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This study set out to investigate the cytokines and acute phase proteins (APPs) associated with the acute

stages of experimentally-induced swine influenza virus (SIV) infection in 3-week-old, colostrum-

deprived, caesarean-derived piglets. The piglets were inoculated intratracheally with 107.5 50% egg infec-

tive dose [EID50] Swine/Belgium/1/98 (H1N1) SIV and were euthanased at time-points between 0 and

120 h post-inoculation (PI). Broncho-alveolar lavage fluid (BALF), lung homogenates and sera were exam-

ined for inflammatory mediators by bioassay or ELISA. Interferon (IFN)-a, interleukin (IL)-6, IL-1 and

tumour necrosis factor (TNF)-a peaked in BALF 24–30 h PI, when virus titres and the severity of clinical

signs were maximal.

Whereas IFN-c and IL-12, but not IL-18, increased in tandem in BALF, serum cytokine concentrations

were either undetectable or were up to 100-fold lower. The APP C-reactive protein (CRP) and haptoglobin

peaked 24 h later than the cytokines and reached higher levels in serum than in BALF. In contrast, lipo-

polysaccharide (LPS)-binding protein (LBP) only increased in BALF. Lung virus titres tightly correlated

with BALF IFN-a, IL-6, IL-1, TNF-a, IFN-c and IL-12, as well as with serum IL-6, IFN-a and IFN-c. Signs
of disease correlated with the same cytokines in BALF and serum, as well as with BALF LBP and serum

CRP. The findings suggest that IFN-c and IL-12 play a role in the pathogenesis of SIV and that APPs are

induced by cytokines. This influenza infection model may have value in assessing the therapeutic poten-

tial of cytokine antagonists.

� 2009 Elsevier Ltd. All rights reserved.

Introduction

Swine influenza virus (SIV) is a major cause of acute respiratory

disease in pigs (Loeffen et al., 1999). Clinical signs include high fe-

ver, depression, anorexia and laboured abdominal breathing

(Shope, 1931; Olsen et al., 2006), and the virus replicates in epithe-

lial cells of the nasal mucosa, tonsils, trachea and the lungs, the

major target organ. Infected susceptible pigs exhibit extensive

gross lung lesions with microscopic evidence of necrosis, desqua-

mation of bronchiolar epithelium and neutrophil infiltration (Olsen

et al., 2006). Infection is generally limited to the respiratory tract

and attempts to demonstrate viraemia or virus replication outside

the tract have been largely unsuccessful.

Swine influenza can be reproduced experimentally by intratra-

cheal (IT) inoculation of naïve pigs with a high dose of virus (107.5

50% egg infective dose [EID50]). This results in respiratory and more

systemic clinical signs, high lung titres of virus (P108.0 50% tissue

culture infective dose [TCID50]/g), the activation of several pro-

inflammatory cytokines and in neutrophils making up >50% of

the broncho-alveolar lavage fluid (BALF) cells 1 day post-inocula-

tion (PI). Experimental infection with representative H1N1, H3N2

and H1N2 SIV strains demonstrated highly significant correlations

between clinical signs and the levels of interferon (IFN)-a, interleu-
kin (IL)-6 and tumour necrosis factor (TNF)-a in BALF (Van Reeth

et al., 2002). In contrast, correlation between signs of disease and

IL-8 or IL-1 was much weaker.

The clinical signs and pathology of influenza in pigs are similar

to those in humans and the cytokine profile in the BALF of affected

pigs is similar to that found in nasal lavage fluids of experimen-

tally-infected human volunteers (Hayden et al., 1998). Given that

pigs are naturally susceptible to the same influenza A virus sub-

types (H1N1, H3N2, H1N2) as humans, and that they have similar

physiological features, this species may form a valuable experi-

mental model to study the pathogenesis of influenza (Kuiken and

Taubenberger, 2008).

IL-12, IL-18 and IFN-c may also play a role in the pathogenesis

of influenza; IL-12 is a potent regulator of cell-mediated immune

responses such as proliferation of and IFN-c production by T-

and NK-cells (Gately et al., 1991; Monteiro et al., 1998). IFN-c
has numerous immunological functions such as enhancement of
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MHC expression and anti-viral activity and IL-18 is an IFN-c-induc-
ing factor (Konishi et al., 1997).

Intranasal inoculation of human volunteers with A/Texas/36/91

(H1N1) resulted in an increase in IFN-c in nasal lavage fluid 2–

5 days PI (Fritz et al., 1999). In mice inoculated with A/PuertoRic-

o/8/34 (H1N1), both IFN-c and IL-12 were found in BALF 3–7 days

PI (Monteiro et al., 1998) and a study in IL-18 ‘knock-out’ mice sug-

gested a role for IL-18 in viral clearance from the lungs and in the

induction of IFN-c (Denton et al., 2007). However, the activities of

these cytokines in a swine influenza infection model have not been

studied (Jung et al., 2004).

Acute phase proteins (APPs) such as haptoglobin (HG), lipopoly-

saccharide (LPS)-binding protein (LBP) and C-reactive protein

(CRP) are produced by the liver in response to cytokine activity

and play a role in the pathogenesis of respiratory disease (Moshage

et al., 1988). Haptoglobin binds free haemoglobin thus removing it

from the circulation, LBP binds and neutralises LPS and CRP has

roles in macrophage activation and opsonisation. The cytokines

IL-1, IL-6 and TNF-a appear to be the main inducers of APPs

(Petersen et al., 2004). Following experimental influenza virus

infection of human volunteers, CRP in sera peaked 3 days PI

(Whicher et al., 1985), and in natural infection CRP is significantly

higher in acute relative to convalescent sera (Falsey et al., 2001;

Melbye et al., 2004). Haptoglobin concentrations peaked 7–10 days

PI in horses following experimental infection with influenza virus

(Kent and Goodall, 1991) and in horses naturally infected with

equine influenza virus, serum amyloid A was elevated during the

acute stage of the disease (Hulten et al., 1999). To our knowledge

the activities of APPs have not been studied in pigs with influenza.

The objectives of this study were to investigate the cytokine and

APP responses in the lungs and circulation of SIV-infected pigs and

to correlate these responses with lung virus titres and inflamma-

tion. The findings will enhance our understanding of the pathogen-

esis of influenza virus infection in pigs and other species.

Materials and methods

Preparation of virus inoculum

A SIV Swine/Belgium/1/98 (H1N1) strain had been isolated from the lungs of

fattening pigs during an outbreak of acute respiratory disease. The stock used for

inoculation represented the third passage in eggs. Inoculations of 107.5 EID50 of

virus in 3 mL of phosphate-buffered saline (PBS) were given IT, using a 20-gauge

needle attached to a syringe inserted through the skin cranial to the thoracic inlet.

Experimental design and BALF cell analysis

All experimental procedures were approved by The Local Ethical Committee of

The Faculty of Veterinary Medicine, Ghent University (authorisation reference num-

ber EC 2005/88).

Sixteen, 3-week-old caesarean-derived, colostrum-deprived pigs were used.

The pigs were from two sows and were housed in Horsefall-type isolation units

with positive-pressure ventilation and were fed ultra-high-temperature-treated

cow’s milk supplemented with antibiotics. Two pigs were sham-inoculated with

PBS and euthanased the next day. The 14 remaining animals were inoculated IT

with SIV and euthanased at 24 h (n = 3), 30 h (n = 2), 48 h (n = 3), 72 h (n = 3) and

120 h (n = 3) PI. Euthanasia was by intravenous injection of sodium pentobarbital

(Natrium Pentobarbital 20%, Kela). A ‘score’ of clinical disease severity was attrib-

uted to each animal just prior to euthanasia based on each of the following clinical

signs: anorexia, depression and coughing whereby one point was assigned for the

presence of each of these signs. Where the respiration rate was 60–90/min and

>90/min, one and two additional points were added to the clinical score,

respectively.

At euthanasia, blood samples were collected, the whole lung was excised and

the right lung lavaged with cold PBS to obtain BALF (Van Reeth et al., 1999). Sam-

ples of the left lung lobes were pooled and tissue homogenates prepared for virus

titration and cytokine quantification. The BALF was separated into cells and cell-

free fluids by centrifugation. Cell-free BALF was concentrated 20-fold by dialysis

against polyethylene glycol, was cleared of residual virus by centrifugation and

was used to measure cytokine and APP concentrations (see below). Total numbers

of BALF cells were counted using a Türk chamber. Cytocentrifuge preparations were

stained using Diff-Quik (Medion Diagnostics) to determine neutrophil numbers.

Virological examination and quantification of cytokines

Virus titration of lung homogenates was carried out in Madin–Darby canine

kidney cells (Van Reeth et al., 2002) and the virus titres calculated as previously de-

scribed (Reed and Muench, 1938). IFN-a, TNF-a, IL-1 and IL-6 were quantified in

sera, BALF and lung homogenates by bioassay as previously described (Van Reeth

et al., 1999, 2002). In summary, IFN-a was quantified using a cytopathic effect

reduction test with Madin-Darby bovine kidney cells and vesicular stomatitis virus.

TNF-a concentrations were determined using a cytotoxicity test in porcine kidney

sub-clone 15 (PK 15) cells and IL-1 and IL-6 activity was measured using prolifera-

tion assays in D10(N4)M and B9 cells, respectively. All bioassays were repeated

twice or thrice and geometric means of the concentrations were calculated.

Assay specificity was demonstrated by neutralising the samples with specific

antibodies for IFN-a, TNF-a and IL-6 or by pre-incubation of the D10(N4)M cells

with IL-1 receptor antagonist. Various ELISAs were used to determine the concen-

trations of IFN-c (Swine IFN-c ELISA, Biosource), IL-18 (Pig IL-18 ELISA, BenderMed

Systems) and IL-12 (Porcine IL-12/IL-23 p40 ELISA, R&D Systems). The detection

limits of these assays were 2, 23 and 18 pg/mL, respectively. All samples were

tested in duplicate according to manufacturers’ instructions.

Quantification of acute phase proteins

C-reactive protein, HG and LBP were measured in serum and BALF and the con-

centrations of CRP (Phase Range Porcine C-reactive Protein Assay, Tridelta Develop-

ment Ltd.) and LBP (LBP ELISA, Hycult Biotechnology) were determined by ELISA. A

colorimetric assay was used to measure HG (Phase Range Porcine Haptoglobin As-

say, Tridelta Development Ltd.). The detection limits for CRP, LBP and HG were

47 ng/mL, 1.6 ng/mL and 50 lg/mL, respectively. All samples were tested in dupli-

cate according to manufacturers’ instructions.

Statistical analysis

Spearman rank correlation coefficients (q) were calculated to compare individ-

ual cytokine and APP levels in the lungs and circulation, lung virus titres, neutrophil

numbers in BALF and clinical scores. A P-value <0.01 was taken as significant. Stan-

dard Mann–Whitney tests were used to compare cytokine or APP concentrations

between SIV-inoculated and control pigs.

Results

Clinical signs, virus titres and lung inflammation

The PBS-inoculated control pigs did not exhibit clinical signs,

did not have virus in their lungs and had negligible numbers of

neutrophils (1 � 106) in BALF. In SIV-inoculated animals, clinical

signs consisted of depression and tachypnoea with abdominal

breathing. These signs peaked 24–30 h PI and had completely re-

solved 72 h PI (Table 1). Lung virus titres were maximal 24–30 h

PI (109.6 TCID50/g) and had decreased substantially by 5 days PI

(105.8 TCID50/g). Increased numbers of neutrophils were noted in

BALF 24–30 h PI whereas numbers of mononuclear cells remained

constant (Table 1). Neutrophil numbers had returned to baseline

values by 5 days PI (8–20 � 106).

Cytokine profile in BALF, serum and lung tissue

The concentrations of bioactive IFN-a, IL-6, TNF-a and IL-1 in

BALF, serum and lung tissue are illustrated in Fig. 1. IFN-a, TNF-a,

Table 1

Details of clinical scores at euthanasia, lung virus titres and inflammatory changes in

broncho-alveolar lavage fluid (BALF) following intratracheal inoculation of pigs with

swine influenza virus. PI, post-inoculation.

PI

(h)

n Mean

clinical

score ± SD

Mean virus

titre ± SD

(log10

TCID50/g)

Mean cell numbers in BALF (x106) ± SD

Total Neutrophils Mononuclear

cells

0 2 0.0 ± 0.0 <1.7 ± 0 131 ± 18 1 ± 0 130 ± 18

24 3 1.7 ± 1.5 9.6 ± 0.3 458 ± 310 332 ± 336 126 ± 50

30 2 3.5 ± 0.7 9.2 ± 0.2 614 ± 303 481 ± 211 133 ± 92

48 3 1.7 ± 1.2 8.7 ± 0.3 331 ± 131 114 ± 113 217 ± 122

72 3 0.0 ± 0.0 7.5 ± 0.7 118 ± 24 11 ± 3 107 ± 26

120 3 0.0 ± 0.0 5.8 ± 0.6 228 ± 18 15 ± 5 213 ± 20

F. Barbé et al. / The Veterinary Journal 187 (2011) 48–53 49



IL-1 and IL-6 were undetectable in controls but elevated at 24 h and

30 h PI in the BALF of infected animals. At later time-points PI, the

concentration of these cytokines was either >20-fold lower, or at

the limit of detection. The maximum concentrations of IFN-a and

IL-6 in BALF (72,542 U/mL and 104,439 U/mL, respectively), were

approximately 100-fold greater than those of TNF-a and IL-1

(706 U/mL and 213 U/mL, respectively) (Fig. 1A). In comparison,

the cytokine profiles in the lung (Fig. 1B) and serum (Fig. 1C) were

similar but approximately 10 and 100 times lower, respectively.

Only the levels of IFN-a and IL-6 were substantially increased in

lung tissue and serum.

The concentrations of IL-12, IFN-c and IL-18 in BALF, serum and

lung are illustrated in Fig. 2. Only IL-18 was detectable at all three

locations in the controls. In BALF, the concentrations of IL-12 and

IFN-c peaked at 30 h PI (14,678 pg/mL and 3230 pg/mL, respec-

tively) before gradually declining. IL-18 levels, in contrast, were

lower at 24 and 30 h PI than at time of experimental infection,

but increased after this time. The cytokine profile in lung tissue

was similar to that in BALF, although IFN-c and IL-18 concentra-

tions were 2 and 10 times higher, respectively. IL-12 was not

detected in serum at any time-point, and the concentrations of

IFN-c and IL-18 in serumwere approximately 10 and 2 times lower

than in BALF, respectively. The concentration of IL-18 dropped

below the detection limit in serum at 30 h PI. At this time the con-

centration of IL-18 decreased in BALF and lung. Given the small

number of pigs under study, cytokine concentrations PI did not

differ significantly from control values.

Acute phase protein profile in BALF and serum

The concentrations of LBP, HG and CRP in BALF and serum are

detailed in Fig. 3. Control pigs had low HG (63 lg/mL) and LBP

(387 ng/mL) and undetectable CRP (<47 ng/mL) concentrations in

BALF. Serum from controls had low or undetectable concentrations

of CRP and HG, but elevated levels of LBP (10,042 ng/mL). In in-

fected pigs, the concentrations of APP in BALF peaked 30 h (for

LBP) or 48 h (HG and CRP), PI and then decreased. While the con-

centrations of CRP and HG peaked at 48 h PI in serum, the level

of LBP remained relatively constant. In general, the concentrations

of APP in serumwere approximately 4-fold higher than in BALF. Gi-

ven the small number of pigs under study, APP concentrations PI

did not differ significantly from control values.

Statistical analysis

Correlations between lung virus titres, neutrophil infiltration in

BALF and clinical scores and the cytokines and APP in BALF and

serum are detailed in Tables 2 and 3. Virus titres and neutrophil
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percentages in BALF correlated significantly with each other and

with the BALF cytokines, excluding IL-18. Clinical score correlated

significantly with lung virus titres and with neutrophil infiltration

and cytokine concentrations in BALF, although there was a nega-

tive correlation with the IL-18 concentration. Of the APP in BALF

only LBP correlated with signs of disease. The strongest correla-

tions were found between virus titres and IFN-a (q = 0.962) or

IL-6 (q = 0.940). Cytokines in BALF (except IL-18) also significantly

correlated with each other (q > 0.717). IL-18 was negatively but

not significantly correlated with all other parameters. Of the APP,

only LBP correlated significantly with IL-6 and IL-12 concentrations

and with neutrophil infiltration in BALF.

IL-1, TNF-a and IL-12 concentrations were below the detection

limit in serum so that correlation coefficients could not be calcu-

lated. With respect to BALF, there were strong correlations be-

tween lung virus titres, neutrophil infiltration and clinical scores

and with IFN-a, IFN-c and IL-6 (qP 0.770). The only significant

correlation for serum APPs was between HG and CRP and between

CRP and clinical score. Correlations between cytokine concentra-

tions in BALF and APPs in serum were also calculated (data not

shown). The only significant finding was a negative correlation be-

tween IL-18 in BALF and CRP in serum (q = �0.681).

Discussion

The findings of the present study build on previous work inves-

tigating the cytokine profile in BALF during experimental SIV infec-

tion. Previous studies demonstrated significant increases in IFN-a,
TNF-a, IL-6 and IL-1 following infection, and elevations in the con-

centrations of the first three cytokines in particular strongly corre-

lated with virus replication and disease (Van Reeth et al., 2002).

The current study found similar cytokine response profiles and cor-

relations for IL-12 and IFN-c, but not for IL-18. Elevations in HG,

LBP and CRP, were, unlike the cytokine responses, higher in serum

than in BALF and peaked 24 h later. Furthermore, APP did not di-

rectly correlate with viral load.

The finding of IFN-c in both BALF and serum 24 h PI, contrasts

with previous studies. Infection with a Korean H1N1 SIV isolate re-

sulted in a non-significant increase in IFN-c concentration in BALF

7 days PI (Jung et al., 2004) and no change was found in the serum

IFN-c concentration PI with a North American H3N2 SIV isolate

(Wesley et al., 2006). Factors that may have attributed to the great-

er, more rapid IFN-c response in our study were the larger inocu-

lation dose used and the IT rather than the intranasal route of

inoculation, which resulted in a higher pulmonary viral load. Un-

like Jung et al. (2004), we assayed concentrated BALF, which in-

creases the sensitivity of cytokine detection, and also focused on

earlier time-points PI. Furthermore, the profiles of IFN-c and IL-

12 in BALF in our infection model are similar to those in BALB/c

mice and to nasal lavage fluid from infected human volunteers

(Monteiro et al., 1998; Fritz et al., 1999).

The finding of IL-18 in BALF, lung tissue and serum of controls

and the decrease in its concentration following infection, are diffi-

cult to explain. The cytokine is expressed in precursor form within

cells prior to its enzymatic cleavage by IL-1b converting enzyme

and release (Ghayur et al., 1997). The ELISA used in our study de-

tects this extra-cellular, mature form of IL-18. High concentrations

of IL-18 were found in rat lung homogenates by ELISA (Jordan et al.,

2001) and both pro and mature IL-18 have been detected in human

peripheral blood mononuclear cells (Puren et al., 1999). Low IL-18

concentrations in the BALF of un-infected 1-day-old gnotobiotic
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Table 2

Details of correlations using Spearman’s q correlation coefficient between cytokines and acute phase proteins in broncho-alveolar lavage fluid, lung virus titres (VT), neutrophil

(neutro) infiltration in BALF and clinical score (CS).

IFN-a IL-6 IL-1 TNF-a IFN-c IL-18 IL-12 HG CRP LBP VT Neutro CS

IFN-a 1 0.920a 0.812a 0.899a 0.856a
�0.530 0.925a 0.386 0.275 0.608 0.962a 0.861a 0.738a

IL-6 – 1 0.777a 0.918a 0.932a
�0.533 0.893a 0.274 0.178 0.670a 0.940a 0.855a 0.819a

IL-1 – – 1 0.787a 0.766a
�0.390 0.717a �0.069 �0.016 0.243 0.788a 0.733a 0.689a

TNF-a – – – 1 0.901a �0.573 0.870a 0.193 0.164 0.534 0.912a 0.801a 0.815a

IFN-c – – – – 1 �0.486 0.814a 0.119 0.137 0.561 0.884a 0.799a 0.717a

IL-18 – – – – – 1 �0.603 �0.332 �0.591 �0.506 �0.549 �0.541 �0.565a

IL-12 – – – – – – 1 0.355 0.430 0.766a 0.889a 0.920a 0.843a

HG – – – – – – – 1 0.558 0.437 0.314 0.218 0.571

CRP – – – – – – – – 1 0.481 0.160 0.354 0.463

LBP – – – – – – – – – 1 0.600 0.759a 0.689a

VT – – – – – – – – – – 1 0.860a 0.691a

Neutro – – – – – – – – – – – 1 0.704a

CS – – – – – – – – – – – – 1

IFN, interferon; IL, interleukin; TNF, tumour necrosis factor; HG, haptoglobin; LPS, lipopolysaccharide; LBP, LPS-binding protein; CRP, C-reactive protein.
a Correlation is significant at the 0.01 level.
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pigs had increased significantly by 2 and 4 weeks following infec-

tion withMycoplasma hyopneumoniae (Muneta et al., 2008). Similar

elevations were found 3 days PI in mice inoculated with herpes

simplex virus type 1 (Reading et al., 2007) and human macro-

phages secrete IL-18 after inoculation with H3N2 influenza virus

(Pirhonen et al., 1999).

Poxvirus and papillomavirus proteins bind IL-18 (Xiang and

Moss, 1999; Cho et al., 2001) as does the IL-18-binding-protein, in-

duced by IFN-a (Kaser et al., 2002). It is possible that the concen-

tration of IL-18 is affected by changes in the concentration of IL-

1b converting enzyme, also involved in the secretion of IL-1b and

in apoptosis (Lynch et al., 1997). The reduced IL-18 response found

in our study does not fit with the role attributed to this cytokine in

the clearance of influenza virus in a murine infection model

(Denton et al., 2007).

Most of the cytokines produced in response to SIV infection

were found at higher concentrations in BALF than in lung tissue;

only TNF-a and IFN-c were found in similar amounts in both sam-

ple types. Importantly, only the interferons and IL-6 reached

detectable levels in serum and these concentrations were 5- to

100-fold lower than in BALF, findings which fit with observations

in humans (Hayden et al., 1998). Increased plasma concentrations

of various cytokines have also been reported in, hospitalised

human patients with H1N1 (Lee et al., 2007) and highly pathogenic

avian H5N1 (Peiris et al., 2004; Gambotto et al., 2008) infection. In

these patients, plasma cytokine concentrations tightly correlated

with viral RNA levels in nasopharyngeal or throat swabs, as well

as with clinical severity ‘scores’.

The respiratory tract is the major site of influenza virus replica-

tion suggesting that this is the initial site of cytokine production

with a subsequent ‘spill-over’ into the circulation. It is therefore

likely that serum levels of these mediators are only elevated in se-

verely affected patients, a suggestion supported by the cytokine

profiles identified in BALF, lung tissue and serum in our study.

Openshaw (2004) has stated that the site of sampling, the stage

of infection and the method used to assay cytokines in patients,

critically determine the significance of their interpretation.

The APPs peaked later in the infection than did the cytokines

and their serum concentrations were higher than in BALF. Serum

CRP and HG increased more than did the concentration of these

proteins in BALF. Increased serum CRP has been reported in hu-

mans with influenza (Whicher et al., 1985) and increased serum

HG in horses experimentally infected with influenza virus (Kent

and Goodall, 1991). LBP was detected at relatively high concentra-

tions in control sera, as previously described by Sachse et al.

(2004). Furthermore, infection with SIV did not alter the serum

LBP concentrations but resulted in a rise in this protein in BALF.

The response profiles of both LBP and HG resembled those in

pigs experimentally infected with porcine respiratory coronavirus

(PRCV) (Van Gucht et al., 2006). These PRCV-infected animals also

had unchanged serum and elevated BALF LBP concentrations,

whilst serum HG levels peaked later than in SIV-infected pigs.

The finding that LBP increased in BALF and not in serum suggests

local pulmonary production of LBP, a hypothesis supported by

the finding that A549 human epithelial cells produce LBP in re-

sponse to IL-1, IL-6 and TNF-a (Dentener et al., 2000). While an ex-

act role for APPs in viral infections remains unclear, our findings

suggest their induction may represent a non-specific hepatic re-

sponse to circulating cytokines.

Conclusions

Infection with influenza viruses induces the production of sim-

ilar profiles of cytokines and inflammatory mediators in pigs and

humans. Although murine ‘knock-out’ models are particularly use-

ful in elucidating the role of specific cytokines in the pathogenesis

of influenza, this porcine model system can also provide useful

data, given that pigs are a natural influenza host and anatomically

and physiologically resemble humans.
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