1 } | | } } T T } f f I

Symptom
scores

Lung virus titres neg 9.7 8.7 82 6.5 neg 5.6 66 7.7 85 neg 5.5 42 55 7.0
(log)o TCIDsy/g)

Neutrophils 0 46 56 7 6 05 7 20 10 13 1 5 2 3 9
(% of BAL cells)

Cytokines : R :
in BAL ; NPT
(log,oU/mLy 3 : T : T

L—— Systemic signs; ==~  Respiratory signs; ****  IFN-o; = ° TNF-a; = IL-1

Figure 1.Comparative profiles of clinical signs, lung virus titres, neutrophils and cytokines in bron-
choalveolar 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 correlatedwith macrophages, and a few neutrophils.
largely with clinical severities and Iung In spite of the subclinical course of the infec-
pathology, as demonstrated earlier in anotheion, gross lung consolidation involved up to
study [142]. Though similar cytokine pro- 34% of the lungs at 4 DPI and as such
files have been demonstrated in BAL flu-equalled the gross pathology of an SIV
ids of mice and in nasal lavage fluids of mannfection. IFN« was detected at high levels,
during experimental influenza virus infec-but TNF-a was negligible and IL-1 unde-
tions, this was the first demonstration oftectable. Thus, though the presence of inter-
cytokines in the lungs of a natural influenzaerons has been associated with fevers, chills
virus host. Moreover, our findings stronglyand malaise in acute viral infections, the
argue for a role of these cytokines in typicapresent data implicate that high levels of
flu symptoms and pneumonia. IFN-a as such are insufficient to produce

PRCYV infection was entirely asymp- disease.
tomatic, despite relatively high amounts of PRRSV infection induced a transient
infectious virus production. Neutrophil infil- anorexia and lethargy, without obvious res-
tration occurred, but not to the degree seepiratory signs. BAL neutrophil percentages
in SIV infection. The histopathological remained low, but there was a massive infil-
changes much resembled those describerhtion of the lungs with mononuclear cells
in previous experimental studies [35, 92]Jand macrophages resulting in an up to 5-
and mainly consisted of a mild multifocal fold increase of total BAL cells at 7-10 DPI,
airway epithelial necrosis and infiltration and marked thickening of alveolar septa on
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histopathology. In many respects, PRRS\and PRRSV. That is, the influenza virus
did not behave like a classical respiratorelicits extremely rapid and efficient immune
virus. Unlike SIV or PRCV, PRRSYV infec- responses and complete virus elimination
tion induced no microscopic lung epithelialfrom the lungs occurs within 1 week post
damage and minimal consolidation lesionsinitial virus exposure. Infection with PRCV
Instead, a failure to collapse, a mild inter-or PRRSV, however, lasts for an approxi-
lobular oedema and small multifocal areas ofnate 12 and 28 days respectively. Several
atelectasis were the main necropsy findingslata support the hypothesis that the suc-
IFN-a titres were at least 100 times lowercessful immune response against SIV may
than those found during SIV or PRCV infec-be related to the quick and efficient pro-
tion and TNFe was negative, but there wasduction of multiple cytokines. IFN; TNF-
considerable production of IL-1. The pro-and IL-1, in addition to modulating non-
longed secretion of IL-1 during this infection specific immune responses, can also partic-
prompts the question as to why cytokindpate in the specific immune response to
production is rapidly shut down during someinfection (reviewed in [62, 125]). Further-
infections, such as SIV, and not during othmore, several “late” cytokines with highly
ers. The exact role of IL-1 in the pathogenspecific immune-regulatory properties have
esis of PRRSYV infection is uncertain. Therealready been demonstrated in the mouse
is the possibility that IL-1 contributes to themodel [13].

systemic symptoms observed and to the

mononuclear cell infiltration of the lung.

!ndeed, localised produ_ction of IL-1 cang 2. pual infections

induce fever gnd anorexia [60], and IL-1is \with respiratory viruses

one of the main stimuli for the production of

monocyte-attracting chemokines [153].
s g [153] It is a classic hypothesis that virus infec-

_Taken together, these studies documenj,ns of the lungs open the door for bacteria
differential production of early cytokines gnq thereby facilitate disease. It is less well
during different respiratory virus infections. ynown that dual or multiple infections with
These differences may explain exactly Whyegpiratory viruses in itself occur very often
SIVis the single most important respiratoryin, the field [140]. Combined infections with
virus infection of swine, and why PRCV or prrgy and other enzootic viruses, such as
PRRSV te_nd to cause subclinical mfec’qonspRCV have been regularly diagnosed and
if uncomphc_ated. Because of the coordinatg, o\ e peen linked with respiratory disease
and excessive production of IFN-TNF-0  rohlems in some instances [50, 65]. In pre-
and IL-1 during SIV infection, these ;o s experimental studies in conventional
cytokines will most probably act synergis-,iqs e have further demonstrated the clin-
t_|cally to induce lung [r!flammauon and “flq- ical significance of combined PRRSV-
like” symptoms. Additional support for this prey infections [141]. Pigs inoculated with
hypothesis comes from the demonstratioprrsv and then 3 days later with PRCV
of a very similar BAL cytokine profile in geyeloped a 9 day lasting fever with tachyp-
typical naturalncase_s of S_I. E:onyersely, th‘?]oea, dyspnoea, productive coughing and
lack of such a “cytokine triad” during PRCV gjgnificant growth retardation. The present
or PRRSV infection may in part account forgnatopiotic pig studies were undertaken in
the mild respiratory pathology and they, attempt to unravel the pathogenesis of
absence of clinical disease. such infections. We set out to test the

So far, we have concentrated on the acuteypothesis that PRRSV primes production
inflammatory response to respiratory virusof IL-1 and TNFe in response to a subse-
infections. The subacute and resolutiomuent PRCV infection and thereby promotes
phase also greatly differs with SIV, PRCVclinical disease, based on the cytokine and
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Figure 2. Interferone (shaded bars), tumour necrosis factdopen 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 00U are indicated by //. Pigs with clinical disease at
euthanasia are indicated by *.

clinical profiles of the single PRRSV anddually inoculated pigs were sequentially

PRCV infections. As shown in Figure 2, thekilled between 2 and 5 days after PRCV and
pigs were inoculated with PRRSYV first andcompared with singly PRRSV- and PRCV-

then, 3 or 7 days later, with PRCV. Theinoculated controls.



204 K. van Reeth, H. Nauwynck

The clinical outcomes in these gnotobioticrespective groups. Both cytokines share the
pig studies differed substantially from thoseability to produce fever, lethargy, somno-
in conventional pigs. Generally speakingJence and anorexia; additive and synergis-
the disease was milder and the morbidityic interactions theoretically occur between
rates were lower under gnotobiotic condithem at several levels [15]. It is thus plausi-
tions, and only 3 of the total 10 PRRSV-ble that the combination of IFN-and IL-1
PRCYV infected pigs were seen with markedgomehow contributes to the systemic signs of
general disease and tachypnoea. Given tiiee dual PRRSV-PRCV infection.

fact that monocytes and macrophages are Apart from dual PRRSV-PRCYV infec-
pre-eminent producer cells of TNFand  tions, we also performed dual infections with
IL-1, one could speculate that the increasepRRSV followed by SIV. As already men-
cell numbers following PRRSV infection tioned, the uncomplicated SIV infection is
predispose for an enhanced cytokine releasgequently subclinical, and the combination
and resulting dramatic neutrophil influx afterof PRRSV and SIV has also been linked
a second infection. This hypothesis, howwith multi-infectious respiratory disease in
ever, had to be rejected. Both in the 3 daythe field [50]. It is important to note that we
and 7 day-interval groups, BAL cell num- chose to use an aerosol inoculation method
bers and composition were quite similar tcfor experimental PRRSV-SIV inoculations.
those after single PRRSV infection. Pro-This method was previously shown to repro-
portionally, neutrophil infiltration was even duce a clinically mild SIV infection, with
lower after dual than after single PRCV inoc-approximately 100-fold lower virus titres
ulation & 8% in dually infected pigs versus and much milder lung pathology than after
< 20% in singly PRCV-infected pigs), but intratracheal inoculation. The present study
due to increased total BAL cells in theadditionally revealed that proinflammatory
PRRSV-PRCYV groups, absolute neutrophicytokine levels are unremarkable after
counts were comparable. Histopathologicahaerosol SIV inoculation. These data further
examination of the lungs revealed thesubstantiate the notion that rapid and massive
mononuclear cell infiltration characteristic of replication of SIV contributes to the induc-
PRRSYV infection in addition to the typical tion of all 3 cytokines and that cytokine pro-
bronchointerstitial pneumonia of PRCV. duction is implicated in the disease. As for
Similarly, macroscopic lung lesion scoresthe dual PRRSV-SIV infection, our findings
resembled a combination of the effects ofvere remarkably similar to those of the
both single virus infections, rather than 8PRRSV-PRCV infection. Again, disease
potentiation of one virus infection on severities were milder and mortality rates
another. This also holds true for cytokine(20-25%) lower in gnotobiotic pigs than in
production: TNFe was undetectable, and previous conventional pig studies. The
IFN-a and IL-1 were detected at levels sim-pathological and cytokine picture of the lung
ilar to those during single PRCV andresembled a combination of the effects of
PRRSV infections respectively. A closerboth single virus infections, rather than a
look at individual cytokine titres of the Potentiation of one virus infection on
dually infected pigs, however, cannotanother. IFNet and IL-1 were the only
exclude some involvement of cytokines incytokines produced, and TNFwas missing
disease. Two of the 3 severely affected pigd all pigs. These data were not statistically
one from each group, were killed within asignificant, despite a tendency towards
few hours after the appearance of Symptomg,lgher IL-1 titres in severely affected pigs.
3 days after PRCV, at the presumed peak of The conclusive message from these dual
the disease. These very pigs had the higlviral infection studies is that prior infection
est amounts of IFN(8436-19168 LmL™Y)  with PRRSV fails to potentiate cytokine
and IL-1 (126-190 UmL™1) within their  production in response to a subsequent viral
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infection. The poor cytokine response is irrecently performed experimental combined
agreement with the overall mild clinical inoculations of pigs with PRCV followed by
course of the pure dual viral infection. ThisLPS fromE. coli0111:B4 (described in detail
does not mean that dual infections with resin [144]). One of the important reasons for
piratory viruses are unimportant in the eti-the choice of this combination, was that the
ology of PRDC. In the field, interactions intratracheal inoculation with either PRCV
between PRRSV and one single additionahlone or relatively low doses (2@-kg™)
pathogen are more the exception than thef LPS alone induced no clinical disease and
rule, and multifactorial respiratory diseasenegligible production of TNF or IL-1.
usually involves interactions of multiple Also, combined inoculation with a virus and
pathogens or factors. Besides, the clinicahn agent that does not multiply, such as LPS,
and economic impact of dual viral infec- may avoid the variability resulting from inter-
tions has been demonstrated in conventiongrence of a first virus with replication of a
pig studies [141], under conditions that moreecond virus. In contrast to the respective
closely mimic the field situation. It was single agent inoculations, dual inoculations
learned, however, that the final clinical out-with PRCV followed 24 h later by LPS
come of such infections is always unpreyesulted in marked laboured breathing, dull-
dictable and dependent on factors that argess and loss of appetite during the first
difficult to discover or reproduce experi- 1012 h after LPS. Unlike in dual infections
mentally. For this reason, we decided tQyith 2 viruses, severe disease was seen in
search for a better model to reproduce ang| prCV-LPS pigs. A significant time-
study the pathogenesis of PRDC. dependent increase of both ThFand IL-1
was noted, but TNIE-correlated better with
the development of respiratory symptoms

4.3. Interactions between respiratory  than IL-1. In spite of abundant neutrophil
viruses and bacterial infiltration in the lungs of PRCV-LPS inoc-
lipopolysaccharides ulated pigs, neutrophils did not seem to play

a major role in PRCV-LPS induced illness.

Endotoxin or lipopolysaccharide (LPS) Firstly, neutrophil infiltration occurred to the
is a component of the outer membrane ofame extent in PRCV-LPS and singly LPS-
Gram-negative bacteria. Endotoxins occumnoculated pigs. Secondly, neutrophils per-
at relatively high concentrations in the ressisted for longer time periods after LPS than
pirable fraction of dust in swine confinementthe clinical signs. In our view, this provides
units [108] and they are released locally iran excellent example of the "redundancy”
the lungs during pulmonary infections withand “pleiotropy” of the actions of TN&-
Gram-negative bacteria. In man and severgy other cytokines. There are indeed few bio-
animal species, endotoxin exposure Cafpgical responses that are mediated by only
neutrophils and macrophages, decreased Iufjgthe lung, though often due to TNFpro-
functions and chronic coughing [129, 1304yction, is not unique to this cytokine and
145]. Many of the biological effects of LPS ¢4n, result from the actions of several other
are mediated via the release of TMfNd ¢y iokines/chemokines, or even from the
IL-1[129, 146]. Nearly all endotoxin effects girect actions of LPS on pulmonary endothe-
are strictly dose—relate.d., and lower e_”doﬁum and/or neutrophils. Conversely, TN
toxin levels are insufficient for cytokine 4 exert many effects other than neutrophil
induction and disease to occur [82, 129]. geqyestration in the lungs: activation of

The potential interactions between virusephagocytic cells, bronchial hyperrespon-
and endotoxins in the respiratory tract ofsiveness or bronchoconstriction represent
domestic animals are unexplored. We havgust a few examples. It is an attractive
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hypothesis that the pathogenesis of PRC\esponse to a second stimulus? Are
LPS induced respiratory disease is in parntytokines produced by virus-infected or by
mediated by these rather functional effectbystander cells? Can neutrophils in the
of TNF-a. inflammatory exudate affect cytokine pro-
duction? To resolve some of these ques-
tions, we are now working to detect the cel-
4.4. Final thoughts lular source of cytokines in virus-infected
lungs by immunohistochemistry and in situ
In conclusion, we have been able tdbridisation. These techniques will allow us

establish 2 experimental models of virusi0 investigate the spatial relationship

induced respiratory disease in pigs: the sif?etween cytokine-producing cells on the

gle SIV inoculation and the combined©ne hand and virus-infected and inflamma-

PRCV-LPS inoculation. Proinflammatory tory cells on the other. Furthermore, they

cytokines likely play a critical role in both Will help us to develop in vitro models

clinical entities and they may provide a clug€sembling the in vivo situation as closely as

as to why clinically manifest respiratory dis-Possible, and to study the basic mechanisms

ease develops in these infection models b@f cytokine induction by viruses.

not in others. This does not mean, however,

that the exact cytokines involved and their

actions are identical in both respiratory dis5. EPILOGUE

ease conditions. In fact, there is preliminary

evidence as to the contrary. The precise con- ; : :

tributions of the cytokines f_ound here havere:;\)/irrztg?;dixf?étt?gmseo?r;)v(\j/:Jn(gl’? nﬁﬁ‘(:;g

to be further documented in both settingSg, /e ise (anti)cytokine treatments in the con-

Gl\t/ent tT'e f"’ll.cft that JNI?' an(?c IIII__-61 arg trol of respiratory disease in farm animals?

ggrfer; sflrgﬁelm%rk?r:gs LESI%? (i)t S On@nreg_pnfortunately, the potential use of antibod-

sonable to assume that cytokines other th I6s against promflz_ir_nmatory cytokines, or

those tested here also play a role. Besid tokines with anti-inflammatory proper-
es, or even cytokine receptors or their

.'Lf'|6 and ”f_-8t r&av_e beeg hdetectedl Mantagonists has a number of limitations. For
Influeénza iniected mice and human Volun-ay 5 mple it is not practical to deliver such

teers respectively [57, 59], and LPS has begiy o yles locally in the deeper lung, as
Show.?) to mducfe ﬁlmé).St anyffcytoklr}e._Th ould be required to modulate production
corétrLFl)Jgons ? the llrlect N e(E)ts 0 V'“flsor local actions of the cytokine mediating
an . t?tnhun% cells ma;; defequ? yé){r\espiratory) disease. Another difficulty is
Important. It has been accepted 1or a IoNthe timing of (anti)cytokine administration.
time that typical influenza pathology resultSp o entive application, which is problem-
t?fsotmef?r)](ten_t from tt;‘e direct tcytopa_mlcatic under field conditions, is definitely more
F ec EFC’)S € V'rlljls on h € rezplratodry ePtNe5 ccessful than therapeutic administration.
ium. as well can have direct damaginty major problem is that suppression of those
effects on epithelia and_endotheha [22, 111 pro)inflammatory cytokines whose over-
and can '”ﬂ“ﬁ_e ad_hssmn EOIfCUIG EXPreProduction can be detrimental has shown to
sion in a cytokine-independent way. compromise host defence mechanisms in
Our virus-cytokine studies in pigs havemany instances. Indeed, the effects of these
been merely descriptive, but they did raiseytokines, such as changes in vascular per-
several more fundamental questions. Whicimeability, neutrophil chemotaxis, phago-
proteins or genes of the influenza virus areyte activation and hyperthermia, initially
responsible for cytokine induction? How doserve to eliminate pathogens and help to
viruses prime cells for an enhanced cytokineestore 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. Addition-
ally, 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 ani-
mals. 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 patho-
physiology of disease are only very rudi-
mentarily known. Studies of the specific
effects of different categories of these drugs
on cytokine profiles and associated patho-
logical 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.m

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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