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Coinfection modulates inflammatory
responses, clinical outcome and pathogen
load of H1N1 swine influenza virus and
Haemophilus parasuis infections in pigs
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Abstract

Background: Respiratory co-infections are important factor affecting the profitability of pigs production. Swine
influenza virus (SIV) may predispose to secondary infection. Haemophilus parasuis (Hps) can be a primary pathogen
or be associated with other pathogens such as SIV. To date, little is known about the effect of coinfection with SIV
and Hps on the disease severity and inflammatory response and the role of Hps in the induction of pneumonia in
the absence of other respiratory pathogens. In the study we investigated the influence of SIV and Hps coinfection
on clinical course, inflammatory response, pathogens shedding and load at various time points following intranasal
inoculation. The correlation between local concentration of cytokines and severity of disease as well as serum acute
phase proteins (APP) concentration has been also studied.

Results: All co-infected pigs had fever, while in single inoculated pigs fever was observed only in part of animals.
Necropsy revealed lesions in the lungs all SIV-inoculated and co-inoculated pigs, while in Hps-single inoculated animals
only 1 out of 11 pigs revealed gross lung lesions. The SIV shedding was the highest in co-inoculated pigs. There were
no differences between Hps-single inoculated and co-inoculated groups with regard to Hps shedding. The significant
increase in Hps titre in the lung has been found only in co-inoculated group. All APP increased after co-infection. In
single-inoculated animals various kinetics of APP response has been observed. The lung concentrations of cytokines
were induced mostly in SIV + Hps pigs in the apical and middle lobe. These results correlated well with localization of
gross lung lesions.

Conclusions: The results revealed that SIV increased the severity of lung lesions and facilitated Hps (PIWetHps192/
2015) replication in the porcine lung. Furthermore, Hps influenced the SIV nasal shedding. Enhanced Hps and SIV
replication, together with stronger systemic and local inflammatory response contributed to a more severe clinical signs
and stronger, earlier immune response in co-inoculated animals. We confirmed the previous evidence that single-Hps
infection does not produce significant pneumonic lesions but it should be in mind that other strains of Hps may
produce lesions different from that reported in the present study.
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Background
Respiratory infections in pigs are very important factor
affecting the profitability of pig production [1, 2].
Although various bacteria or viruses could induce the
respiratory infection separately, it has commonly been
caused by coinfection with more pathogens under field
conditions [1–3]. The most important infectious agents
responsible for infection of the respiratory tract in pigs
are: swine influenza virus (SIV), porcine reproductive
and respiratory syndrome virus (PRRSV), Pasteurella
multocida (Pm), Actinobacillus pleuropneumoniae and
Mycoplasma hyopneumoniae [2, 4–6]. Besides, the above
mentioned pathogens, the Haemophilus parasuis (Hps)
can also be recovered from the lungs of pigs with
pneumonia [1, 7–10]. In these cases Hps is often isolated
along with other bacterial or viral pathogens and,
therefore, the role of Hps in producing pneumonia is not
clear [8, 11].
Bacterial pneumonia secondary to influenza is often

observed in pigs [12]. SIV is a significant contributor to
the respiratory diseases and may predispose to secondary
bacterial infection. Hps is an important and common
respiratory pathogen of pigs [13]. It can be a primary
pathogen or be associated with other diseases such as
SIV [3, 8]. It could be also isolated from nasal cavity,
tonsils and trachea of apparently healthy pigs [8, 14].
Under favorable conditions, Hps can cause severe sys-
temic infection characterized by fibrinous polyserositis,
arthritis and meningitis [8, 11, 14]. Factors leading to
systemic infection by Hps have not been clarified to date
[9, 14].
Although there are previous reports of experimental

reproduction of Hps or SIV infection in conventional
pigs, little is known about the effect of concurrent infec-
tion with SIV and Hps on the disease severity and in-
flammatory response in pigs, even if this coinfection is
common under field conditions [13, 15–17]. There are
also limited data on the role of Hps in the production of
pneumonia in the absence of other respiratory patho-
gens. Furthermore, the kinetics of acute phase protein
(APP) response in SIV/Hps co-infected pigs has not been
studied to date. As it has been shown for other patho-
gens, the exposure to several pathogens can lead to a
stronger APP response, as compare to single infection
[18–20]. Thus, in order to investigate the influence of
SIV and Hps coinfection on clinical outcome, both local
and systemic inflammatory response as well as pathogen
shedding and load at various time points following intra-
nasal inoculation, three experimental infections (Hps-
and SIV-single infection, SIV/Hps co-infection) has been
performed in the present study. The correlation between
local concentration of cytokines and severity of infection
(clinical score, lung score) as well as serum APP concen-
tration has been also studied.

Results
Clinical signs
All pigs from co-infected group had fever for at least
one day (rectal temperature ≥40° C). In SIV – inoculated
group fever was observed in 7 out of 11 pigs, while in
Hps - inoculated pigs only in 3 out of 11 pigs (Fig. 1).
The mean clinical scores (±SD) in all groups are
presented in Fig. 2. In single-inoculated pigs, the individ-
ual clinical score ranged from 0 to 1 (Hps) or from 0 to
5 (SIV), while in co-inoculated pigs the individual
clinical score ranged from 1 to 6. Pigs from the control
group did not revealed clinical signs of any disease.
Significant differences were observed between mean
clinical score in SIV- and Hps + SIV – inoculated pigs
and the controls (p≤0.05). There was also significant
difference between co-inoculated and Hps-inoculated
group (p≤0.05). No differences were observed between
mean clinical score in SIV-single inoculated and co-ino-
culated animals as well as between Hps-inoculated and
control animals.

Pathological examination
Postmortem examination revealed macroscopic lesions
(well-demarcated plum-colored or dark red lesions) in the
lungs all SIV-inoculated and co-inoculated pigs, while in
Hps-single inoculated animals only 1 out of 11 pigs revealed
macroscopic changes in the lung. None of the control pigs
had visible pneumonia. The mean lung scores (±SD) are
presented in Fig. 3. There were no significant differences be-
tween lung score observed at different days post inoculation

Fig. 1 Rectal temperature (mean ±SD) in pigs single or dual
inoculated with swine influenza virus (SIV) and/or Haemophilus
parasius (Hps). Number of pigs affected: Hps + SIV 11/11; SIV 7/11;
Hps 3/11
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within each group (p > 0.05). Significant differences were
found between mean lung score observed co-inoculated
and Hps-inoculated groups and control animals (p < 0.05).
There was no difference between lung score noted in co-
inoculated and SIV-only inoculated animal. No differences
were also found between mean lung score in Hps-inoculated
and control pigs.

Pathogens shedding and load
The highest SIV shedding (expressed as mean SIV titre
(log10 TCID50 titre/100 mg secrete from nasal swabs) was
observed in co-inoculated pigs. Significant differences be-
tween single-SIV and dual inoculated pigs were found from
3 to 7 DPI (p < 0.05). Compared to control pigs, significantly

higher (p < 0.05) mean SIV titers were observed in both
SIV-single inoculated pigs and co-inoculated pigs from 1 to
5 DPI and 1 to 7 DPI, respectively (Fig. 4.). The mean Hps
titre in the nasal swabs (expressed as log10 CFU titre/
100 mg secretion) in piglets from SIV +Hps and Hps groups
increased significantly from day 1 post inoculation and
remaining at the significantly higher level to the end of
study (p < 0.05). There were no differences between Hps-
single inoculated and co-inoculated groups with regard to
Hps nasal shedding (Fig. 5.).
The SIV and Hps titres in the lungs at 2, 4 and 10 dpi

are presented in Figs. 6 and 7, respectively. All pigs inocu-
lated with SIV were virus positive in samples taken from
right lungs at 2 and 4 DPI. At 10 DPI the virus was de-
tected in 1 out of 5 lungs in SIV-single inoculated animals,
while in pigs co-inoculated with Hps in 2 out of 5 lungs
and no significant differences between virus inoculated
groups were found. The mean SIV TCID50 titres were
highest in co-inoculated pigs at 2 and 4 DPI (p < 0.05).
The significant increase in Hps titre in the lung were found

only in co-inoculated group (p < 0.05). The significant differ-
ences were detected between the mean titre of H. parasuis
in the lungs taken from pigs from Hps and SIV +Hps groups
during whole study period (2, 4 and 10 DPI) (p < 0.05).

Humoral immune response to SIV and Hps
The onset of specific humoral response after inocula-
tions with SIV and/or Hps is presented in Figs. 8 and 9,
respectively.
A specific humoral response against SIV was observed

at 7 DPI in 80% of pigs (4/5) co-inoculated and 40% of
pigs (2/5) single inoculated with SIV. All animals inocu-
lated with SIV (single or dual) developed specific anti-
bodies at 10 DPI (the HI titre ranged from 20 to 80 in co-
inoculated pigs and from 20 to 40 in SIV-only inoculated
group). There were no differences with regard to HI titre
at 7 and 10 DPI between groups inoculated with SIV (sin-
gle or dual) (p≥0.05). None of pigs not inoculated with
SIV had antibodies against this pathogen (<20 HI titre).
Significant differences between co-inoculated and single-

inoculated or control pigs with regard to Hps specific anti-
bodies was observed at 7 DPI (p≤0.05). Furthermore, in
groups inoculated with Hps (single or dual) the mean
ELISA ratio at 10 DPI was significantly higher than in SIV
– inoculated and control animals (p≤0.05). The ELISA ratio
in control group did not differ significantly from the ob-
served in SIV-inoculated pigs during study period.

Systemic levels of acute phase proteins
All studied APP increased after co-infection, with mean
maximum concentrations from 3 to 7 DPI (Fig. 10.) (p <
0.05). In single-inoculated animals different kinetics of
acute phase response has been noted. In the control
group concentrations of all APP were constant.
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Fig. 2 Clinical score (mean±SD) of pigs single or dual inoculated
with swine influenza virus (SIV) and/or Haemophilus parasius (Hps).
The significant differences between groups are indicated with the
same superscripts
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Fig. 3 Lung score (mean±SD) of pigs single or dual inoculated with
swine influenza virus (SIV) and/or Haemophilus parasius (Hps). The
significant differences between groups are indicated with the
same superscripts
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C-reactive protein
Significant increase in the mean concentration of CRP
compared to control pigs has been observed in co-ino-
culated animals from 1 to 7 DPI. At 2 DPI the
significant difference compared to control group was
noted also for the Hps-inoculated pigs (p < 0.05). The
maximum mean level of CRP in co-inoculated animals
was observed at 3 DPI and reached 224.61 ± 96.80 μg/ml
(almost 8-fold increase comparing to the day 0 level). In
pigs inoculated only with Hps the maximum mean
concentration of CRP was observed at 2 DPI (2.5 fold
increase comparing to day 0 level). In pigs from SIV
group the mean levels of CRP did not differ significantly
from that determined in the control animals.

Haptoglobin
The concentration of Hp increased significantly in all in-
oculated groups comparing to control animals. The
strongest and the most prolonged Hp response was
found in SIV +Hps group. The mean concentration of
Hp in this group had increased by 48 h after co-inocula-
tion and were notably higher compared to control
pigs (p < 0.05) to the end of study. Significant differ-
ences between single and dual-inoculated groups were
observed from 3 to 10 DPI (p < 0.05). The highest
mean concentrations of Hp in co-inoculated pigs were
observed at 5 DPI. The mean maximal concentration
was almost 9-fold higher, compared to the mean
baseline concentration. The highest concentration of

Fig. 4 Nasal virus shedding (mean ±SD) after inoculation of pigs with swine influenza virus (A/Poland/Swine/14131/2014) and or Haemophilus
parasius. Mean virus titres (determined by cell culture) in nasal swabs collected during study period. The dashed line represents the detection
limit. * - the significant differences compared to control group; a - the significant differences between inoculated groups; b - the significant
differences between SIV and Hps + SIV inoculated groups; c – the significant differences between SIV, Hps + SIV and Hps

Fig. 5 Nasal bacteria shedding (mean ±SD) after inoculation of pigs with Haemophilus parasius. Mean colony forming units (CFU) (determined by
quantitative PCR) in nasal swabs collected during study period. * - the significant differences compared to control and SIV group
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Hp in particular animal after coinfection reached
7.03 mg/ml (at 3 DPI). In pigs single inoculated with
SIV or Hps only short-term increase in Hp level was
recorded (at 2 and 3 DPI in SIV-inoculated and at 3
dpi in Hps-inoculated pigs).

Serum amyloid
A. Significant increase of SAA concentration was found in
all inoculated groups (p < 0.05). No significant changes were
found in control pigs (p≥0.05). The strongest reaction has
been noted in co-inoculated animals. The mean peak con-
cnetration in mentioned group was detected at 3 DPI and
reached 254.31 ± 181.32 μg/ml (over 100-fold increase
comparing to the day 0 level). Significantly higher

concentration compared to the controls was observed from
1 to 5 DPI (p < 0.05). In the remaining, single-inoculated
groups the mean maximum concentrations were observed
at 2 DPI (over 15-fold increase) and significant differences
compared to controls were noted from 2 to 3 DPI (p <
0.05).

Pig major acute phase protein
Baseline levels of Pig-MAP in experimental animals were
found to be below 0.92 mg/ml. Concentration of Pig-MAP
increased significantly 72 h after co-inoculation and inocu-
lation with Hps (p < 0.05). In co-inoculated pigs the concen-
tration of Pig-MAP remained significantly elevated till 10
DPI (end of study), while in Hps-single inoculated pigs till 5

Fig. 6 Swine influenza virus titre (mean ±SD) (determined by cell culture) in the lung at 2, 4 and 10 days after single or dual inoculation of pigs
with swine influenza virus and/or Haemophilus parasius. The dashed line represents the detection limit. Columns with various superscripts within
the same day of study differ significantly

Fig. 7 H. parasuis titres (mean ±SD) (determined by quantitative PCR) in the lung at 2, 4 and 10 days after single or dual inoculation of pigs with
swine influenza virus and/or Haemophilus parasius. The dashed line represents the detection limit. * - significant differences compared to
remaining groups
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dpi. The highest Pig-MAP mean levels were observed be-
tween 5 to 7 DPI. The maximum mean concentration of
Pig-MAP, observed at 7 DPI in piglets from SIV +Hps
group was almost 3 times higher compared to day 0-level
(baseline concentration). There were no significant differ-
ences in the kinetics of Pig-MAP response between co-
inoculated and Hps-single inoculated pigs. In pigs single in-
oculated with SIV as well as in control animals the level of
Pig-MAP in serum was constant during study period.

Cytokines – Local lung response
In general the local concentrations of TNF-α, IFN-γ, IL-
1β, IL-6 and IL-10 were induced mostly in SIV +Hps

pigs (Fig. 11). In control pigs the concentrations of all
investigated cytokines were relatively constant (p≥0.05).
At 2 DPI, concentrations of proinflammatory cytokines

(IL-1β, IL-6, TNF-α) and IFN-γ were significantly higher in
the lungs of co-inoculated pigs compared to controls (with
exception of IL-1β and TNF-α in apical lobes). Furthermore
significant differences were observed between co-
inoculated and single inoculated pigs, with exception of IL-
1β and TNF-α in apical lobes, and IFN-γ in middle and
accessory lobes. In particular differences were noted be-
tween Hps and SIV +Hps group with regard to IFN-γ (all
lobes) and TNF-α, IL-1β and IL-6 (except apical lobes) as
well as between co-inoculated and SIV groups with regard
to IFN-γ and IL-1β. No significant differences were found
between control and single inoculated pigs with regard to
IL-1β and IL-10 level in all lobes from the upper part of the
right lung at that time. The highest concentrations of cyto-
kines were generally observed in right middle lobes what
positively correlated with the lesions detected during
necropsy.
At 4 DPI the concentrations of all investigated cyto-

kines were significantly higher in co-inoculated pigs,
compared to controls (p < 0.05). No significant differ-
ences were observed with regard to IL-1β and IL-10 in
single-inoculated groups, compared to controls (p≥0.05).
With regard to SIV +Hps group the significantly higher
concentration of investigated cytokines was observed in
all evaluated parts of the lung. In SIV inoculated animals
significantly higher concentration of IFN-γ compared to
control group was observed in middle and accessory
lobes, IL-6 in all lobes and TNF-α in apical and middle
lobes. No significant increase in the level of cytokines
tested was observed in Hps inoculated group (p≥0.05).
At 10 DPI the lung concentrations of cytokines gener-

ally decreased compared to 2 and 4 DPI, but in the case
of IL-1β, IL-6 and IL-10 (in co-inoculated animals) were

Fig. 8 Mean (±SD) HI antibody titres against A/Poland/Swine/14131/2014 SIV in of pigs single or dual inoculated with swine influenza virus (SIV)
and/or Haemophilus parasius (Hps). * - significant differences compared to groups not inoculated with SIV

Fig. 9 Mean (±SD) level of antibodies against Haemophilus parasius
in of pigs single or dual inoculated with swine influenza virus (SIV)
and/or Haemophilus parasius (Hps) * - significant differences
compared to control group; a - significant differences between
co-inoculated pigs and Hps single-inoculated groups. ELISA ratio (ER)
was calculated as directed by the manufacturer (Swinecheck®HPS,

Biovet, Canada) according to the following formula: Er

¼ OD of test serum from wells with Ag‐OD of test serum from wells without Ag
mean OD þð Þ from wells with Ag‐mean OD þð Þ from wells without Ag (+) -

positive control, Ag - antigen
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still significantly higher compared to controls (p < 0.05).
Significantly greater concentrations were observed for
IL-1β with regard to middle and accessory lobes, for IL-
6 with regard to apical lobe and for IL-10 with regard to
all lobes (p < 0.05). No significant differences between
local concentrations of all investigated cytokines in
single-inoculated and control animals were found for all
lung lobes at 10 dpi.
Summarizing, the maximum concentrations of cyto-

kines in general were observed at 4 DPI. The highest
concentrations of most cytokines were found in the ap-
ical and middle lobe. These results correlated well with
localization of gross lung lesions. Significant correlations
were found between lung concentration of IL-1β, IL-6,
IFN-γ and TNF-α and pathological changes in the lungs
(R-Spearman = 0.65; 0.63; 0.71 and 0.62 respectively; p <
0.05). A positive correlation was also observed between
concentrations of IL-1β and IFN-γ in the lungs and clin-
ical signs (R-Spearman = 0.64 and 0. 67 respectively, p <

0.05). No significant correlation between local cytokine
concentration and systemic APP response were found.

Discussion
Swine influenza is commonly characterized by fever, re-
spiratory and systemic nonspecific symptoms (i.e. loss of
appetite, apatia) [16]. In the enzootic form, clinical signs
may be less obvious. Subclinical infection is also quite
common [17, 21, 22]. During uncomplicated infection
the morbidity can be as high as 100% but the mortality
is relatively low (ranges from less than 1% to 4%). The
most common complications of swine influenza are sec-
ondary bacterial pneumonia and PRDC [3, 12]. Coinfec-
tions often lead to overproduction of cytokines that may
be harmful to the host [12]. There are several mecha-
nisms, by which SIV infection predisposes to secondary
bacterial infection, including: increased expression of cell
receptors leading to increased colonization and modifi-
cation of host immune responses (i.e. impairing of

Fig. 10 Concentrations of SAA, Pig-MAP, Hp and CRP (mean ±SD) in serum of pigs before and on various time-point after single or dual inoculation
with swine influenza virus (SIV) and/or Haemophilus parasius (Hps). CRP: * - significant differences between co-inoculated and control group; a -
significant differences between Hps-inoculated and control group; Hp: a- significant differences between single and dual-inoculated groups; * -
significant differences between co-inoculated and control pigs; b - significant differences between SIV and control groups, c - significant differences
between Hps and control groups. SAA: * - significantly differences between co-inoculated and control pigs, a – significant differences between
single-inoculated and control pigs. Pig-MAP: a – significant differences between co-inoculated and control pigs; * - significant differences between Hps
and control group
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phagocytic function of alveolar macrophages) [23–26].
Furthermore, it has been shown that damage caused by
SIV in the respiratory tract (i.e. loss of cilia, extrusion of
mucus, exudation, necrosis and metaplasia of airway epi-
thelium), can reduce the ability of the host to clear the
bacterial superinfection [2, 21]. Hps is one of the patho-
gens which may complicate swine influenza and be one of
the etiological agents of PRDC [2, 3, 8, 27].
The mechanism by which SIV affects the host’s sus-

ceptibility as well as its immune response to secondary

bacterial infections has not been fully elucidated. Previ-
ous research reviled that interactions among multiple
pathogens can lead to an exacerbated inflammatory re-
sponse and increased severity of infections [12, 28–30].
For example, gross lesions in the lungs and magnitude
of APP response in pigs co-infected with SIV and Pas-
teurella multocida were more intensive compared to an-
imals infected only with SIV or Pasteurella multocida
[28]. Similar results were observed in pigs co-inoculated
with SIV and A. pleuropneumoniae [19]. Co-infection

Fig. 11 Quantification of cytokines in lung tissue of pigs single or dual inoculated with swine influenza virus (SIV) and/or Haemophilus parasius
(Hps) (mean±SD). acc-accessory lobe; * - significant differences compared to control pigs (within the same day, at the same part of the lung)
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with SIV and A. pleuropneumoniae potentiated the se-
verity of lung lesions caused by SIV and enhanced virus
replication in the lung and nasal SIV shedding. Enhanced
SIV replication contributed to a more severe clinical
course of the disease as well as earlier and higher magni-
tude immune and inflammatory responses [19]. Loving et
al. [12] reported that SIV infection increased Bordetella
bronchiseptica (Bb) colonization and increased the pro-
duction of proinflammatory cytokines likely to exacerbate
lung lesions. Pulmonary lesions in the co-infected pigs
were more intense compared to SIV-only or Bb-only
groups. The type I interferon, IL-1β and IL-8 were also
significantly elevated in lungs of co-infected pigs.
There is limited data on the influence of SIV and Hps

coinfection on the clinical course, kinetics of the immune
and inflammatory response, as well as pathogen load and
shedding [13]. Both microorganisms are frequently iso-
lated from respiratory tract of pigs in the field conditions
[1, 27]. A previous study [13], investigating the role of
prior SIV infection on the Hps colonization, revealed that
Hps colonization was higher in the nose and lungs of SIV/
Hps pigs compared to Hps-only pigs. These results indi-
cate that SIV infection contributes to enhance bacterial
colonization. In SIV/Hps pigs IL-8, IL-6 and IL-1β protein
levels were increased in the tracheal wash and bronchoal-
veolar lavage fluid (BALF), and BALF cells IL-8, IL-6 and
IL-1β mRNA expression levels were significantly increased
over SIV-only and Hps-only pigs.
Based on the results of our study it could be stated that

Hps did not cause significant lesions in the lung unless
pigs were co-infected with SIV. No significant macroscopic
lung lesions after experimental infection with Hps has
been also reported previously [8]. In the same study Hps
was not isolated from Hps-single infected pigs. In our ex-
periment we had been able to isolate of Hps in the case of
3 out of 11 Hps-single inoculated pigs, but in group co-
inoculated with SIV the isolation was successful in 8 out of
11 animals. In the remaining groups (SIV and control) Hps
was not isolated from lung. Typical systemic lesions of
polyserositis were found in only one pig from co-
inoculated group. In the present study no significant differ-
ences between gross lung lesions has been found between
groups single or dually inoculated with SIV but in both
groups lung score was significantly higher than in Hps-sin-
gle inoculated group. In addition, more severe clinical
signs were observed in dual inoculated pigs compared to
single Hps- but not SIV-inoculated animals. The more se-
vere clinical course of the infection was probably a conse-
quence of more severe lung lesions present in pigs
inoculated with SIV or SIV and Hps. Enhanced lung le-
sions in pigs single or dual inoculated with SIV could be a
result of stronger replication of infective agents and more
severe local inflammatory responses. Similarly as in the
previous study [12] establishing that the titre of Bb was

higher in the respiratory tract of SIV/Bb co-infected pigs,
we found that SIV enhanced Hps colonization of the lung.
In accordance to other experiment [19] the significantly
higher SIV titre in the nasal swabs and lung was observed
in co-inoculated pigs. Simultaneously, no effect of SIV on
the Hps shedding has been found. These findings suggest
that Hps can facilitate SIV replication in the respiratory tis-
sue of dual inoculated pigs.
The significant influence of both pathogens on the sys-

temic inflammatory response has been also found in the
present study. In the groups inoculated with bacteria (sin-
gle or dual) the APP response was in general higher than
in virus-single inoculated animals. These findings are in
accordance with the results of previous studies with vari-
ous respiratory pathogens of swine [12, 19, 31, 32].

Conclusions
The results of our study revealed that coinfection with
SIV and Hps modulates inflammatory responses, clinical
course of disease and pathogen load within the respiratory
tract in pigs. Co-infection with SIV potentiates the severity
of lung lesions and facilitated Hps replication in the por-
cine lung. Furthermore, Hps influenced the SIV nasal
shedding. Enhanced Hps and SIV replication, together
with stronger systemic and local inflammatory response
contributed to a more severe clinical signs, as well as
stronger and earlier immune response in co-inoculated
animals compared to single inoculated pigs. Moreover, we
confirmed the previous evidence [8] that single-Hps infec-
tion does not produce significant pneumonic lesions but it
should be in mind that other strains of Hps may produce
lesions different from that reported in the present study.

Methods
Virus
The virus used in experiment (avian-like H1N1 A/Poland/
Swine/14131/2014 (SIV)), had been isolated from the lung
of pig suffering from acute swine influenza. This strain is
representative H1N1 SIVs circulating recently in Poland.
The stock used for nasal inoculation represented the third
passage in eggs. The virus titre was evaluated in Madin-
Darby canine kidney (MDCK) cells (ATCC).

Bacteria
Strain of Hps, previously isolated in National Veterinary
Research Institute was selected for the experimental in-
fections (isolate PIWetHps192/2015). Strain originating
from lung of pig from Polish herd and the analysis of
the 16S rRNA gene sequences [33] revealed 99% similar-
ity to Hps isolate CN9–2 described by Olvera et al. [34]
(classified as moderate virulent serovar 15).
To prepare the inoculum, the strain was streaked onto a

pleuropneumonia-like organism (PPLO) agar (Becton
Dickinson, USA), supplemented with 10 μg/ml of β-NAD
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(Sigma-Aldrich, Germany), 1 mg/ml glucose (Avantor Per-
formance Materials, Poland) and 5% horse serum (Sigma-
Aldrich, Germany), which was incubated for 24 h at 37 °C
in an atmosphere of 8% CO2. Colonies were harvested
and suspended in phosphate-buffered saline (PBS) (Life
Technologies, USA) to 0.5 McFarland turbidity (which
corresponds with approximately 1.5 × 108 colony forming
units (CFU)/ml). A plate count was also performed to
quantify the accurate number of viable bacteria (final re-
sult 1.2 × 108 CFU/ml of Hps strain).

Experimental design
Thirty seven 6-week-old piglets bought from a commer-
cial farm, both sexes, were used in the study (as research
animals). Piglets were randomly allocated to 4 groups
(Hps (n = 11); Hps + SIV (n = 11); SIV (n = 11); control (n
= 4) (a sample size calculation based on a resource equa-
tion method). The sourced herd was seronegative to P,
pseudorabies virus and Mycoplasma hyopneumoniae. No
evidence of streptococcosis, pleuropneumoniae, Glässers
disease and atrophic rhinitis was recorded based on clin-
ical, serological (detection of dermonecrotoxin specific
antibodies and antibodies to ApxIV) and pathological ex-
aminations (turbinate lesions, polyserositis, polyarthritis,
serofibrinous or fibrino-purulent exudate on mucosal sur-
face, arthritis, meningitis). Before the start of the study all
piglets were free of influenza A virus and Hps antibodies
as determined by haemagglutination inhibition assays (HI)
using A/Poland/Swine/14131/2014 (H1N1), A/swine/Eng-
land/96 (H1N2), A/swine/Flanders/1/98 (H3N2), pdm-
like H1N1 (A/swine/Poland/031951/12) and Swinecheck®
HPS ELISA test (Biovet, Canada).
During the experiment research animals were housed on

a (Biosafety Level-3) BSL3 animal facility in four independ-
ent units. Animal use and handling protocols were ap-
proved by II Local Ethical Commission for the Animal
Experiments of University of Life Sciences in Lublin (num-
ber of approval: 77/2014).
The animals were acclimatized to BSL3 hygienic con-

ditions for 7 days before commencing the experiment.
On day 0, piglets from SIV and Hps + SIV groups were
inoculated intranasally (IN) with SIV (106.8TCID50 in
3 ml of PBS. Piglets from Hps and Hps + SIV groups
were inoculated IN with Hps (3.6 × 108 CFU Hps in 3 ml
of PBS. Four mock-inoculated pigs served as controls.
Pigs were examined daily from day - 7 to 10 post inocula-

tion (DPI) or until euthanasia (at 2 and 4 DPI). Animals
were observed and scored for the respiratory signs as fol-
lows: respiratory rate: 0 – normal (<34 breaths/min), 1 –
slightly elevated (35–40 breaths/min), 2 – moderately ele-
vated (41–45 breaths/min), slight abdominal breathing, 3 –
clearly elevated (>46 breaths/min), distinct abdominal
breathing; nasal discharge 0 – absent, 1 present; coughing 0
– absent, 1 present; sneezing 0 – absent, 1 present, anorexia

0 – absent, 1 present [17]. Rectal temperature was also
measured daily. Hyperthermia was recorded when the rec-
tal temperature reached 40 °C. If the fever was observed 1
additional point was added to the clinical score. All scores
per topic were accumulated for a final clinical score calcu-
lated for each pig (0–8).

Sample collection
Nasal swabs were collated daily from all animals (at −7,
0 (inoculation), 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 DPI). Blood
samples were collected at −7, 0 (inoculation), 1, 2, 3, 5, 7
and 10 DPI. Three piglets per inoculated groups were
euthanized at 2 and 4 DPI. The remaining inoculated as
well as control pigs were euthanized and necropsied at
10 DPI. Complete necropsy was done on each animal,
with special emphasis on the respiratory tract. Lung le-
sions were scored using the method developed by Madec
and Kobisch [35] according to the scheme presented in
details previously [19]. Samples from lung (apical, mid-
dle, caudal right lobes and accessory lobe) were collected
for further analyses.

Laboratory examination
Pathogen shedding and load
SIV titration (nasal swabs, lung tissue) in Madin-Darby
canine kidney cells (MDCK) (ATCC) were performed in
duplicate as described previously [17].
For determination the quantity of Hps in samples col-

lected from piglets (nasal swabs and lung tissue fragments)
the quantitative real-time PCR was used (all samples were
tested in duplicate) [36]. It targets the 392–466 bp region
of the infB gene of Hps. Nasal swabs were placed into cen-
trifuge tubes (2 ml), suspended in 1 ml of PBS and after
10 min vortexed for 30 s. The liquid was collected to the
new tube (1.5 ml) and suspensions were centrifuged at
3000 g during 3 min. The supernatant was discarded and
the remaining pellet was resuspended in 100 μl of TRIS
buffer (10 mM Tris–HCl pH 8.5) and vortexed for an add-
itional 30 s. Homogenates (50% wt/vol) of middle right lobe
(the main site of gross lesions observed in the present
study) were prepared in PBS. DNA was extracted from thus
prepared samples using the Genomic Mini DNA isolation
kit (A&A Biotechnology, Poland) according to the manu-
facturer instructions. DNA was stored at −70 °C for further
analysis.

Serum analyses
All sera were examined using HI assays (SIV) against
challenge strain and ELISA test against Hps as directed
by the manufacturer (Swinecheck®HPS, Biovet, Canada).
The presence or absence of antibodies to investigated
antigen (Ag) was determined by calculating the ELISA
ratio. ELISA ratio (Er) was calculated according to the
following formula:
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(+) - positive control
Antibodies against SIVs were measured using a HI assay,

performed according to the standard procedure, using
0.5% chicken erythrocytes and 4HA units of challenge
strains [37]. All sera were tested in serial twofold dilutions,
starting at 1:20. For estimates of the prevalence of anti-
bodies, titres ≥20 were considered positive [38]. For statis-
tical analyses the titres lower than 20 was set as 5.
Acute phase proteins (C-reactive protein (CRP, hapto-

globin (Hp), serum amyloid A (SAA) and pig major acute
phase protein (Pig-MAP)) were examined using ELISA as-
says according to producer’s recommendations (Pig C-
reactive protein ELISA and Pig haptoglobin ELISA from
Life Diagnostics, USA; Pig-MAP KIT ELISA from Acuvet
Biotech S.L., Spain; Phase Serum Amyloid A Assay from
Tridelta Development Ltd. County Kildare, Ireland). All
serum samples were tested in duplicate.

Lung proinflammatory cytokine levels
Lung tissues were collected from pigs during necropsy
and prepared in PBS (pH 7.4) [12, 16]. 1.0 g of the lung
tissue fragments were suspended in 1 ml of PBS, re-
spectively (1:1 w/v), and frozen before being homoge-
nized. After homogenization, with the use of tissue
homogenizer X620 (CAT, Germany), the samples were
centrifuged at 3000 g for 10 min. The supernatants were
collected and stored at −80°C before cytokines analysis
was performed using ELISA assay. The ELISA kits spe-
cific for porcine cytokines: IL-10, IFN-γ and TNF-α were
bought from Invitrogen Corporation (Camarillo, USA),
and these used for IL-1β were bought from RayBiotech,
Inc. (Norcross, USA). The concentration of IL-6 was de-
termined with the use of IL-6 Pig ELISA Kit from
Abcam (Cambridge, UK). All tests were performed in
duplicate according to the manufacturers’ recommenda-
tions. The quantity of the cytokines was calculated based
on standard curve for each cytokine with the use of
FindGraph software.

Statistical analysis
The data were subjected to the W. Shapiro-Wilk’s test of
normality and the Levene’a test of equal variances with
STATISTICA 8.0 (StatSoft). Differences between means
were tested for statistical significance by a nonparamet-
ric Kruskal - Wallis test with post hoc multiple compari-
sons for comparison of all pairs. The Friedman test was
used to compare observations repeated on the same sub-
jects. For analysis of correlation the Spearman Rank

correlation test was used. For all analyses, p < 0.05 was
considered statistically significant.
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